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Abstract: The potential for barium sulphate nanoparticles to be used in a variety of important fields
has sparked a lot of attention. Methods for obtaining this material by milling (top-down approach) are
not very popular due to the difficulty of controlling the size and shape of particles, as well as changes
in their physicochemical properties during milling. More promising is the bottom-up approach, which
is the interaction of Ba** and SO, ions in a liquid environment. Direct precipitation is the simplest
method; however, it does not allow control of the particle size. Microemulsions, microreactors
membrane dispersion, as well as spinning disc reactors are used to overcome drawbacks of direct
precipitation and allow control of particle size and shape. This is ensured mainly by intensive
controlled micromixing of the precursors with concentrations close to saturated ones. The present
review focuses on recent advances in the production of barium sulfate nanoparticles using various
approaches, as well as their advantages and limitations. The issues of scaling up the techniques are
also considered, and promising methods for obtaining BaSO, nanoparticles are also discussed.

Keywords: barium sulfate; nanoparticle obtaining; top-down; bottom-up; particle size

1. Introduction

Nanoparticles (NPs) are commonly referred to as solid-phase objects which have at
least one dimension less than 100 nm. The small size of nanoparticles gives them unusual
structural, optical, electronic, magnetic and chemical properties [1-4]. This circumstance
determines the wide application of nanoparticles in such areas as pharmaceuticals, fine
chemicals, cosmetics, food, ceramics, catalysts, electronics, pigments, and other indus-
tries [5-11].

One of the NPs of great industrial importance is barium sulfate (BaSO,). Barium
sulfate is a salt composed of the barium cation (Ba%*) and the sulfate anion (SO427), in
which sulfur is attached to four oxygen atoms (Figure 1).

Being an NP, this inorganic material is primarily used in the filling materials and addi-
tives of paper, paints, plastics, pigments, cosmetics, ceramics, and orthopedics among oth-
ers [12-18]. It has also been reported that the incorporation of BaSO4 NPs into polyurethane
elastomer pellethane enhanced its antimicrobial properties in vitro toward some bacteria
causing disease in plants, animals and humans [19,20]. Besides, barium sulfate NPs out-
perform microscale BaSO;, particles, which are currently used as an X-ray contrast agent
in medicine [21]. Nowadays, the production of BaSO4 NPs with well-defined properties
of the resulting particle size distribution (PSD) by simple and powerful methods is still
challenging. The following problems must be addressed when obtaining this product. First,
it is necessary to ensure the stability of the system with giant surface energy, since NPs
have a very large interface. Secondly, it is often required to obtain NPs with the desired
morphology including the required crystal size, narrow particle size distribution, and the
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required microstructure. Further, it is necessary to ensure the resistance of NPs to unwanted
agglomeration or sticking after the end of the synthesis.
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Figure 1. Chemical structure of barium sulfate.

Typically, there are two general strategies to obtain NPs. One is the top-down approach
based on reducing the size of the original particles by grinding, pickling, etc. [22-26]. Due
to the high productivity and repeatability of processes, this approach is still widely used,
although it has a significant drawback. The grinding of the material causes the surface
structure of NPs to deteriorate due to the defects’” formation.

The second approach, the so-called bottom-up approach, is an assembly of NPs from
atoms or molecules [27-30]. Being more variable than the top-down method, it includes
both chemical (chemical reduction, co-precipitation, seeding, microemulsion, sonoelectrode-
position, hydrothermal method, etc.) and physical (plasma method, microwave irradiation,
pulser laser method, etc.) techniques.

An overview of top-down and bottom-up approaches is presented in Figure 2.
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Figure 2. Top-down and bottom-up approaches to obtaining NPs. Reprinted with permission from
ref. [31]. Copyright 2019 Elsevier.

Due to the very low solubility, precipitation from the solution is the most convenient
bottom-up approach to obtain BaSO4 NPs.
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The bottom-up methods of producing BaSO4 NPs involve the use of:
Direct precipitation;

Microemulsions;

Microreactors;

Membrane dispersion;

Spinning disc reactors.

Despite the growing interest in BaSO4 NPs, there are still no reviews on existing
approaches to obtaining this product. To fill this gap, we have compiled data from the
most relevant articles published over the past 25 years in this mini-review. This review
focuses on recent advances in the production of BaSO4 NPs using aforecited approaches, as
well as their advantages and limitations. In addition, promising ways for furthering the
development of methods for obtaining BaSO4 nanoparticles are also discussed.

2. Top-Down Approach

In the top-down approach, starting bulk material is subjected to size reduction by
different physical and chemical treatments, such as mechanical milling, laser ablation, and
sputtering [32].

In the mechanical milling method, the bulk powder is placed into a container along
with several heavy balls. Due to the high speed of the balls, the powder is given high
mechanical energy, most likely by utilizing a planetary ball mill, attrition ball mill, or
vibrating ball mill [33]. Under certain conditions, mechanical milling promotes repeated
deformation, welding, and fracture of the mixture of reactants, which leads to different
chemical modifications at the interface of NPs (mechanochemical synthesis) [34-39].

In the laser ablation method, the solid starting material is placed under a thin layer,
then exposed to pulsed laser irradiation; the operation ensures reducing the particle size to
nano level [31].

In the sputtering method, vaporization of a solid through sputtering with a beam of
inert gas ions takes place [31].

Concerning BaSO4 NPs, only two papers report obtaining this material by using a
top-down approach; both were by the same authors exploiting mechanical milling in a
stirred media mill [40,41]. The experimental set-up used is presented in Figure 3.
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Figure 3. Experimental set-up for nanomilling. (1) Grinding chamber, (2) stirrer shaft, (3) stirrer
pins, (4) cooling water in, (5) cooling water out. Reprinted with permission from ref. [40]. Copyright
2012 Elsevier.

By wet milling, the commercial barium sulfate in the presence of 2 wt% of the sodium
salt of polyacrylic acid as a dispersant, NPs (~50 nm) were produced under optimal
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conditions (pH of the suspension of 10.5; milling time of 180 min; solid mass fraction of
0.15; milling media loading of 60%; stirrer speed of 1200 rpm).

As a rule, top-down methods are easy to perform. Meanwhile, there are still no oppor-
tunities for preparing informal shaped and very small size particles. Another important
issue limiting the use of these methods is a change in surface chemistry and physicochemi-
cal properties of nanoparticles [31].

3. Bottom-Up Strategy
3.1. Thermodynamic Origin

NPs arise and grow as a result of phase transformation processes. The emergence of a
new phase is due to the desire of the system to move into a more stable state. Supersatura-
tion of a solution with barium sulfate is the thermodynamic driving force of nucleation and
growth of solid particles [42,43]. The formation of the target product is determined by the
following ionic equation:

Ba*T +S03~ — BaSO,

Under equilibrium conditions, the chemical potentials of barium sulfate are equal in
the liquid (1) and solid (2) phases [44]:

Ba*t —I—SOZ* — BaSOy4

where y is the chemical potential of the component (BaSOy, in this case) under the con-
ditions of constant pressure (P), temperature (T), and concentration (C). Superscript “e”
means the equilibrium state.

When supersaturated, there is a deviation from the equilibrium [44]:

Ap=pp—py >0

This deviation is determined by the actual concentration of a solute (C) and the

saturation concentration (Cs):
C
Ay = RTIn—
IS C.

where R is the universal gas constant.

In the case of a relatively high ionic strength of the solution, ion activities are used
instead of concentrations, and the supersaturation of the solution (S,) is defined as follows:

apg2+ aSOi’ CBazJr CSO&*
Sa = K, ' K
sp sp

where ap >+ and a s02- are the activities of the corresponding ions, Cp2+ and C 502~ are the
concentrations of the corresponding ions, -y is the mean activity coefficient, and K, is the
solubility product (for BaSOy, Ksp = 9.82 x 10~ mol? /12 at 25 °C [45]).

Particle formation consists of two stages: the formation of nuclei and their growth.
According to the classical theory of nucleation, the supersaturation of a system (AC) is
determined by the difference between the concentration of a solute (C) and its concentration
in a saturated solution (Cs):

AC=C—-Cs

For the formation of a nucleus, the appearance of a “solid-liquid” interface and a
corresponding excess of free energy are necessary. The chemical potential of the particles in
the solution (j/c) may be written as:

pic = p + RTInC

where 3 is the standard chemical potential of the component.
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In a saturated solution, there is the following relationship between the chemical
potential of the solid phase (y/¢) and the concentration of the saturated solution [44]:

Us = U = y% 4+ RTInCg

The growth of nuclei occurs by sequential attachment of particles from the solution to
the solid surface. If the size of the nucleus is larger than the critical one, then such a process
is thermodynamically favorable and practically irreversible.

The nucleation often plays the most important role in determining the resultant particle
morphology and size distribution. Thus, the distribution of supersaturation in a reaction
system is a key factor affecting the particles size distribution. The ideal process of obtaining
NPs is that micromixing (mixing at the molecular level) of the reactants is achieved before
a steady-state nucleation rate is established.

In many manufacturing technologies, the stabilization of obtained NPs in concentrated
aqueous suspensions is required. Adsorption of a polymeric dispersant layer around the
particle surface is mostly applied for this purpose. Polymer stabilization is based on the
protection of the nanoparticle surface by a dense layer of organic molecules. The driving
force behind this is the reduction in the number of possible configurations between two
approaching particles; additionally, the osmotic pressure caused by the relatively high
concentration of adsorbed polymer molecules between the two particles prevents the
aggregation of these particles.

Suitable polymers for stabilization are those which, when dissolved, reduce the Gibbs’
free energy. The interaction between polymer and solvent molecules is limited by conven-
tional solvation processes, including dispersion interactions and the formation of hydrogen
bonds. When approaching NPs completely covered with polymer molecules, the Gibbs’
free energy rises, and the NPs repel.

3.2. Direct Precipitation

Direct precipitation (DP) is one of the most widely used methods for obtaining NPs
because of the simplicity and availability of starting reagents. Due to the very poor
solubility, the formed barium sulfate precipitates almost instantly with the formation of a
white precipitate.

However, difficulties in controlling the size, and the strong tendency of particles to
aggregate, significantly limit the use of this approach. This circumstance forces researchers
to look for synthesis conditions that make it possible to obtain barium sulfate particles in a
narrow size range and with a low tendency for aggregation.

The preparation conditions and particle size of BaSO4 nanoparticles produced by
direct precipitation and reported in the literature are provided in Table 1.

As a rule, this approach involves the preparation of aqueous solutions of barium
compounds (mainly barium chloride) and ammonium sulfates or alkali metals (mainly
sodium sulfate). In some cases, organic solvents such as ethanol [47,51] or benzene [52]
were used, mixed with water. In about half of the described experiments, surfactants were
used to stabilize the nanoparticles.

Bala et al. [47] prepared NPs of BaSOj in a liquid ethanol-water medium, by adding
(NH4)2504 aqueous solution to BaCl, dissolved in absolute ethanol. The precipitates were
separated from the mother liquid and calcined for 1 h at 200 °C to obtain the final white
powders. The average diameter of particles in an aqueous suspension was 24.3 nm while
the full width at the half-maximum intensity of the distribution peak was 11.7 nm.

The particle size was significantly affected by the liquid (ethanol or water) used to
wash the BaSOy precipitate: particles washed in ethanol were much smaller than those
washed in water. It was suggested that this effect might be related to the adsorption of the
ethanol onto the surface of the BaSOj, particles, followed by encapsulation of the alcohol
into the pores of the mentioned particles. The presence of ethoxy groups on the surface of
the particles prevents their agglomeration, thereby providing high dispersion.
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Table 1. Conditions for obtaining barium sulfate nanoparticles by direct precipitation, described in
the literature.

Precursors Medium Stabilizer Mean Particles Size, nm  Ref.
Na,SOy, BaCl, H,O gelatin 50.80 + 0.02 [12]
Na2504, BaClz H20 No <100 [46]
(NH4),SO4, BaCl, H;O — C;H50H No 243 [47]
H2804, BaClz, Ba(OH)2 H20 No 4-92 [48]

(2-(methacryloyloxy)ethyldimethyl-(3-

sulfopropyl)ammoniumhydroxide;
K5»S,0g, BaCl, H,O 3-sulfopropylmethacrylate potassium salt; 10-20 [49]

2-acrylamido-2- methylpropane

sulfonic acid.
](31;1?142)2804’ Hp80,, H,O octadecyl dihydrogen phosphate 76 [50]
Na,SOy, Ba(NO3), H,O sodium hexametaphosphate 30-55 [51]
Na,SOy, BaCl, H,O dodecyl trimethyl ammonium bromide 180-190 [52]
(NHy4),SOy4, BaCl, H,O — C;H50H  dodecyl benzene sulfonic acid 46 [53]
NaySOy, BaCl, H,O No 30.4 [54]
Na2804, BaC12 HQO - C6H6 No 35.9 [54]
Na,SOy, BaCl, H,O carboxymethylcellulose 45+ 12 [55]
Na,SOy, BaCl, H,O sodium dodecyl sulfate 80-150 [56]
* (NHy),S0Oy4, BaCl, H,O sodium lauryl sulfate 9 [57]
* NapSQOy, BaCl, H,O cetyltrimethylammonium bromide 55.6 [58]

* Ultrasound has been applied.

Highly crystalline BaSO; NPs obtaining procedure has been described by Sifontes
and co-workers [48]; Ba(OH),-8H,O, BaCl,-2H,0, as well as aqueous sulfuric acid were
the precursors. The obtained precipitate was washed and filtered with distilled water
several times and was frozen at —26 °C for 1 day. The nanoparticles size was between 2.6
and 20 nm, with an average value of 14.5 nm. The proposed method’s main premise was
quenching, which involves cooling rapidly to a lower temperature. The growth of BaSO,
particles is stopped by quenching with cold water, which eliminated the need for additives
as stabilizers.

An unusual strategy to control the nucleation and growth of BaSO,4 nanoparticles
was proposed in [49]. Unlike other techniques, sulfate ions are in situ generated here by
decomposition of potassium persulfate in an alkaline medium:

$,03” +20H™ «250; +20He

A new difunctional surface modification agent, -(2-(methacryloyloxy)ethyldimethyl-
(3-sulfopropyl)ammoniumhydroxide, was applied as surfactant. This approach allowed
manipulating the nucleation and growth of the BaSOj, particles and significantly reducing
the particle size, up to several nanometers.

In some cases, the surface modification of barium sulfate NPs was carried out to give
them specific properties.

Octadecyl dihydrogen phosphate (n-C13H3;0PO3H,, ODP) was applied as a modify-
ing agent in the one-step process of BaSO, precipitation [50]. ODP served two purposes in
this case. A thin layer of barium alkyl phosphates, which was formed and coated onto the
surface of NPs, makes them hydrophobic:

Ba** + 2n — C1g§H3yOPO3sHy <— Ba — (I’l — C18H37OPO3H)2 +2H*

Ba** +n — C1gH3;0PO3H, <— Ba — (n — CigHigHzyOPO3) +2H ™"

Furthermore, ODP controls the particle size and morphology of BaSO; NPs formed by
the reaction between BaCl, and (NHy4),SOy.
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NPs of BaSO,, functionalized by a difunctional surface modification agent, (2-
(methacryloyloxy)ethyldimethyl-(3-sulfopropyl)ammoniumhydroxide (MSAH), were ex-
amined as a filler in bone cements [49]. It was revealed that functionalized NPs effectively
improved the bending modulus and compressive strength of the poly (methyl methacry-
late) bone cement; moreover, the bone cement with MSAH-functionalized NPs of BaSOy,
exhibited good radiopacity. Improved biocompatibility of functionalized NPs compared to
the bare BaSOy particles was also demonstrated.

Sooch and co-workers developed a technique of obtaining NPs of BaSOy4 capped with
gelatin and doped with four different metals [12]. The obtained functionalized NPs were
shown to have enhanced antimicrobial potential and cytotoxicity.

NPs with a size of around 10 nm or smaller have been synthesized in just a small
portion of the works devoted to the direct BaSO4 precipitation; the vast majority of the
proposed methods provided an average size in the range of about 25-150 nm.

3.3. Microemulsion Method

The microemulsion is a popular method of obtaining NPs, where microemulsions
are an isotropic and thermodynamically stable mixture of oil, water, and surfactant, or in
combination with a cosurfactant [59-63]. Microemulsions can be either direct (oil dispersed
in water) or reversed (water dispersed in oil). In the simplest case of two water-soluble
but oil-insoluble reagents, one of the reagents dissolves in water micro drops of a w/o
microemulsion, and the other dissolves in water micro drops of another w/o microemulsion.
The two microemulsions are then mixed. Due to the small size of the droplets, they take
part in Brownian motion. They continuously collide, forming dimers and other aggregates.
Such aggregates have a short lifetime and quickly disintegrate into drops of the original
size. As a result of continuous processes of coalescence and spontaneous dispersion, the
content of water microdroplets of both microemulsions is evenly distributed over all drops
in which the reaction takes place. The reaction product eventually precipitates out.

In almost all cases, microemulsions contain an appropriate amount of surfactant. The
surfactant molecules that are located in the w/o interface significantly reduce the interfacial
tension of the interface, thereby ensuring the stability of the emulsion.

This method allows the production of compounds of a significant purity degree and
high dispersion with a controlled particle size distribution, as well as polycomponent
particles with a uniform distribution of components. One of the main advantages of this
method is the ability to control the size and shape of the resulting NPs.

The schematic diagrams of particle formation and particle coagulation in a microemul-
sion system are presented in Figures 4 and 5, respectively.

In the preparation of barium sulfate NPs, the corresponding precursors are initially
contained in various microemulsions, which, when mixed, form the desired product.
Liquid hydrocarbons and polyoxyethylene derivatives are mainly used as organic compo-
nents of microemulsions; the precursors are the same compounds as in the cases of direct
precipitation (Table 2).

Qi et al. [66] synthesized spherical and cubic BaSO; NPs by using Triton X-100/n-
hexanol/cyclohexane/water w/o microemulsions. As the water content in microemulsions
increased, the particle shape changed from spherical to cubic. Triton X-100 is a non-ionic
surfactant that has also been applied for BaSO4 NPs obtained by Ivanova et al. [4] and
Meagher et al. [21]. In both studies, monodisperse BaSO4 NPs (~10 nm in diameter)
were synthesized using w/o nanoemulsions. In [21], as-prepared NPs were subsequently
encapsulated by dextran. This operation increased the NPs diameter to ~40 nm but enabled
them to be readily redispersed in water. Moreover, encapsulated NPs were stable in the
colloidal form for more than 1 month.
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Figure 4. Schematic representation of particle formation in a microemulsion system: (a) fusion-fission
and mass transfer between microemulsion droplets; (b) nucleation in a supersaturated droplet;

(c) growth of a particle through the exchange of reactants during a collision. Reprinted with permis-
sion from ref. [64]. Copyright 2014 American Chemical Society.
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Figure 5. Schematic diagram of particle coagulation in a microemulsion system: (a) coagulation of
microscopic particles trapped in microemulsion droplets; (b) failure of two big colloidal particles to
collide. Reprinted with permission from ref. [64]. Copyright 2014 American Chemical Society.
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Table 2. Conditions for obtaining barium sulfate nanoparticles by using microemulsions, described
in the literature.

Precursors

Organic Parts of Microemulsion Mean Particles Size, nm Ref.

(NH4)2504, BaClz

KQSQOg, HQSO4, BaC12

(NH4)2504, Ba(OAc),

Na2504, BaC12

(NH4)QSO4, H2 SO4, BaC12

K2SO4 ’ BaC12

cyclohexane;
benzene;
Triton X-100; 13 [21]
t-Oct-C6H4-(OCH,CHjy)xOH (x = 9-10);
1-hexanol.

poly(oxyethylene)s phenol ether;
poly(oxyethylene)g phenol ether.

Triton X-100;

n-hexanol; 10 [66]
cyclohexane.

sodium bis(2-ethylhexylsulfosuccinate;
poly(oxyethylene-4-dodecyl ether);
didodecyldimethylammonium bromide;
decane;

dodecane;

isooctane.

poly(ethylene glycol) octylphenyl ether;
Triton X-100;

n-hexyl alcohol;

cyclohexane.

Marlipal O13/40;

cyclohexane.

10-20 [65]

642 [69]

Commercial ethoxylated iso-tridecanol, widely known as non-ionic technical surfac-
tant Marlipal O13/40, was used to obtain BaSO4 NPs by using a semi-batch reactor [69].
Almost monodisperse NPs (3-8 nm in diameter) were precipitated in a microemulsion
droplet population.

Empirical optimization of the conditions for obtaining NPs by the microemulsion
method is associated with significant time and other costs due to the huge variability
of possible processes. Population balance modeling (PBM) is widely used to solve this
problem [70-74]. PBM describes the evolution of a population of particles in the processes
of crystallization, precipitation, polymerization, etc. [75-77].

Two different modes for the initialization of the precipitation reaction are generally
accepted. According to the first mode, one reactant moves by mass transport from the
continuous phase into the microemulsion droplets which already contain the other re-
actant [78,79]. The second model assumes that both reactants dissolve in two separate
microemulsions, which are then combined by pouring one of the two microemulsions into
a stirred tank reactor that is partly filled with the other microemulsion [80]. A scheme of
this process is presented in Figure 6 along with a TEM picture of BaSO4 NPs.

A simplified, zero-dimensional (homogeneous) PBM describing the precipitation of
BaSO4 NPs in a microemulsion droplet population has been performed by Oncul et al. [81].
The model, obtained by computational fluid dynamic simulations, was implemented for
the three-dimensional real case analysis of the reaction process in a semi-batch reactor. The
obtained results of computations have demonstrated good agreement with the experimental
data for stoichiometric cases.

Based on the experimental results described in ref. [82], Niemann and Sundmacher
proposed a discrete PBM with the introduction of physically motivated assumptions at
BaSO; precipitation in w/o emulsion [78]. According to the model, nuclei are found to
be formed heterogeneously. The model requires low computational effort and produces a
solution of high accuracy.
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Figure 6. Process diagram, population dynamics, and TEM image of generated BaSO4 NPs. Reprinted
with permission from ref. [78]. Copyright 2008 Elsevier.

By using a PBM, it was shown that at low initial reactants concentration, coagulation
can have a significant effect on BaSO4 NPs precipitation in nonionic inverse microemulsion
systems [64]. The coagulation effect is found to be responsible for the bimodal particle size
distribution described in the literature. Furthermore, the effect of electrolyte concentration
on the surfactant headgroup area was investigated. The obtained kinetic parameters demon-
strate that nucleation, growth, and coagulation rate constants increase with decreasing
electrolyte concentration.

In general, the use of microemulsions made it possible to obtain nanoparticles with
a size of 3-10 nm, which is much smaller than those synthesized by direct precipitation.
Nevertheless, a large amount of surfactant is required. Moreover, long processing time and
the use of organic solutions that can be toxic may also limit the use of this approach.

3.4. Obtaining BaSO4 NPs in Microreactors

A prospective approach to obtaining NPs is using microfluidic reactors or microre-
actors. Compared to batch-wise synthesis approaches, microfluidic technologies provide
better control of the amount of reagents and allow mixing them uniformly on the mi-
croscale [83-87]. This approach shows promise for commercial-scale synthesis of NPs; the
small yield of the product from microreactors can be addressed by parallel processing. De-
pending on their flow type, microreactors can be classified as continuous flow (reaction and
precipitation occur in a single fluid phase inside the microchannel) and droplet-based or
segmented flow (reaction occurs within discrete droplets that pass through the microreactor
surrounded by an immiscible carrier phase).

Generally, T-or Y-shaped micromixers are used as the mixing units for obtaining
BaSO4 NPs [88]. Table 3 summarizes some information about the main constructional and
operating parameters when producing BaSO4 NPs in T- and Y-microreactors that has been
gathered from the literature.
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Table 3. Obtaining conditions on the particle size of BaSO4 NPs produced in T- and Y-microreactors
described in the literature.

Type of

Reaction

Channel BaZ*/S042~ Ba?* Solution Flow Rate, Mean Particle

Microreactor System Size, pm Molar Ratio Concentration, mol/L mL/min Size, nm Ref.
T Microemulsion 500 1 0.1 0.8 15 [89]
T Liquid-liquid 1000 3 0.7 180 35 [90]
T Liquid-liquid 600 x 300 1.5 0.5 24 91 [91]
T Two-phase 830 x 1000 5 0.5 6.5 300 [92]
Y - 500 1 0.1 30 200 [93]
Y - 500 5 <0.5 600 40 [94]

Wang et al. [95] developed a microporous tube-in-tube microchannel reactor exhibiting
the combined effects of many T-type microchannels. The total flow rate of up to 9 L/min
ensured increased production capacities of the microreactor and BaSO4 NPs with an average
size of 37 nm were obtained. Nevertheless, concentrations of reagents in solutions were
still relatively low (0.35 mol/L for both reactants).

Sen et al. described a droplet-based microfluidic system comprising a simple microflu-
idic junction and a PTFE microbore tube to continuously obtain BaSO; NPs with a mean
particle size of 65 nm [96].

BaCl, and NaySO4 concentrations close to their saturated concentrations were success-
fully used to obtain BaSO4 NPs by Wu et al. [88]. A commercially available micromixer,
SIMM-V2, with a mixing element of 2 x 16 interdigital microchannels with a size of 45 um
(width) x 200 pm (depth) for each of the 32 channels, was applied for this purpose. Inter-
digital feeds, providing multiple outlet ports with alternately arranged fluids, operate on a
more complex mixing principle than the T- or Y- micromixers. By using Ba2t*/SO42~ ata
molar ratio of 1.2 and a total flow rate of 50 mL/min, the NPs with a mean particle size of
28 nm were obtained at a production capacity of 2 kg/h.

The effect of ultrasound on mixing and the precipitation of BaSO4 NPs in microreactors
have been studied by Pohl and co-workers [97]. Initially, a conical chamber (10 mL) was
applied to study the effect of micromixing quality and the cavitation intensity on the
precipitation process. Then, a cavitational chamber (2.5 mL) was used as an optimized
conical reactor. It was demonstrated that in both reactors, low ultrasonic output between
20 and 40 W improves the precipitation results. NPs with a particle size of 200 nm can be
produced at a low feed rate of 0.8 L/h under ultrasonic irradiation, whereas much higher
feed rates of 6 L/h are needed to achieve the same results without ultrasound.

The higher surface-to-volume ratio, which can reach 100,000 m?/m3, taken together
with the opportunity to control the size and shape of produced NPs, provides the microre-
actor approach with significant competitive advantages [98]. The method’s drawbacks
include the high cost of microreactors and the risk of NPs blocking micropores during their
rapid development. Besides, precursor solutions must wet the hydrophilic surface of pore
walls, which imposes additional requirements on the composition of solutions. By and
large, these limitations of this approach have not yet been overcome.

3.5. Membrane Dispersion

It was mentioned above that the distribution of supersaturation in a reaction system
has a decisive influence on particle morphology and size distribution, and mixing at almost
the molecular level (micromixing) is the ideal process for obtaining NPs. Membrane
dispersion (in some cases referred to as membrane separation) is an effective approach that
provides acceptable dosing of one of the components entering the reaction mixture when
obtaining NPs [99-103].

The process of obtaining nanoparticles is implemented in a membrane reactor, which
operates on the following principle (Figure 7a,b) [104]. A solution of one of the components
(for example, NaySOy) contained in the inner part of the reactor penetrates through the
micropores of the membrane into the outer part containing a solution of another component
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(for example, BaCly). The driving force of the process is the higher pressure in the inner
part compared to that in the outer part of the reactor (Pj, > Pout). It is also possible to carry
out the process at Pj, < Pout when the components of the solution in the outer particles of
the reactor penetrate the inner one.

[
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L ]
o L e ©
®e
(a) (b)

Figure 7. Principles of obtaining NPs through membrane dispersion (the balls represent the
molecules): (a) Pin, > Pout, (b) Pin < Pout. Reprinted with permission from ref. [104]. Copyright
2002 Elsevier.

Zhiqgian and Zhongzhou obtained BaSO4 NPs by using a membrane reactor, in which
the NaySO; solution permeated through the micropores of the ultrafiltration membrane
gradually into BaCl, solution [104]. Under the optimized conditions (SO4%~ /Ba**molar ra-
tio of 2; membrane molecular weight cut-off of 1000; transmembrane pressures of 0.010 MPa;
linear flow rate of 0.589 m/s; the absolute temperature of 288 K; concentration of BaCl, of
0.005 mol/L; the initial volume of BaCl, solutions of 80 mL), the size of obtained BaSOy,
NPs was ~60 nm.

Chen and co-workers have developed new membrane dispersion technology for
producing BaSO4 NPs [105]. The process integrates direct chemical precipitation and
membrane emulsification. A 20% ethyl alcohol in water solution is used as the solvent
instead of pure water, which ensured the particles size decreases from 70 to 20 nm.

Introducing microbubbles into the working system with the membrane dispersion
microreactor has been successfully applied for BaSO4 NPs synthesis [15]. Microbubbles
ensured efficient mixing of the reactant at high concentrations (up to 0.32 mol/L Nay;SOy
and 2.2 mol/L BaSOy), which made it possible to obtain NPs with an average size of 40 nm.

Along with the advantages, membrane technologies for obtaining nanoparticles also
have drawbacks [106]. The main factor limiting the use of this approach is the high cost
of membranes. Furthermore, irreversible processes of membrane fouling and damage are
likely during the operation of the membrane reactor. Meanwhile, fouling of membranes can
be minimized through the selection of suitable membrane materials, rinsing the membrane
regularly, and optimizing operating conditions

3.6. Obtaining BaSO4 NPs in Spinning Disc Reactors

The spinning disk reactor (SDR) is the apparatus with the best mass and heat transfer
characteristics of all chemical reactor types [107].

In an SDR, a fast-moving liquid microfilm is formed on a rotating disk by centrifugal
force [108]. Due to the high centrifugal and shear forces exerted on the developed thin
liquid film with high micromixing efficiency, SDR has a high transfer rate and a short mixing
time, which ensure high performance in the synthesis of nanoparticles. NPs of Ag [109],
ZnO [110], CuO [111], and TiO; [112] were synthesized through the SDR technique.

The efficiency of using SDR to produce BaSO4 NPs has improved significantly in
recent years. In 2002, Cafiero and co-workers obtained NPs with a mean particle size of
700 nm [113]. In 2009, Dehkordi and Vafaeimanesh obtained BaSO, NPs with a size of
~38 nm in diameter from supersaturated aqueous solutions of BaCl, and NaySO4 [114].
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The mean particle size of 27 nm was achieved by Jacobsen and Hinrichsen in 2012 [115].
The new configuration of SDR for obtaining NPs was described by Farahani and co-workers
in 2017 [116]. The reactor’s unique design, which consists of two coaxial rotating disks
positioned horizontally in a cylindrical chamber, made it possible to improve micromix-
ing efficiency. This double SDR (DSDR) demonstrated higher efficiency compared to
conventional SDRs. Specifically, smaller particles (mean size of 23.4 nm) were obtained.
Furthermore, a narrower particles size distribution was achieved.

A significant reduction in the average particle size of barium sulfate has been achieved
using a new high-speed spinning disk reactor (HSSDR) [117]. Exploiting the high rotational
disk speed (from 5000 to 15,000 rpm) yielded particles with an average size of 16.4 nm.
Moreover, it was stated that the cost of running HSSDR is lower than that of DSDR proposed
in ref. [116].

The use of SDR for the synthesis of nanomaterials, for instance, BaSO4 NPs, is an
attempt to overcome the problems associated with scaling-up production and achieve
greater control of the size of the NPs produced. However, the use of SDR comes with a
number of difficulties. This system requires more sophisticated equipment than conven-
tional ones, resulting in higher equipment costs [118]. The energy needed for disc rotation
and to overcome pressure drop also influences the operation costs of SDR due to the high
dissipation rate of the applied energy. Besides, the extremely high disk rotation speed
(up to 15,000 rpm) significantly increases the risk of mechanical failure and places high
demands on SDR materials and disk balancing in the reactor.

4. Conclusions and Future Perspectives

BaSO4 NPs are becoming more widely used in various fields. Accordingly, the demand
for this material is increasing. Two fundamentally different approaches are used to obtain
these NPs. According to the first one (top-down approach), the bulk material is milled to
obtain nanosized particles. However, this approach does not allow one to control the size
and shape of the particles, and it also leads to a change in the physicochemical properties
of the milled material. More promising is the other (bottom-up) approach, according to
which the target product is assembled from the smallest particles, atoms or molecules. Due
to the very low solubility of barium sulfate, its liquid-phase synthesis with subsequent
precipitation is very convenient. The biggest problem in implementing this approach is
the control of reagents mixing: direct precipitation leads to the uncontrolled growth of
BaSOy crystals. This issue can be partly solved by using microemulsions, microreactors,
membrane dispersion, and spinning disc reactors. However, unresolved issues remain,
e.g., many of the solvents used are toxic, the resulting solid particles of barium sulfate
clog the channels of the microreactors, and there are irreversible fouling and destruction of
membranes. In addition, many developed methods for obtaining these nanoparticles are
difficult to scale.

In our opinion, further development of methods for obtaining BaSO4 NPs will proceed
as follows. Liquid phase synthesis will be predominant in the preparation of this product.
Due to the simplicity and availability of starting reagents, precipitation from aqueous
solutions will remain the most common method. The high precipitation rate from aqueous
solutions, however, limits the ability to control particle size and morphology. To solve this
problem, an approach seems practicable, assuming there is a relatively slow reaction of
sulfate ion formation in the solution (for example, through the use of S,0g%~ anions [46]).
The use of toxic organic reagents, mainly in the microemulsion method, should be fully
justified. To intensify the processes of mass and heat transfer, particularly micromixing, the
design of reactors should be optimized. Population balance modeling is an effective tool for
this purpose; by exploiting hydrodynamics in a controlled manner, this approach allows
for the improvement of process quality to obtain BaSO4 NPs in a narrow size distribution
range. Addressing these issues, either completely or locally, will significantly expand the
scope of the industrial application of BaSO4 NPs.
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