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ABSTRACT: The impact of solution stoichiometry, upon B el ? T
formation of BaSO, crystals in 0.02 M NaCl suspensions, on the | FELEY - £ 5 It
development of particle size was investigated using dynamic light -2 g M
scattering (DLS). Measurements were performed on a set of X - = I\
suspensions prepared with predefined initial supersaturation, based 3« s B ‘E ==
on the quotient of the constituent ion activity product {Ba*'}- L © 5 il
{SO,*"} over the solubility product K, (Qp,iee = {Ba*"}H{SO,*7}/ LBSD e ‘; o TS ~\\;
K, =100, 500, or 1000—11,000 in steps of 1000), and ion activity  gay Na,S0, ST 4/’, (T)O
solution stoichiometries (r,, = {Ba*"}:{SO,*"} = 0.01, 0.1, 1, 10 : ﬂ — || i
and 100), at circumneutral pH of S5.5—6.0, and ambient & A 3 ) i

z |

Varying stoichiometry

temperature and pressure. DLS showed that for batch experiments, r = {Ba?*}:{S0 .2}
aq - * 4

crystal formation with varying r,, was best investigated at an initial
Qi 0f 1000 and using the forward detection angle. At this €, ;.
and set of r,,, the average apparent hydrodynamic particle size of the largest population present in all suspensions increased from
~200 to ~700 nm within 10—15 min and was independently confirmed by transmission electron microscopy (TEM) imaging.
Additional DLS measurements conducted at the same conditions in flow confirmed that the BaSO,, formation kinetics were very fast
for our specifically chosen conditions. The DLS flow measurements, monitoring the first minute of BaSO, formation, showed strong
signs of aggregation of prenucleation clusters forming particles with a size in the range of 200—300 nm for every r,,. The estimated
initial bulk growth rates from batch DLS results show that BaSO, crystals formed fastest at near-stoichiometric conditions and more
slowly at nonstoichiometric conditions. Moreover, at extreme SO,-limiting conditions, barite formation was slower compared to Ba-
limiting conditions. Our results show that DLS can be used to investigate nucleation and growth at carefully selected experimental
and analytical conditions. The combined DLS and TEM results imply that BaSO, formation is influenced by solution stoichiometry
and may aid to optimize antiscalant efficiency and regulate BaSO, (scale) formation processes.
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1. INTRODUCTION amount of barium,* leading to barite formation upon mixing.
Barite also occurs in limestone and sandstone deposits among
others. Besides its natural occurrence and important role in oil
and gas industry, barite is widely known for its inertness, high
specific gravity, opaqueness to X-rays, and whiteness.”**° Due
to these properties, barite plays a key role in the use of fillers for

Although industrial crystallization of barite (BaSO,) is useful for

practices such as purification and separation of solids, it is a
: o 1-3 :

major problem in oil and gas recovery ~~ and in the geothermal

energy industry.*"® Undesirable crystallization, known as “scale

formation”, is the formation of insoluble scale types onto

N o . . lastics, paint and rubber industries, and pharmaceuticals.
surfaces of distribution piping and water handling equipment, plast ip o q " er}llh ubrle ’ dnd' P crl centiea h
such as pumps, valves, and heat transfer equipment. Addition- Amp.e scienfific research has been de icated to investigate the
ally, scale formation adversely impacts the flow assurance’ ! nucleation and growth of barite on both the fundamental level
)

- d from the industrial tive. On a fund tal level, th
and the permeability of oil and gas reservoir rocks.'*~"* Barite and frofn the fcustia” perspective. Ln a lundamenta feve, e

. . . . . nucleation of barite has been investigated in terms of nucleation
scale is considered to be particularly difficult to deal with due to time under varvine conditions in batch experiments.>’ > This
its low solubility, compared to the SrSO, and CaSO, g *P )

counterparts,15 its hardness once formed,'® and the fact that it

contributes to about 80% of the total amount of scale deposit,'® Received: November 18, 2022
Accepted: January 17, 2023

Published: January 30, 2023

ultimately leading to high treatment or repair costs.'” Barite
scale formation is often the result of mixing incompatible
waters.'”'"*" For example, sulfate-rich seawater is often
o ) . : 21,22
injected into offshore reservoirs for pressure maintenance,

where it meets connate water, which often contains a high
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has led to several proposed empirical relationships that include
various physicochemical parameters, such as temperature,
supersaturation degree, geometric shape factors that describe
the barite crystal, the molar volume of barite in the solution, and
the (average) diffusion coefficient (which is directly related to
the average particle size). The growth of barite has been
investigated extensively by measuring the advance of the
nanometer-sized steps at barite surfaces in contact with
supersaturated aqueous solutions (e.g., Putnis & Ruiz-
Agudo™), mostly on cleaved (001) and (210) facies using
atomic force microscopy (AFM)>*~* or interferometry.*"**
However, natural barite crystals are characterized by a wide
variety of bulk morphologies. Causative is the solution’s
composition.””~*" Therefore, natural barite crystals often
exhibit other faces than just the cleavable (001) and (210)
ones*" 79 (see also Widanagamage et al.®! and references
cited therein), leading to a high degree of variation in kinetics
and mechanisms of barite formation and dissolution*"***® and,
in particular, variable rates with reaction time.*'

On an industrial level, much of the research on barite has been
focused initially on mechanical scale removal'*'®**** and the
application of chemical removal techniques in the oil and gas
industry”>*’ (also Kamal et al.*® and references cited therein).
From these studies, it has been widely recognized that in many
cases, antiscalent chemicals are the most effective and reliable
way to prevent and control barite scaling problems by means of
inhibition of nucleation and/or growth. For example, some
antiscalent chemicals cause barite crystals with a well-faceted
{001} surface to be replaced by barite crystals in which growth
rates in all directions will be inhibited, leading to a loss of
anisotropic growth as well as a smaller particle size.”> Common
chemicals that have been used as additives for the inhibition of
barite are phosphonates and compounds with polyphosphino-
carboxylic functional groups®*~®® as they are stable over a wide
range of temperatures and pH, inhibit scale at low concen-
trations, target many types of scale, and their concentration is
easily determined by colorimetric techniques.”” However, most
studies investigated the bulk phase, such as in situ jar tests, and
research focusing on the surface chemistry in industrial settings
has only taken place recently.””~”> The main goal of those
studies was to relate surface chemistry processes to the
interaction behavior of barite crystals with distribution piping
material and drilling fluids under specified physicochemical
conditions.

While, in both settings, some research has focused on the
effect of stoichiometry (which is defined as the ionic activity

Tag = {Ba**}:
{S0,*7}) on bulk processes, like crystal growth rates’®~"" or
induction times,*° little attention has been given to the effect of
7.,q on the new formation (nucleation plus growth) of barite
crystals. Moreover, the new formation of barite with varying r,,
has not been monitored extensively using dynamic light
scattering (DLS). Seepma et al.®' showed, with the use of
DLS, that the {Ca®"}:{CO;*"} affects the size and timing of new
formation of CaCOj; crystals. The aim of this work is to
determine if r,  also affects the new formation of barite crystals.
Therefore, in this paper, we report particle size evolution of
scaling barite in equilibrium and nonequilibrium (nucleation
and growth) conditions using dynamic light scattering (DLS),
and the particle size was confirmed independently by trans-
mission electron microscopy (TEM) imaging.

ratio of the constituent cation over the anion;

5762

2. MATERIALS AND METHODS

2.1. Growth Solutions. Visual MINTEQ—a free equili-
brium speciation model—version 3.1%* was used to define a set
of growth solutions with target initial supersaturation with
respect to barite (Qy..), (non-)stoichiometry between the
activities of the constituent ions in barite (raq), pH, and ionic
strength (I), where Q.. is defined as

{Ba**}{S0}7}

K,

Qbarite -

(1)

with K, as the solubility product of barite (107" at 25
°C83_853. Different stock solutions of BaCl,, Na,SO,, and NaCl
(Merck; 99.5, 99.0, and 99.5% purity, respectively) with
different concentrations were prepared, by dissolving reagent
grade salts into Milli-Q water (ISO 3696 Standard Grade 1—18
mQ), to create all of the growth solutions. Growth solutions of
50 mL were prepared from the stock solutions and kept in
centrifuge tubes (Greiner), with a minimum amount of
headspace, and were used to perform batch DLS experiments
within 48 h. The solution's I was adjusted by the addition of
NaCl (Sigma-Aldrich).

The desired growth solutions’ I for these experiments was
0.02 M, which was high enough to ensure that I remained
approximately constant during precipitation. The Davies
equation® (valid for I < 0.5 M) was used to calculate {Ba>*},
{807}, {NaSO,™}, {BaCI'}. All calculations within Visual
MINTEQ were done using a temperature of 20 °C, the average
temperature during the experiments, and assuming a closed
atmosphere. Table 1 lists all of the used growth solutions with
their physicochemical parameter values.

The {Ba*"} was measured using a half-cell Ba-ion-selective
electrode (ISE; Mettler Toledo; serial no. DX337) in
combination with a standard double-junction Ag/AgCl
reference electrode (ThermoFisher Scientific; cat. no. 900200)
connected to a multimeter (ThermoFisher Scientific, Orion
Versa Star Pro; cat. no. VSTAR90). The Ba-ISE was calibrated
with a set of standard BaCl, solutions that contained
concentrations of respectively 10, 100, and 1000 ppm Ba?*.
The precision of the Ba-ISE was +2—3% precision.”” The Ba-
ISE measurements were performed to confirm if the initial
experimental {Ba**} was roughly in agreement with the
calculated {Ba**}. Since other cations in solution interfere
with the measurement (i.., potential trace Sr** ions in the
99.5%-pure BaCl, salt and Na® jons from the background
electrolyte), the low accuracy of the multimeter specific to this
type of measurement and the fact that our measurements were
across several orders of magnitude, the inaccuracy may have
been as large as 30% on top of the 2—3% precision. Note that
{Ba®>"} was not measured for solution numbers 2.1 and 2.2
because the activity of Na* was much higher compared to Ba**
and would therefore lead to a much larger inaccuracy than the
aforementioned 30%. In addition to the Ba-ISE measurements,
the initial pH was measured with a pH electrode (WTW; serial
no. Sensolyt 900-P; precision 0.5%), connected to a multimeter
(WTW; Portable pH meter Multiline 3630 IDS). Although we
kept the headspace to a minimum in the solutions, respectively
before and after mixing, the headspace was larger in the cuvettes
that were used for DLS measurements; The maximum allowable
solution in the cuvettes was 1.5 mL, meaning 2.5 mL of
headspace. Therefore, it must be noted that the desired pH of
the final growth solutions for each solution number (ie., 1.1—
1.13) was 7, but most likely due to quick CO, dissolution at

https://doi.org/10.1021/acsomega.2c07418
ACS Omega 2023, 8, 5760—5775


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

circumneutral conditions in very dilute systems,*® the pH
dropped quickly to ca. 5.5—6.0 right after mixing of the two
growth solutions (and is more closely to the value we measured
right after mixing) and continued to drop more gradually to
5.1-5.2 in the cuvette during the DLS measurement.

2.2. Dynamic Light Scattering theory. If the particles of
interest can be considered to be spherical and the diameter of
those particles is much smaller than the wavelength of the laser
in the medium (d,, < A negium); then the scattering intensity (i.e.,
irradiance) of one particle is related to the sixth power of the
diameter of the particle according to the Rayleigh equation®””’

4 6
2 ( ]
[ ll,medium J

where Iy is the (isotropic) Rayleigh scattering intensity [W
m™2], I, is the intensity of the laser beam arriving at the
measured sample volume [W m™2], s is the distance between the
particle and the detector [m], @ is the angle between the incident
beam toward the sample and the scattered beam going to the
detector [°], nis the relative refractive index between the particle
of interest and the chosen dispersant [—], and d, is the particle
diameter [m]. A value of 1.64 for the refractive index (n) was
used for our barite in water systems. To include also particles
with a size in the order of the used wavelength in the analysis, the
Mie theory is used, to account for the anisotropic scattering of
larger particles (Supporting Information (SI)-I). This theory
includes internal reflection, refraction, and absorption, giving a
scattering-angle-dependent form factor.”"””> We used an
absorption coefficient value of 0.01 cm™ (ie.,, 47kn/ A mediums
with k as the extinction coefficient™) for all DLS experiments.
Additionally, the hydrodynamic radius Ry, where Ry,  d,, is
related to the translational diffusion coefficient by the Einstein—

dP

6

n? —1

_11+c0520
n’+2

IR -0 252

2 )

Stokes relationship”*”
kT
Trans 6/17th (3 )

where kg is the Boltzmann constant [m* kg s> K™'], T is the
absolute temperature [K], u is the dynamic viscosity [kg s~
m™'] (ie, for dilute aqueous solutions at 20 °C: 0.001 kg s~
m™), and D, is the translational diffusion coefficient [m?
s™']. The DLS technique was used to extract Dy, distribution
from the autocorrelation function, which was obtained by
averaging a series of intensity signals. Accordingly, the particle
size intensity distribution (eq 3) was obtained and finally the
(relative) number size distribution, using the Mie theory to
account for the intensity weight factor (ie., to convert the
intensity to number concentration).

2.3. DLS Measurement Settings and Specifications.
The nucleation and growth of BaSO, were investigated using
DLS with the Zetasizer ULTRA, equipped with ZS XPLORER
v1.2.0.91 software.”””” The laser used was a red Ne-He laser
with a wavelength of 632.8 nm with a power of 10 mW and a
parallel beam area of 1256.6 ym?, resulting from a laser beam
diameter of 40 ym. By the time the laser arrives at the sample, the
laser power has diminished somewhat and is estimated at 8 mW
(S. Remijn, personal communication, April 7, 2020). Therefore,
the incoming irradiance (I,)) is 0.00637 mW/um?. The distance s
between the particle and the detector is approximately 15 mm.
The initialization period of the Zetasizer ULTRA lasted from a
minimum of 40 to a maximum of 60 s. All DLS measurements

5763

were conducted at a temperature of 20 + 0.1 °C for a set of
growth solutions (Table 1).

The particle size results were obtained using the non-negative
least squares as the discrete inversion approach,” together with
the Multiple Narrow Modes approach as the regularization
method, as there is a high potential for different populations
during the processes of crystal nucleation and growth.
Consequently, quadratic data weighing was used to amplify
subtle changes in the larger and more significant correlation
coefficients over noise in the baseline, and the regularizer was
fixed to 0.001 and 70 fixed values for size classes were used.”
The measurement process for the batch experiments was chosen
manually and included 20 subruns that each lasted for 1.68 s
(where the subrun time is defined as 7) with no pause in between
for all conducted size measurements. This choice was made
based on a compromise between obtaining accurate statistics
and a reasonable amount of time-resolved measurements. For
the flow DLS experiments, 30 subruns were chosen instead, as
the time within the process of nucleation and growth was fixed;
i.e., measurements were performed at a specific point along the
flow path, at a fixed distance after the growth solutions were
brought together in a y-connector, and the solutions flowed at a
constant rate. Further chosen settings during size measurements,
in both batch and flow, included the automatic determination of
the attenuation and the optimal measurement position within
the cuvette. The optimum position was always found to be in the
middle of the cuvette (i.e., at 4.64 mm). Equilibration time with
regards to temperature was set to 10 s, as we measured close to
room temperature and aimed for the quickest way possible to
start the DLS measurements after mixing the growth solutions.
The error of the measured (apparent) particle size and the real
particle size in the cuvette may be as large as 10% for a particle
size of +£1000 nm following from Berne & Pecora'” and
Frisken."""

2.4. DLS Batch Measurements. The majority of the batch
experiments with varying Q, ;.. (i.¢., solution number 1.1—1.11)
were performed in the forward scattering detection (FWD)
angle at a detection angle of 12.78°, the backscattering detection
(BSD) angle at a detection angle of 174.7° and the side
scattering detection (SSD) angle at a detection angle of 90°.
This way, we could determine which (of the) angle(s) was/were
most suitable for our type of suspensions. In addition, the
solutions 1.1—1.13 were measured to determine the best
concentration/supersaturation range for DLS experiments on
BaSO, particle size evolution, where the reaction kinetics were
appropriate. Solutions 1.12 and 1.13 were only measured in
FWD, due to the relatively low supersaturation compared to
1.1-1.11. Smaller particles are more accurately measured in
BSD. Generally, the BSD has the advantage that the multiple
scattering effect is reduced. For our type of samples, this was
most relevant in the more concentrated/supersaturated
solutions of 1.1—-1.11'%*'" and would therefore give a more
accurate measurement for the smaller-sized particles. Never-
theless, we performed FWD as well because it was very likely that
in these samples a larger number of larger-sized particles would
be present on a faster timescale in batch DLS measurements.
The experiments at Q, ;.. > 1000 (i.e., solution nos. 1.1—1.11 in
Table 1) were run for 1500 s, while at £, , ;.. < 1000 (i.e., solution
nos. 1.12 and 1.13 in Table 1) were conducted for 7500 s.
Furthermore, we conducted a series of batch experiments in
FWD at Q. = 1000 with r,, ~ 0.01, 0.1, 1, 10, and 100
(solution nos. 2.1—2.5 in Table 1) to investigate the effect of
stoichiometry on BaSO, formation. These series of batch DLS

https://doi.org/10.1021/acsomega.2c07418
ACS Omega 2023, 8, 5760—5775
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Figure 1. Diffusion coefficient distribution with time (a), intensity size distribution with time (b), (relative) number size distribution with time (c), and
associated autocorrelation functions for each timestep (d) measured in the FWD at Qy,.;. = 1000. Diffusion coefficient distribution for the (e—h) BSD

and (i—1) SSD.

measurements were performed over a timescale of approx-
imately 3 h. Note that, for a complete picture, it was necessary to
look at the autocorrelation functions, the diffusion coefficient
distribution (derived from the autocorrelation function and
(shape) model-independent), the intensity size distribution
(model-dependent; assumes spherical particles), and the
(relative) number size distribution (model-dependent).'**

All of the batch experiments were taken within standard (10 X
10 mm) disposable polystyrene cuvettes, which were cleansed
beforehand with Milli-Q water. Both the barium-containing and
sulfate-containing solutions were squeezed through 0.2 pm
disposable nylon syringe filters beforehand, to remove as much
dust particles as possible. Thereafter, the solutions were mixed
and poured into the cuvette, which was quickly closed and
inserted in the Zetasizer ULTRA.

2.5. DLS Flow Measurements. DLS flow experiments were
conducted with solution nos. 2.1, 2.3, and 2.5. The BSD angle
was chosen because the measurements were done within the first
minute after mixing of both growth solutions and we expected to
observe mainly smaller-sized particles. The DLS flow experi-
ments were performed using a ZEN0023 quartz glass flow-
through cuvette” with a fitting FEP tubing set (Hellma; serial
no. 040-001-722) for respectively the inflow and outflow to and
from the cell. The FEP tubing was connected to Tygon tubing
LMT-55, with an inner diameter of 1.52 mm (Ismatec; serial no.
SC0041) and several pieces of that (extension) tubing was cut to
certain lengths in such a way that the time between the point of
mixing of the two growth solutions and the point that the mixed
solution reached the flow cell was 4, 10, 30 or 60 s. For flow
purposes, a peristaltic pump (Ismatec; serial no. IPC-N-08)
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equipped with Click-n-go POM-C cassettes in combination with
Tygon Long Flex tubing (two-stop-coded tubing; Ismatec serial
no. SC0424), with an inner diameter of 1.52 mm and a wall
thickness of 0.86 mm, was used. The different tubing was
connected with nylon Y-connectors and straight connectors. To
minimize the potential pressure differences between the
cassettes, they were placed directly next to each other. Each
measurement for a certain sample at a specific time was repeated
for at least 10 times and up to 25 times. A constant flow rate of 8
mL/min was used for each of the flow DLS experiments.

For cleaning purposes between each flow experiment, 0.5 M
ethylenediamine tetraacetic acid (EDTA) was pumped through
the system with 8 mL/min for about 1 h. The pH of the EDTA
was increased to ~8 to attain maximum chelating capacity.'*®
To chelate 1 ppm of Ba**, 2.1 ppm of EDTA was necessary. *°
Since the molecular weight of EDTA is 292.24 ¢ mol™, 0.5 M
equates to a chelating capacity of 146,120 ppm. The highest
barium concentration we used in our flow experiments
contained 124 ppm. Therefore, the cleaning procedure was
more than efficient to remove any precipitated barite in the
tubing and/or cell. After the EDTA cleaning step, we pumped
Milli-Q water for 30 min with 8 mL/min through the system,
before a new flow experiment was started.

In DLS flow experiments, measurements were repeated at
exactly the same time t and are easily compared. The differences
at which the apparent particle size distribution appeared across
the multiple repeat measurements (i.e, the consistency and
reproducibility of the mean apparent particle size and its
distribution), we referred to as the variability. This should not be
confused with polydispersity, which is the distribution in one
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measurement (i.e., the broadness of the peak in one measure-
ment, or the simultaneous occurrence of multiple peaks).

2.6. Determination of Growth Rates Based on DLS
Data. The initial bulk crystal growth rates for solution nos. 2.1—
2.5 (Table 1) were determined by linear fitting of the initial 10—
15 min of the measurement. For these linear fits, the first 15
measurements were taken into account for the initial rate
analysis, with the condition that the multiple R* was at least 40%
(0.40). This value represents a moderately good value for the
variance of simple linear models explaining stochastic processes
like crystal formation and, thus, was considered statistically
valid.""” For this reason, some data points were excluded at Taq=
100 (the excluded points are red in Figure 3) and were replaced
by the nearest data points so that the 15 data points closest to t =
0 s formed a linear regression with a multiple R* > 0.40.

2.7. TEM Imaging. TEM imaging was conducted on solids
sampled from solution nos. 2.1—2.5 after 2 and 5 min from the
moment when the two growth solutions were mixed. From each
growth solution, 1 mL was pipetted into a cuvette, mixed, and
after the selected time, 50 uL of the suspension was drop-cast on
a standard copper grid (200 mesh). The copper grids contained
a 28—30 nm layer of carbon film and were made hydrophilic by
glow discharge prior to drop-casting. The liquid in the pipetted
volume was absorbed by the filter paper beneath the copper grid;
the particles in the suspension remained on the grid and were
dry after +3 min. The imaging was performed at 200 keV on the
Tecnai20 of the university’s Electron Microscopy Centre.

3. RESULTS AND DISCUSSION

Batch DLS experiments were conducted for a set of solutions,
where the initial £ varied from 1000 to 11,000 with steps of
1000 plus 100 and 500, all at 7, = 1 (stoichiometric conditions),
pH ~ 55-6.0, I ~ 0.02 M and NaCl as the background
electrolyte (BE), to investigate which initial Q. and what
scattering angles were useful to measure our type of
(developmental) suspensions. In short, the results for solution
nos. 1.1—1.13 (SI-II) indicate that batch nucleation and growth
measurements on BaSO, aqueous solutions could best be
conducted at €y,4. ~ 1000 because enough particles were
formed in solution (i.e., the signal-to-noise ratio was as good as it
could be for our type of evolving suspensions) and the reaction
kinetics were slow enough to monitor the (expected) particle
size change. In addition, the forward detection angle showed the
most distinct increase in apparent particle size over time. In the
following subsection, details are provided per measurement
angle (Section 3.1).

3.1. Angular Scattering Effect on DLS Measurement
Results. Figure 1 shows the DLS results for the experiment at
Qe = 1000 at stoichiometric conditions for the different
measurement angles. The circle diagram (as inset in Figure 11)
shows the pallet of colors that correspond to the colors that have
been used for the autocorrelation functions (i.e., Figure 1d,h,1)
so that their chronological order within the experiment is
portrayed. The results for all of the initial Q. values are found
in SI-II, as well as details on the data treatment.

3.1.1. Forward Scattering Detection (FWD) Angle. The
FWD results showed consistent autocorrelation functions
(Figure 1d), with a cutoff value (y-axis) between 0.2 and 0.5,
which is lower than the ideal cutoff values (contrast) of 0.8—1.0.
However, this was expected considering the stochastic nature of
the systems we measured. In addition, the last part of those
autocorrelation functions showed sinusoidal behavior, which
might be related to a certain degree of sedimentation of the

5765

larger-sized particles in the system (see SI-III and SI-IV for
discussion on sedimentation). In FWD, we observed one
dominant apparent particle size at around 200 nm that became
larger with time. Since only one dominant population was
observed in FWD, the intensity size distribution (Figure 1b) was
very similar to the (relative) number size distribution (Figure
1c) and the diffusion coefficient distribution (Figure 1a) showed
the opposite trend because larger particles diffuse more slowly in
solution than smaller particles (eq 3).

3.1.2. Backscattering Detection (BSD) Angle. The signal in
the BSD was dominated by smaller-sized particles, including
those that surpassed their critical size (SI-V) and the larger-sized
particles measured in FWD were underrepresented. Therefore,
the BSD signal may have been more sensitive to the (stochastic)
nucleation processes that form the smaller particles. Indeed, the
BSD showed slightly less consistent autocorrelation functions
(Figure 1h) compared to the FWD (Figure 1d). Most of the
BSD autocorrelation functions yielded (relative) number size
distributions between roughly 20 and 2000 nm. However, some
yielded bimodal particle size intensity distributions around 1 and
100—200 nm (Figure 1f). Note that the autocorrelation
functions for these bimodal particle size distributions showed
cutoff values above 1.0. For static, stable suspensions, the cutoff
value cannot exceed 1.0 because that would mean that there was
more overlap (correlation) between the initial intensity signal
(ie, t=0; ty) and , + 7, as time progressed. Contrastingly, the
intensity signals from our evolving suspensions may show
increased correlation after some time due to the (stochastic)
evolution of the suspension. In the current case, a bimodal size
distribution was observed, with prenucleation clusters (i.e.,
smaller than the calculated critical size of 5.5 nm; SI-V),
alongside the larger-sized particles (Figure 1g).

3.1.3. Side Scattering Detection (SSD) Angle. The SSD
results showed a multimodal and stochastic picture of the
diffusion coefficient distributions (Figure 1i) and intensity
particle size distributions (Figure 1j), which showed multiple
populations for each measurement in the experiment. Due to the
sixth-order dependence of the scattering intensity on particle
size (eq 2), the smallest-sized particles dominated the resulting
relative number particle size distribution (Figure 1k). Generally,
particles <10 nm were observed throughout the measurements.
However, in all cases, the autocorrelation functions had cutoff
values > 1.0 (Figure 11) and the SSD autocorrelation functions
also lacked the typical decay-curve shape. This implies that the
measurement volume in the SSD was too low, due to the angle
between the laser beam and the detector (0.1 nL), to be used
properly in the systems that we investigated, resulting in a low
signal-to-noise ratio. Therefore, it is likely that an insufficient
amount of particles scatter toward the SSD and that the
correlation functions were dominated by noise. This conjecture
is supported by the fact that the larger particles (>100 nm in
apparent size) were hardly visible in SSD, while in the BSD
measurements, where, generally speaking, larger particles are
more difficult to detect, the larger particles were still detected.
Therefore, the SSD results were ignored in the remainder of this
study.

3.2. BaSO, Crystal Nucleation in DLS Flow Experi-
ments. The BSD flow experiments capture the initial particle
formation processes that take place at f < 1 min in contrast to the
batch experiments, which had a lower time resolution. These
measurements were performed in BSD because we expected
smaller-sized particles shortly after mixing the two growth
solutions. Figure 2e—h shows the relative number particle size
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Figure 2. Particle size number distributions for r,; = 0.01, 1, and 100 at £, = 1000 at specific time steps (4, 10, 30, and 60 s) after the onset of the
barite precipitation reaction. More specifically, the particle size number distributions are shown forr, = 0.0l att=4s (a),t=10s(b),t=30s(c),and ¢
=605 (d);forr,=1att=4s(e), t=10s(f), t=30s(g),and t=60s (h); and for r,y = 100 at t = 4 s (i), t = 10's (j), t = 30 s (k), and £ = 60's (1).

information at t = 4, 10, 30, and 60 s for r,; = 1 after mixing the supersaturation (e = 1000), 4 s after mixing the barium and
growth solutions. The associated autocorrelation functions, sulfate solutions. As a result, prenucleation clusters were formed
diffusion coefficient distributions, and the intensity particle size more abundantly and more quickly since Ba®* ions had a larger
distributions are found in Figures S20e—h, S21e—h, and S22e—h probability to meet SO,* ions and vice versa. The prenucleation
in SI-V, respectively. clusters that were observed at t = 10 s (Figure 2f) were more
The dominant apparent particle size at r,y = 1 for ;5 = frequently observed at t = 30 s (Figure 2g) and became less
1000 was in the order of 200 to 300 nm, which matched the variable in apparent size at t = 60 s (Figure 2h). In addition, the
apparent particle size observed at the first timestep in the batch apparent size of the smallest prenucleation clusters (i.e, 1—5
experiment of Figure 1c (the same initial conditions). Particles nm) at ¢ = 10 and 30 s disappeared in favor of particle sizes of
with sizes of 200—300 nm were observed within 4 s after mixing, approximately 7 nm at t = 60 s after mixing. This observation
This suggests that under these physicochemical conditions, may be related to the fact that Q. decreased along the flow
BaSO, crystal nucleation occurred nearlg instantaneously. This path due to barite formation, and that growth of the
is in agreement with Sohnel & Mullin,”® who found that the prenucleation clusters started to be more favored over the

induction time (defined as the first moment at which a particle aggregation of those same clusters for t > 4 s.
reaches its critical size'”®) is <1 s for BaSO, under our Extrapolating these results to the batch results under the same
physicochemical conditions and, thus forms its crystalline initial conditions (Figure 1g), where the first measurement was
structure rapidly.w9 In addition, the variability in the apparent completed within t = 90—120 s after mixing, the number of
particle sizes of 200 to 300 nm became slightly less over time prenucleation clusters became significantly less compared to the
where, at t = 60 s (Figure 2h), the peaks were well aligned at an nucleated and growing particles. Most likely, these prenuclea-
apparent particle size of 300 nm. This would mean that some tion clusters got incorporated in the larger crystals, which
more crystal growth already occurred on the particles that were explains why we observed a slight growth of the larger-sized
initially 200 nm in size. particles already, during the first minute after initiation of the

Besides the dominant larger-sized particles, we also observed BaSO, batch precipitation reaction.

peaks at the size range of 1 to 20 nm, with a larger degree of 3.3. Effect of Stoichiometry on BaSO, Crystal
stochasticity. These peaks were significantly more present at ¢ = Nucleation. Besides DLS flow experiments at r, = 1, we also
10, 30, and 60 s than in the batch BSD experiment (i.e., Figure performed flow DLS experiments at Qy,, .. = 1000 and r,; = 0.01
2f—h versus Figure 1g). Remarkably, the particles of 1 to 20 nm and 100, to investigate the effect of stoichiometry (raq) onBaSO,
in size were not present at t = 4 s at 1,y = 1 (also not in the crystal nucleation. Figure 2a—d,i—] shows the relative number
duplicate; Figure S23e). This may be explained by the high particle size information at t = 4, 10, 30, and 60 s after mixing of
degree of rapid aggregation of prenucleation clusters (Section the growth solutions for, respectively, r,, = 0.01 and 100. In
3.4), at conditions where the Q,, ;.. was still close to the initial addition, the autocorrelation functions, diffusion coeflicient
5766 https://doi.org/10.1021/acsomega.2c07418
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Figure 3. TEM images of the formed BaSOj crystals after 2 min of reaction for r,, = 0.01 (a,£),0.1 (b, g),1(c,h),10(d, 1), 100 (e, j). A more general
overview of the sample is shown in the top row (a—e), while the single particle morphology is shown in the bottom row (f—j). Note that the crystal

orientation for f—j varies.

distributions, and the intensity particle size distributions are
found in Figures S20a—d, S21a—d, S22a—d and S20i—], S21i—1
and $22i—1 in SI-VI, respectively, for r,, = 0.01 and 100.

The most striking effect of stoichiometry was observed in the
results at ¢ = 4 s after mixing (Figure 2a,e,i). While smaller-sized
particles were not observed for r,q = 1 (Figure S21e), they were
observed at nonstoichiometric conditions, resulting in bimodal
size distributions for r,y # 1. At sulfate-excess conditions (raq =
0.01), the smaller-sized population fluctuated between S—20 nm
and the larger-sized populations fluctuated between 100—400
nm (Figure 2a). At barium-excess conditions (raq = 100), the
smaller particles remained <10 nm and the larger particles in the
order of 300 nm (Figure 2i). Although we cannot quantify the
difference in nucleation rates, this difference suggests slower
nucleation rates at nonstoichiometric conditions, with less
favorable nucleation conditions at Ba excess than at SO, excess.

With increasing time after mixing of the growth solutions,
continued appearance of peaks in the apparent size range of 1—
20 nm suggests that these smaller (prenucleation) clusters
coexisted with larger (nucleated and growing) particles. The
apparent size of the prenucleation clusters at r,; = 100 was
consistently somewhat smaller at ¢ = 4, 30, and 60 s than those at
7.q = 0.01, which may indicate that nucleation was somewhat
slower at r,; = 100 compared to ,, = 0.01.

3.4. TEM Imaging. Figure 3 shows the morphology of the
formed BaSO, crystals representative of those observed in FWD
after 2 min of reaction time for r,, = 0.01, 0.1, 1, 10, and 100.
Figure 3a—e illustrates a more general overview of the sample,
while Figure 3f—j represents the morphology in terms of a single
particle or aggregate. The morphology after 5 min of reaction
time for different conditions of r,, is found in SI—VIL. In line
with Bracco et al.,”® we found that our BaSO, particles for Tag> 1
were generally more rounded compared to r,; < 1, where the
rounding of particles at ,; = 100, became prominent after 5 min
(SI-VII). It is likely, that the rounding for r,; = 100 was delayed,
relative to r,, = 10, due to slower growth (Section 3.5).
Noticeable was that at r,; = 0.01, we formed small aggregates
after 2 min (Figure 3a,f), likely the result of oriented aggregation
of nuclei that were 2—10 nm in size.''® For fiq=0.landr,y=1,
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we observed that the formed crystals started twinning on some
occasions (Figure 3b,c), but were coexistent with single crystals
(Figure 3gh and SI-VII). After S min, twinned crystals were
relatively less common for r,q < 1 compared to r,q > 1 (SI=VII).
Based on our TEM results, we can conclude that, depending on
7,y the DLS results represented predominantly single particles
or small oriented aggregates.

Figure 3¢,h shows that the BaSO, particles were in the order
of 200 nm after 2 min along the ab-direction of the crystals
(lateral size). Due to our ionic strength conditions, the double-
layer thickness ranged between 2.1 and 2.3 nm among different
7.q conditions as well as from initial to equilibrium conditions
and, therefore, we assumed dj, ~ dP. Hence, the particle size we
observed in TEM matched with our initial particle size in the
corresponding DLS batch experiment (Figure 4c), as well as
with the reproducible peak observed at 200—300 nm in our DLS
flow measurements for r,, = 1 (Figure 2e—h). For Taq = 0.01,
based on Figure Sa,f, we can conclude that the lateral particle size
of a single aggregate coincides with our particle size observations
in the corresponding DLS batch (Figure 4a) and flow (Figure
2a—d) experiments. However, for 74 = 0.1, we observed a larger
particle size in the TEM observations (Figure 3b,g) compared to
the initial batch DLS measurements (Figure 4b) (i.e., with the
equal circle area assumption, we estimated that the lateral
particle size of a single particle in TEM was about 360—380 nm).
The more common occurrence of twinning crystals at r,; = 0.1
(Figure 3b) may have contributed to a relatively larger variability
in particle size early on in the DLS batch experiment (Figure 4b)
compared to other r,, conditions. For r,, = 10 and 100, the
particle size in TEM gFigure 3d,i and e,j respectively) roughly
matched those in our initial batch DLS experiments (Figure
4d,e), although the particles for Tq = 100 show a large degree of
variability in particle size in TEM (Figure 4e). Despite that the
particle size for r,; = 0.1 was found to be (significantly) larger
than in DLS, our TEM work shows that we formed BaSO,
crystals during DLS experiments and their particle sizes
generally matched well.

3.5. Effect of Stoichiometry on BaSO, Crystal Growth.
Figure 4 shows time-resolved batch measurements (2—3 h) of
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Figure 4. BaSO, particle size evolution as a function of time for r,; = 0.01 (a),
bulk crystal growth rates were determined with linear regression for the first 1

0.1 (b), 1 (c), 10 (d), and 100 (e) at Q, ;.. = 1000 in FWD. The initial
5 data points that fulfilled the requirement R? > 0.40. Therefore, some

data points were left out (in red) and the nearest other data points were taken into account (in black) for Taq = 100.

the apparent particle size for a series of batch solutions, with
varying 1,4, 0.01, 0.1, 1, 10, 100, at pH ~ 5.5—6.0, I ~ 0.02 M,
Qp.iite = 1000 and NaCl as BE in FWD. Figure 4a—e shows the
weighted average of the relative number particle size distribution
on a linear scale. The predominant particle size (ie, the
hydrodynamic diameter) observed for the different r,q
conditions was always between 100 and 700 nm. In addition,
the apparent size increased within the first half an hour at every
7,q from 200—300 nm to about 600—700 nm. Only at r,, = 100,
the apparent particle size increase was not so rapid initially, but
more gradual throughout the experiment. Also, at Taq = 100, a
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rapid increase in size was reproducibly observed at 1500—2000 s
and at about ~4000 s. This could be associated with multiple
nucleation events occurring at those time steps. Alternatively, it
could be an oscillatory particle size behavior, which may
originate from the dissolution of a precursor phase and
subsequent new formation of a more stable barite phase. This
conjecture in impurity-free systems was only recently suggested
by Ruiz-Agudo et al,''' based on TEM and titration
experiments. Although their TEM images could also be
interpreted as primary, disorderly aggregated (nanocrystalline)
subunits (e.g., Wolthers et al.''* and Brunner & Célfen'"”), their
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Figure S. Initial bulk crystal formation rate [nm/s] versus initial solution stoichiometry [—] at initial Q. = 1000, pH ~ 7.1 (Table 1) in 0.02 M NaCl
solutions. The relation shows an asymmetrical dependence. The uncertainty is portrayed with error bars.

TEM images clearly show a transition from aggregates,
consisting of ca. 5—10 nm-sized subunits, to a clearly crystalline
euhedral phase. In our experiments, it is quite likely a similar
transition occurred, although our data cannot confirm or rule
out if this is via dissolution of the aggregates or via a different
transformation process.

The initial increase in apparent particle size (Figure 4) was
assumed to represent the initial bulk crystal growth rate. The
number particle size distributions for the data points that were
used are shown in Figure S25 (SI—VIII). Although this way of
analysis may be challenging due to the stochasticity of particle
formation (see SI-VIII for the discussion), we can conclude
that crystal growth was fastest (steepest slope) at r,q = 0.1 with
an initial bulk crystal growth rate of 0.343 nm/s (based on
diameter, thus volume). The initial bulk crystal growth rate at
the ideal 7,, = 1 is not far from this fastest rate (0.315 nm/s).
Limited values are found in the literature for comparison
because most bulk crystal growth studies are based on
conductivity or turbidity measurements, which result in values
with units of M/min or equivalent to that. In addition, AFM
work reports crystal growth rates only for specific directions (i.e.,
usually the dominant [100] and [120] directions). However, we
found one study by Matynia et al,,'"* which reported a BaSO,
initial bulk crystal growth rate of 0.652 nm/s for their
experiment that matched best with our chosen conditions (ie.,
stoichiometric conditions, natural pH, unseeded), but was
performed at lower ionic strength, at 315 K rather than our 293
K and (NH,),SO, was used instead of Na,SO,. Nonetheless,
their value is in the same order of magnitude as our reported
value.

At larger sulfate excess, the initial bulk crystal growth rate
decreased slightly to 0.306 nm/s. At barium excess, the crystal
growth rates decreased to 0.26 nm/s for r,; = 10 and 0.06 nm/s
for r,y = 100 (Figure 4). Figure 4 shows that the initial crystal
growth rate is not symmetrically dependent on stoichiometry
and tends to decrease much faster when SO,*” is limiting
compared to Ba**-limiting solutions. A critical note should be
made with respect to the results at r,; = 100 because the size
increase that occurred at t = 1000—2000 s could also represent
the actual crystal growth, if the particles that formed first are a
precursor phase like that proposed by Ruiz-Agudo''" since the
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crystal nucleation time may have been delayed significantly due
to moderate nonstoichiometric conditions. In this case, when
taking the first 15 points from where the apparent particle size
increases rapidly at ~t = 1000, the slope would equate to a value
of 0.294 nm/s, which is slightly larger than at r,; = 10 and closer
to the range of the values obtained at other r,;. Therefore, it
cannot be ruled out which of the two represents crystal growth
more accurately. Still, at r,; = 100 in both flow and batch BSD
experiments, barite nucleation was observed to occur within the
first 4 s (Figures 2 and S21—S23). Therefore, we assume the
initial rate reflects the crystal growth rate and that was indeed
significantly lower at r,, = 100 (0.06 nm/s versus 0.343 nm/s).
Despite that Figure S shows generally that the initial crystal
growth rate decreases with more extreme values of r,,, we want
to point out that the standard deviations on the rates for each r,g
are relatively large and most of the trend is within error. For
example, the difference between the initial crystal growth rate at
7iq = 0.01 and 1 is statistically not significant. However, the
difference between r,; = 1 and r, = 10 is statistically relevant and
certainly between stoichiometric conditions and r,, = 100. Also,
R?is largest for Tiq=1 (i.e, 0.8) and drops off slightly toward Taq <
1 (~0.7), meaning that the stochasticity of initial crystal growth
was larger at 7,, < 1 compared to stoichiometric conditions. At
ra > 1, R* was significantly lower (0.4—0.5) and therefore
proceeded more stochastically compared to r,q < 1.

Important to note is that, with DLS measurements, we cannot
distinguish between different crystal growth mechanisms. For
example, our BaSO, crystals may have grown as a result of a
spiral growth mechanism, that proceeds under surface-
controlled conditions, where new edges were continuously
generated, due to the development of screw dislocations.' " This
type of crystal growth has been widely observed in kinetic
studies involved with BaSO,****!167121 especially at € . <
80.* This type of crystal growth may have occurred in our
systems when the solution was slowly approaching equilibrium
conditions. Yet, crystals may also have grown by aggregation of
prenucleation clusters, in particular early on in the experiments,
since at €, > 80 the spiral growth mechanism is not
expectedly dominant. Ruiz-Agudo et al.'*” found, based on
TEM work, that two hierarchical levels of aggregation during
BaSO, formation could occur, where particles with a size range
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of 5—10 nm form larger nanometer-sized (20—60 nm) particles
and subsequently aggregate into larger-sized crystals of 200—
500 nm. They used experimental conditions relatively similar to
ours, but with a slightly larger supersaturation (i.e., Qp e ~ S000
and r,q = 1). Although these authors used ethanol to quench the
barite crystallization process before TEM imaging, which may
have affected the BaSO, crystals in a different way compared to
our samples, a similar process of aggregation of prenucleation
clusters could have occurred in our system as well. In particular,
the flow DLS measurements showed strong signs of (multiple
stages of) aggregation behavior, where consistent and
reproducible peaks at 10—20 and at 200—300 nm were observed
(Figure 2). Also, the observation that intermediate-sized
particles (20—200 nm) are generally absent in our experiments
at all detection angles (Figures 1c,gk, and 2), would coincide
with such aggregation behavior. We have not found any signs of
two-dimensional (2D)-nucleation on our barite crystals (Figure
3). This is consistent with existing work, which only showed
signs of 2D nucleation on barite crystals in the [001] direction at
Q... > 10003333640

3.6. Asymmetrical Dependence of Crystal New
Formation on Solution Stoichiometry. Barite new for-
mation was observed here to be faster, resulting in larger
(prenucleation) clusters being observed earlier at ideal and
barium-limited conditions (Figures 2 and 4). A similar
nonsymmetrical dependence of crystal new formation on
solution stoichiometry was previously reported by Seepma et
al.*! for CaCO,. For both BaSO, and CaCO,, the combined
process of nucleation and growth is greatly hindered at
nonstoichiometric conditions compared to pure crystal growth
of these minerals under ideal 1:1 conditions,”®”””*'*3~ 12> but in
our case more by the lack of anions than cations. Perhaps this
may be explained by a ligand-exchange-like process, where
cations are generally considered to take up the central position in
aqueous complexes, coordinated to several (anion) li-
gands.'”""*® The cations in the process of nucleation may
also sit central in the (prenucleation) clusters that form,
collecting one or more anions around them. This would mean
that such (prenucleation) clusters can have more anions than
cations and a slight limitation in cations is not critically limiting
to particle nucleation (and subsequent growth). To the authors’
knowledge, it is uncommon for (simple inorganic) anions to
coordinate to multiple cations in aqueous complexes because
anions are generally much larger than cations and, therefore,
require a considerably greater size of cationic ligands.'”’
Therefore, we propose it is less likely that prenucleation clusters
with high cation/anion ratios are formed, and therefore the
process of particle formation is hindered more severely when the
cation/anion ratio increases beyond the ideal stoichiometric
value. The flow DLS measurements at t = 4 s may indicate a
similar trend, where more and slightly larger (~10 nm) particles
appeared at Ba-limiting conditions than at SO,-limiting
conditions, where infrequently <10 nm-sized particles were
observed (Figure 2a versus i and S22a versus $22i in SI-VI).
Kang et al.”” found an opposite trend (i.e., crystal growth is more
hindered by the lack of cations than anions) usin% the ZN98
creation-propagation-collision (CPC) type model'”° to model
the in situ AFM data of Kowacz et al.”” However, the
experiments of Kowacz etal.”” were performed near equilibrium,
where they used Q.. < 12.6 in their experiments. Our
asymmetric behavior coincides more with the results of Kucher
et al,’® who performed their experiments also far from
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equilibrium (i.e., their Q. range in their experiments was
62,500—1,000,000).

Alternatively, variations in sodium and chloride concen-
trations with r,; may have led to asymmetry in the nucleation
dependency on r,. The difference in total Na or CI
concentration at extreme Taq compared to fag = 1 is at most
83% (i.e, 83% difference in the total Na concentrations in
solution no. 2.3 compared to 2.5). However, the NaCl
concentration in all of these solutions is in the regime where
the mobility of the lattice ions is affected by the ion charge
distribution, rather than a change in the bulk solvent structure by
NaCl, which occurs at larger concentrations.">' For higher-
ionic-strength conditions than ours (0.03 versus 0.02 M) and at
stoichiometric conditions, Kowacz et al,'*' showed that
~99.97% of the Ba’* is consumed during BaSO, formation,
meaning that NaCl is negligibly incorporated in the crystal
lattice. Additionally, MINTEQ calculations indicate that only
minor fractions of Ba and SO, ions are forming ion pairs with the
monovalent ions (Table 1). Though we cannot exclude any
distinct impact of the monovalent ions on nanoparticle
formation or aggregation, it is nevertheless unlikely that Na
and Cl contribute (strongly) to the asymmetric dependency of
barite nucleation r,, via incorporation into the nuclei or ion
pairing.

To summarize, our findings clearly show that the formation
(nucleation plus growth) of barite varies with {Ba**}:{SO,*}.
Formation rate, particle size evolution, crystal morphologies,
and twinning behavior are affected by solution stoichiometry at
the conditions for our experiments. These findings can be
considered as a first step in unraveling the impact of solution
stoichiometry on the combined processes of barite nucleation
and growth and more detailed work is needed to further unravel
the potentially different nucleation and growth pathways. The
observation of distinct particle size evolution and occurrence of
rounded surfaces at different moments in the formation process
(Figures 3 versus S24) hints at potentially different sensitivity of
barite forming at nonstoichiometric conditions toward
surfactants and antiscaling agents.

3.7. Limitations in DLS Experiments. In the model to
process raw DLS data to hydrodynamic radii and particle sizes,
an important but invalid assumption is that the particles are
spherical (see our TEM results, Figure 3 and SI-VII). In
addition, numerous studies have shown that different
morphologies exist, depending on the physicochemical con-
ditions of the solution from which barite precipitated (e.g,, Dunn
etal,* Voigt & Sundmacher'** and Godinho & Stack“), where
morphology varied from bladed-shaped crystals to dendritic-
shaped crystals. In most of these previously reported cases as
well as for our TEM-observed crystals, the c-directions grew
more slowly than the a- and b-directions of the crystals.
Furthermore, it is expected that similar shapes occurred in the
experiments for which we have not shown TEM data. Moreover,
due to gravity, the crystals may have had a preferred orientation
in our cuvettes during the DLS experiments. This was not
accounted for. On top of that, crystals nucleated and grew under
constantly changing conditions within one experiment because
Q,.ite dropped, to a lesser extent I dropped and, at extreme r,

q

q’
7,q Shifted toward more extreme values by several magnitudes as

well. This was previously discussed for similar experiments with
CaCO; by Seepma etal.®’ These changing conditions likely have
caused more heterogeneity with regard to crystal formation rates
and morphology over time during batch DLS experiments and
were also not accounted for.
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Second, the Tygon tubing used in the flow experiments is
thought to limit any buildup of virtually all inorganic
compounds, due to the smoothened and polished inner wall
(Saint-Gobain Performance Plastics, 2019). Yet, we cannot rule
out that heterogeneous nucleation on the tubing may have
played a significant role in the flow DLS experiments as
numerous studies have shown that polymers can act as a
substrate (i.., Vekilov'>® and references cited therein).
Consequently, ;.. may have dropped more or differently in
the sample at a certain time after mixing compared to that same
time in batch cuvette DLS experiments, due to the different
setup (i.e., Section 2.4 versus Section 2.5). However, note that in
our DLS measurements, no stagnant heterogeneously nucleated
particles on cuvette and tubing wall can be observed, since they
do not show Brownian motion. Moreover, our DLS results show
that, if this effect played a role, it did not significantly impact the
apparent particle size distribution because we observed, for
example, similar apparent particle sizes in the first measurement
of the batch DLS experiment at 7,y = 1 (i.e, roughly at 60 s)
(Figure 4c) and at that same condition and time for the flow
DLS measurements (Figure 2h).

Third, some degree of sedimentation of the largest particles in
our systems toward equilibrium has occurred during the batch
DLS experiments. This was observed most prominently in the
autocorrelation functions for the FWD after ~30 min (Figure
1d) (see also discussion in SI-III and SI-IV, where we showed
that gravitational settling of particles may contribute more to the
apparent (measured) diffusion coefficient (and thus the particle
size), compared to the contribution of Brownian motion, at
particles sizes > 700 nm). Subsequently, sedimentation may
have caused a generally larger variability in the weighted average
particle sizes toward the end of the experiments (near
equilibrium conditions), compared to the beginning of each
batch DLS experiment (Figure 4), as less particles likely end up
in the measurement volume and, thus, stochasticity increased.

Finally, the challenge of investigating barite formation is the
very low solubility (K, = 107°%"), which meant we had to work
with a high degree of supersaturation to create enough material
thatlead to an appropriate signal-to-noise ratio. We propose that
the initially used Q. value of 1000 leads to an intermediate
particle concentration that provided sufficient signal while
minimizing aggregation.

3.8. Implications. Our research has shown that DLS is a
suitable technique to investigate nucleation and growth of
BaSO, (barite), although the low solubility product combined
with the necessity to produce sufficiently high numbers of
scattering particles leads to a narrow range of conditions where
the reaction mechanism and kinetics can be investigated. More
generally, our work implies that DLS is applicable to investigate
the formation of inorganic crystals, especially for systems with a
somewhat higher solubility product. It must be noted that, at
higher particle densities, different settings of the Zetasizer may
be necessary, such as the detection angle and the number of
subruns for a right balance between statistics and the number of
time-resolved measurements.

Considering barite new formation, we have shown that
solution stoichiometry impacts the nucleation and growth
asymmetrically at Q. = 1000. Most likely, a similar trend can
be observed at other ;.. conditions far from equilibrium and,
consequently, it is important to know the solution barium-to-
sulfate ratio to predict barite formation rates in natural and
engineered settings. Moreover, guiding a solution stoichiometry
is a way to tailor barite formation (rate), even without the need
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for inhibitors, to improve processes that take place in the
petroleum, chemical, paint, and filler industries.! 1347136
Potentially, solution stoichiometry (at a constant degree of
barite supersaturation) may enhance or reduce the effect
additives have on barite (scale) formation. For example, Kowacz
etal.”” showed that barite precipitation rates could be increased
in 5 vol % methanol or move toward r,, ~ S for systems at low
and constant supersaturation (ie, Q.. = 12.6). But even
without additive, our results show that altering the solution
barium-to-sulfate ratio affects the barite crystallization rate and,
ultimately, controls the timescale and amount of barite
deposition.

4. CONCLUSIONS

Our experimental results show that the {Ba®*}:{SO,*"} in the
solution during barite nucleation and growth has a strong and
asymmetrical impact on the particle size development of the
newly formed barite particles. Our results show that DLS can be
used to investigate nucleation and growth at carefully selected
experimental and analytical conditions. At a constant initial
degree of supersaturation (€2, = 1000), BaSO, crystals

e grow from about 200 nm to approximately 700 nm within
15—30 min

e may have formed by aggregation of prenucleation clusters
(<10 nm) toward a size of 200—300 nm

e grow faster at near-stoichiometric and barium-limiting
conditions than at sulfate-limiting conditions

e vary in aggregation and twinning behavior with solution
stoichiometry

These observations imply that the efficiency of antiscalants,
which often target barite growth-specific crystallographic
orientations, may depend on solution {Ba®>*}{SO,*"}. There-
fore, ultimately, solution stoichiometry may be used in tailoring
natural and engineered BaSO, crystallization processes.
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