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Precipitation reactions coupled to various transport phenomena, such as flow or diffusion, lead to the
formation of different spatial gradients which can be influenced by tuning the experimental parameters
(e.g., reactant concentration, flow rate, reactor geometry, etc.). Thereby it gives us the opportunity to
change the micro and macrostructure of the products. Herein, we investigate the precipitate tube
formation in a flow-driven system applying a horizontal confined geometry for individual and composite
alkaline earth metal (Mg(n), Ca(n), Sr(n), and Ba(i))—carbonate systems. First we attempted to achieve
tube-like structures in each reactive system by increasing the reactant concentrations. It is found that
the precipitate tubes are not present in the magnesium-carbonate system even at extremely high con-
centrations. Therefore, we doped the magnesium solution with other alkaline earth metal ions, which
resulted in the desired precipitate patterns. Besides the macroscopic characteristics, the microstructure
of the crystals (morphology, crystal phase, size, and composition) could also be modified by combining
the ions and varying their concentration ratio. In addition, by varying the relative concentration of the
alkaline earth metal cations, separated and composite crystals could also be produced as different
extrema. These were spatially isolated due to the reactor geometry, and thus the products, which con-
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1 Introduction

The most generally known precipitate tube structure is the
3-dimensional chemical garden, in which plant-like patterns
form as a result of the reaction between various metal salt
crystals and sodium silicate solution." In the growth of these
tubes the osmotic effects and buoyancy play an important role.
However, in these systems the growth direction and the dia-
meter of tubes are stochastic and the composition of products
is not controllable. In order to gain a better regulation on
tube formation, the precipitation reaction has been coupled
with flow, which allows controlled growth and adjustable
composition.”™ Besides the simple injection process, there
are various methods which can influence the quality of the
forming tubes such as bubble guidance,®” and growth in the
cation-exchange membrane®® or in gel medium.'*"*

Haudin et al. have presented the chemical garden pattern
formation in a quasi two dimensional horizontal confined flow
reactor (so-called Hele-Shaw cell) by applying the reactions of
different metal ions with silicate solution.” By comparing the
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tain the metal ions either homogeneously or individually, can be easily separated from each other.

macroscopic precipitate tube structures, it was observed that
the chemical nature of the reactants does not play a key role in
the tube growth at extremely high concentrations and flow
rates. However, by utilizing similar confined flow reactors and
moderate experimental conditions, numerous examples have
been presented in the literature in which the characteristics of
precipitate patterns depend on the applied chemical
system.”™'> Based on these results, in our previous work we
examined the causes of the precipitate tube formation in
various chemical systems. We pinpointed experimental para-
meters, under which patterns of some chemical systems show
isotropic growth by applying a radial injection, while others
show directed growth of precipitate membranes and tube
structures. This phenomenon was explained by the microstruc-
ture of the forming crystals. If a low number of large particles
build up the pattern, the spatial distribution of the particles is
homogeneous on a macroscopic scale. In contrast, when a large
number of small particles form during the reaction, a
membrane-like precipitate pattern evolves. The reason for this
is the van der Waals interaction between the small particles,
which results in a colloidal gel between the reactant solutions.
This gel locally generates a large viscosity gradient. As a result,
upon injection, a phenomenon analogous to viscous fingering
causes the formation of the membrane and/or tube-like struc-
ture of the precipitate patterns.'®'” This membrane formation
is more pronounced at high reactant concentrations, because
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high supersaturation favors nucleation rather than crystal
growth.'®

Considering these previous results, in this work our goal was
the designed production of precipitate tubes in a flow-driven
system and confined geometry, in the case of various alkaline
earth metal-carbonate precipitation systems. In the first step,
we attempted to achieve the membrane-like structure by
increasing the concentration of single metal ion (Mg(u), Ca(u),
Sr(u), or Ba(m)) solutions. Although the tubes were not present
in the magnesium-carbonate system even at high supersatura-
tion, other alkaline earth metals showed tube formation with a
tendency to increase down the periodic table. In the next step
we added various alkaline earth metals at different concentra-
tions into a magnesium chloride reactant solution in order to
favor nucleation. This composite system resulted in a precipi-
tate tube structure, and furthermore, it enabled the composi-
tion modification of the forming tubes. During the
microstructure analysis it was revealed that by combining the
metal ions we can vary the morphology and crystalline phase
compared to the individual systems, and by fine-tuning the
initial concentration ratio, crystals with different sizes and
compositions (well-separated and/or composite crystals) can
also be obtained.

2. Experimental

The flow-driven experiments were carried out in a horizontal
confined geometry shaped between a large lower pool (35 x
35 cm?®) and a smaller upper plate (21 x 21 cm?) made of Plexiglas
(8 mm thickness) which is known as a Hele-Shaw cell (Fig. 1a).

pool
a) weight /
upper pla A
& S
=y & )
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35cm
spacer sealable
(h=0.5 mm) openings

Fig. 1 Schematics of the experimental setup: Horizontally oriented Plex-
iglas Hele—Shaw cell (a). Schematics of the membrane- and tube-like
structures evolving in the confined flow reactor (b). A (blue): Injected
sodium carbonate solution; B (red): displaced alkaline earth metal solution;
P (grey): reaction product.
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The layer thickness of 0.5 mm between the two Plexiglas plates
was maintained by four spacers and four weights, which were
placed below the corners of the upper plate. The experimental
setup was illuminated from the two sides by lamps and a
grayscale digital camera (Unibrain Compact Firewire-400) was
placed above the reactor to record the dynamics of the reactions.
In the thin horizontal gap, the host alkaline earth metal aqueous
solutions (chemicals used: MgCl,-6H,0, CaCl,-2H,0, SrCl,-6H,0,
BaCl,-2H,0) and their concentrations (0.25-1.5 M) were varied in
the case of different experiments. We applied the displaced
solutions in this concentration range because a relatively high
concentration (0.25 M) was necessary in order to produce macro-
scopically visible precipitate patterns, and we could prepare
solution from BaCl,-2H,0 of up to 1.53 M due to its solubility.
To ensure the homogeneous outflow of the solution, the same
host solution was poured into the pool around the upper plate to
form a buffer liquid layer of approx. 4 mm depth. In each
experiment, 5 mL aqueous sodium carbonate solution (Na,COs3,
1.5 M) was injected into the gap with Q = 1 mL min " flow rate
from the center of the lower pool through a hole with a diameter
of 1 mm by utilizing a syringe pump (KDS-210 P-CE).

If a large number of small crystals evolve as a result of the
reaction taking place in the Hele-Shaw cell (Fig. 1a), van der
Waals interactions will be present between the particles. Due to
this, a membrane- and/or tube-like structure can form, the
difference between the two structures is shown in Fig. 1b. In
case of the membrane structure, there is an open area between
the precipitate walls which separate the reactant solutions. In
contrast, the tube structure forms when the precipitate wall
completely surrounds the injected reactant solution. During
our work, in order to produce membrane-like precipitate struc-
tures (Fig. 1b) in the case of magnesium-carbonate system,
calcium, strontium, or barium ions with different concentra-
tions (0.25-1.5 M) were also added into 1.5 M magnesium(u)
solution. This mixed host solution was filled in between the two
Plexiglas plates prior to the injection experiment.

The microstructure analysis of the forming crystals was
carried out using a scanning electron microscope connected
to an energy dispersive X-ray spectroscope (SEM with EDX,
Hitachi S4700). During the SEM analysis, the samples were
coated with a thin gold layer and we used a 10 kV accelerating
voltage; accelerating voltage was 20 kV for EDX measurements.
In order to gain information about the crystalline phase, the
samples were examined by a powder X-ray diffractometer
(PXRD, Rigaku MiniFlex II Desktop X-ray diffractometer) as
well, with CuKo. (= 0.1542 nm) as a radiation source in the 20 =
15-70° range applying 0.02° step size and 4° min~* scan speed.
For the microstructure and crystalline phase analysis we had to
take samples from the corresponding regions of the macro-
scopic precipitate patterns. However, when the upper plate of
the reactor is lifted, the patterns are destroyed as a result of the
surface tension, and the leftover of the reactant solutions
continues to mix and react. Because of the latter, we could
not distinguish the crystals which appeared due to this mixing
from those that formed during the injection. To eliminate this
effect, we designed an upper plate to facilitate the precision
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Fig. 2 Computer reconstructed image of the pattern (a) for the determi-
nation of integrated light intensity of the image (/) and that of precipitate
area (A, b). Ccact, = 05M, CNa,CO, = 15M,Q=1mLmin % VN32C03 =5mL.

sampling method (Fig. 1a). This upper plate was also made of
Plexiglas, but we drilled 4 x 4 pieces of small (1.5 cm diameter),
systematically positioned and sealable openings (the distance
between the openings is 1 ¢cm) on the lid. Our preliminary
experiments proved that these holes in closed position do not
affect the flow field; however, they enable precise sampling at
the end of the reaction. The sampling was carried out by using
an automatic pipette, then the sample was placed into an
Eppendorf tube. The sedimentation of the precipitate taken
from the pattern was enhanced by using a centrifuge (Eppen-
dorf AG 22331 Hamburg). Finally, the precipitate was washed
2-3 times with distilled water and allowed to dry at ambient
temperature.

In order to gain information about the amount of precipi-
tate, the semi-quantitative analysis of the 2-dimensional macro-
scopic patterns was carried out using a Wolfram Mathematica
algorithm. To distinguish the precipitate from the background
in the recorded images, a threshold value was set in the
program. Where the pixel was brighter than this threshold
the program counted it as precipitate, while the darker parts
of the picture were not taken into account. Fig. 2a shows a
computer reconstructed image of the pattern. The area covered
by precipitate particles (4, Fig. 2b) was sought.™* The change of
the amount of precipitate was estimated based on the inte-
grated intensity (I) of the images. Higher intensity means
greater amount of precipitate; however, exact quantitative
analysis is not possible due to the different refractive index of
the precipitates obtained in the different chemical systems.

3. Results and discussion
3.1 Macroscopic precipitate patterns

3.1.1 One component carbonate precipitates. In this work
we examined the pattern formation of carbonate precipitates of
different alkaline earth metals. During the experiments, a
constant volume of sodium carbonate solution (5 mL, 1.5 M)
was injected in the magnesium, calcium, strontium or barium
ion containing host solution. The concentration of the host
solution was varied (0.25-1.5 M), but the flow rate was constant
(Q =1 mL min ). Thanks to the different densities of the host
and injected solutions, convective mixing takes place between
the reactants from the beginning of the injection. Due to the
supersaturation in the mixing zone of the displaced and
injected solutions, precipitate formation is observed. The
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interaction between the precipitation reaction and hydrody-
namics leads to the formation of different precipitate patterns,
whose characteristics significantly depend on the applied
experimental parameters. Under the given conditions, each
experiment was reproduced three times to draw reliable
conclusions.

Fig. 3 shows the macroscopic precipitation patterns of the
various alkaline earth metal-carbonate systems. We applied
different cation concentrations in order to find out which is the
lowest concentration necessary in order to reach the membrane
and/or tube structure (see Fig. 1b). In the case of constant flow
rate and cation concentration, it is observed that, as the mass
number of the alkaline earth metal increases, the amount of
precipitate and therefore the coverage of the pattern increases
(grayscale intensity (I) and precipitate covered area (4) values in
the 0.25 M column of Fig. 3). The cause of this is that, from
magnesium-carbonate to barium-carbonate system, the reac-
tions are faster'® and the forming crystals become larger and
heavier,'* thus they sediment earlier. The precipitate occupies a
large area inside the periphery of the patterns, which results in
a greater value of A. In addition, the solubility product of
carbonate precipitates decreases towards the barium carbonate
(pKsp values given later); consequently, the solubility of this
precipitate is the lowest of all products, which means a larger
value of 1. We can also see in Fig. 3 that at lower concentrations
there is a larger precipitate-free area in the middle of the
patterns which, in the case of the magnesium-carbonate sys-
tem, is significant even at higher concentrations. The crystals,
which build up the precipitate pattern, are too small and
sediment later, as previously described. In addition, this reac-
tion is slow compared to other alkaline earth metal-carbonate
systems, thus the crystals appear later compared to the time-
scale of the flow. Due to this, the membrane-like structure, and
thus the tubes do not evolve in the magnesium system. In
contrast, if the concentration of the metal ion increases in the
case of calcium, strontium, and barium carbonate, the change
in the characteristics of the pattern is significant. In the case of
calcium-carbonate system, by using the most concentrated
solutions, a membrane-like structure formed (serpentine pre-
cipitate structure with distinct walls and an open area between
them; Fig. 3, CaCl, row, 1.5 M concentration). The membrane-
like structure became even more pronounced in the strontium-
and barium-carbonate systems (last column of Fig. 3). The
precipitate membrane appeared immediately after the contact
of the reactant solutions and precipitate tubes (3-dimensional
membranes, ie., closed precipitate tubes) could form at 1.5 M
strontium chloride and 1.0 M barium chloride concentration.
The reason for the membrane formation is the increased
supersaturation caused by the high concentration of the reac-
tants compared to the previous columns of Fig. 3. These
experimental conditions favor nucleation, which results in
the tube structure in agreement with the literature.'® Our
results also show that, by going down in the periodic table of
the elements, the tube structure appears at lower and lower
concentrations. According to this, in the case of calcium-
carbonate system, a further increase of concentration would
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Fig. 3 Macroscopic patterns of alkaline earth metal—carbonate precipitation systems at different alkaline earth metal concentrations. The precipitate
membrane and/or tube structure is marked with yellow (Fig. S1 shows the original images of the patterns without the color marking, ESIt). The grayscale
intensity (//10% a.u.) and the precipitate covered area (A/10° px?) values are marked in 0.25 M column; the standard deviation of the values is about 15%
in each case. The enlarged images show the difference between the precipitate membrane and tube structures; see the text for further explanation.
CNayco, = L5M; Q = 1mL min~%; Viayco, = 5 mL.

probably lead to the formation of a more pronounced precipi- 3.1.2 Two component carbonate precipitates. In this work
tate tube structure. our aim was to produce precipitate tubes in alkaline earth
0.25 M 0.50 M 0.75 M 1.00 M 1.50 M

Fig. 4 Macroscopic precipitate tubes produced by the addition of alkaline earth metal ions in different concentrations into a magnesium chloride
solution. The precipitate membrane structure is marked with yellow. CNa,Co; = 15 M; Cmgcl, = 15M; Q =1mL min™} V,\,azcc,3 =5mL

27296 | Phys. Chem. Chem. Phys., 2023, 25, 27293-27301 This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03467d

Open Access Article. Published on 20 September 2023. Downloaded on 2/23/2026 6:16:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

metal-carbonate systems and modify their composition in a
2-dimensional reactor. In the case of the magnesium-carbo-
nate system, the membrane-like structure did not evolve even at
the highest concentration as shown in Fig. 3. Therefore, we
attempted to achieve the precipitate membrane and/or tube
structure in the magnesium-carbonate system by favoring the
process of nucleation and by increasing the degree of super-
saturation. In order to do this, calcium, strontium, and barium
chlorides were added separately and in different concentrations
(0.25-1.5 M) to a magnesium chloride solution (1.5 M) and then
the sodium carbonate solution (1.5 M) was injected into these
host solutions. The added salts are not only significant because
they increase the supersaturation, but they are characterized
by faster precipitate formation compared to the magnesium-
carbonate system.>® Because of this, the nucleation process of
magnesium containing precipitate could be accelerated by
heterogeneous nucleation, for example, by the formation of
magnesium precipitates on tiny calcium carbonate crystals. In
the concentrated magnesium chloride solution (1.5 M) we
could dissolve the strontium chloride up to 1 M, while the
barium chloride up to 0.5 M. Fig. 4 shows the macroscopic
precipitate patterns when the other alkaline earth metal was
added to the magnesium(u) solution in different concentra-
tions. It is observed that the formation of precipitate
membrane and/or tube structure is present already at small
cation dosage (0.5 M). Similarly to the individual systems, as we
go down in the periodic table of the elements, the tube
formation becomes more pronounced as shown by the growing
size of the tube pattern. In addition, if we increase the concen-
tration of the added alkaline earth metal cation, the tubes
become wider because the nucleation is rapid and the
membrane structure is completely dominant. In the
magnesium-free systems, we had to use higher concentrations
to achieve the same structure (1.5 M for calcium and strontium,
and 1.0 M for barium). The added calcium, strontium, and
barium ions not only make the nucleation faster compared to
the pure magnesium system, but the composite system also
shows enhanced nucleation compared to all individual sys-
tems. Due to this fast nucleation we assumed that magnesium
and the other alkaline earth metal precipitates build up
together the 3-dimensional tubes. Later in the manuscript we
will address this assumption.

The macroscopic precipitate patterns were quantitatively
analyzed by image processing. The systems which contained
calcium ion were chosen as reference, because we could add
this alkaline earth metal at the highest concentration to the
1.5 M magnesium chloride solution. The graph in Fig. S2 (ESI})
illustrates the dependence of picture grayscale intensity (/) and
precipitate covered area (A) values as a function of calcium
chloride concentration. In the case of the pure calcium-
carbonate system, the intensity of patterns, and thus the
amount of precipitate increases monotonically with increasing
calcium ion concentration. The precipitate covered area also
grows with calcium ion concentration. A higher calcium ion
concentration causes a faster reaction, thus the crystals pre-
cipitate immediately after the contact of the reactant solutions
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and the formation of crystals sediment earlier. Consequently,
they cover a larger area within the periphery of the pattern.
However, if the concentration of the reactants is lower, the
reaction is slower and the precipitate sediments only later.
Thus, the forming crystals are located closer to the periphery of
the pattern at the end of the flow. In contrast, in the case of
calcium-magnesium-carbonate system, the area of precipitate
does not change significantly. This is caused by the stoichio-
metric excess of overall alkaline earth metal concentration
compared to the carbonate ions, which is already 1.17:1 at the
lowest added calcium ion concentration (0.25 M). Therefore, the
amount of sodium carbonate is the limiting factor during
the experiments. In the case of calcium-magnesium-carbonate
system, the grayscale intensity is larger compared to the
calcium-carbonate system, which means that there is a slightly
greater amount of precipitate. Furthermore, the intensity of the
composite pattern does not show significant changes in the
measurable calcium ion concentration range.

3.2 Microscopic precipitate characteristics

During the macroscopic characterization of the various compo-
site precipitate patterns, we assumed that the forming alkaline
earth metal and magnesium precipitates build up together the
precipitate tubes, i.e., mixed precipitates are obtained. To prove
this, the same experiments were carried out under an optical
microscope (Nikon Eclipse Ts2R coupled with a digital camera).
We attempted to examine the microstructure (i.e., morphology)
of the precipitate membrane and also the homogeneous
(precipitate-filled) parts of the patterns. Images of the crystals
were taken at different magnifications (4x, 10x, 20x). In most
experiments, the crystals were too small to observe them
separately, thus we could not obtain information about the
morphology of the crystals that build up the different segments.
However, we could identify, which reactant concentrations were
beneficial for the formation of precipitate membrane which
resulted in tubular structure. We assumed the existence of
membrane structure where only a small amount of precipitate
was present behind the leading edge of the growing pattern.
Therefore, we took the images with the optical microscope from
this part of the patterns which is represented in Fig. S3 (ESIf).
At lower concentrations we can observe an area without much
precipitate inside the macroscopic patterns (images of the
0.25 M column in Fig. 4). On the one hand, the flow carries
away the forming crystals, thus they cannot sediment. On the
other hand, a thin layer of precipitate could form as well. The
microscopic examination revealed that only a few and sepa-
rated crystals are present in this part of the pattern (Fig. S3 first
column, ESIt). Since these crystals are located far from each
other, the van der Waals interaction is not possible between
them, thus the precipitate membrane cannot form. Contrary to
this, in the case of higher concentrations, where the precipitate
tube structure was assumed from the macroscopic images
(marked parts of the images of 1.00 M column in Fig. 4), we
can see that a large amount of small crystals is located very
close to each other and due to the interaction between them,
they create a membrane structure (wrinkles visible on the
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images of the 1.00 M column in Fig. S3, ESI{). The membrane is
built up of precipitate bands, whose characteristics depend on
the quality and quantity of the added alkaline earth metal ions.
Optical microscope images show that, in the case of strontium-
magnesium-carbonate system, the increasing concentration
results in a stronger precipitate band structure. The increasing
concentration of strontium ions causes larger number of crys-
tals, thus each band forms by the interaction of numerous
particles. Opposed to this, in the case of calcium-magnesium-
carbonate system, this tendency seems to decrease at the
highest concentration. The explanation for this is probably that
in the case of such concentrated solutions, very strong pre-
cipitate wall forms which prevents the further mixing between
the reactant solutions. Hence, on the macroscopic precipitate
pattern at 1.5 M calcium ion concentration (image of the 1.5 M
column in Fig. 4) there is unreacted sodium carbonate solution
within the membrane. Thanks to the injection, this sodium
carbonate solution pushes forward the formed precipitate wall,
and further formation of the precipitate only occurs if the
membrane breaks and the mixing between the reactant solu-
tions becomes possible again.

In order to gain more information about the morphology of
the crystals, we also examined the microstructure by using a
scanning electron microscope (SEM). We were interested in,
whether the morphology of the different alkaline earth metal-
carbonate crystals changes if the precipitate formation took
place in the presence of magnesium ions. To compare the
morphology of the crystals obtained in the pure and composite
systems, we only examined the dense segment of the patterns
by SEM, since the membrane structure was not typical for all
pure precipitate patterns. The influence of magnesium ions is
presented with SEM images in Fig. 5a. In the top row we can see
the samples where the initial calcium, strontium, and barium
chloride solutions (0.5 M) did not contain magnesium chloride,
while the bottom row shows the samples where the different
alkaline earth metal ions were added into a 1.5 M magnesium
chloride solution in the same concentration as in the top row.
The morphology clearly changes when the system contains
two alkaline earth metals at the same time; the presence of
magnesium influences the formation of the crystals.>**" In the
pure calcium-carbonate system, the rhombohedral calcite poly-
morph is obtained. The presence of the magnesium ions results
in a lens-like structure. The irregular shape of crystals in the
strontium-carbonate system disappears upon the addition of
magnesium ions. In this composite system the crystals show a
regular sphere morphology. In contrast to this, in the case of
barium-carbonate system, the stick-like crystals become irre-
gular if the system contains magnesium as well. This observa-
tion was also confirmed by powder X-ray diffraction (PXRD),
and the results for the flow-driven experiments are shown on
the example of barium containing system in Fig. 5b-I, IIl and V.
By comparing the characteristic diffractions of barium carbo-
nate crystals with the literature, we found that phase pure
crystals were produced in the applied confined flow reactor
(Fig. 5b-1).>" However, in the case of the magnesium containing
system, amorphous material formed according to the X-ray
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Fig. 5 (a) SEM images representing the morphology of the forming
crystals which were present in the different macroscopic precipitate
patterns. Top row: systems containing one type of alkaline earth metal
(c = 0.5 M); bottom row: magnesium (c = 1.5 M)-carbonate systems
doped with alkaline earth metal ions (c = 0.5 M). (b) Powder X-ray
diffractograms of pure barium-carbonate system in flow-driven (I) and
well-stirred (Il) medium, composite barium-magnesium—carbonate sys-
tem in flow-driven (lll) and well-stirred (IV) medium, and magnesium-
containing precipitate in flow-driven (V) and well-stirred (VI) medium.
Symbols below the diffractograms correspond to published diffractions
of various precipitates;?*~2> see Table S1 (ESIf) for more information.
CNa2C03 = CMgCl2 =15M;Q=1mL min’1,' VNaZCOS =5mL.

diffractogram (Fig. 5b-V). The reason for this could be that this
reaction is significantly slower than other alkaline earth metal-
carbonate systems, and thus the time scale of the flow is
not long enough for the formation of a properly crystallized
product. The phase of the composite barium-magnesium-
carbonate crystals was determined by using the freely available
POW-COD PXRD database.*® According to the obtained char-
acteristic diffractions (Fig. 5b-III), these crystals were identified
as norsethite (BaMg(COs),) mineral,* which confirms that the
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different ions build up together the composite crystals and
result in a new material, which does not resemble any pure
carbonate precipitate. Consequently, the presence of magne-
sium affects both the morphology and the phase of the crystals.

In order to corroborate the above PXRD results, we also
performed reference experiments. During these measurements,
the synthesis of pure and composite crystals was carried out in
well-stirred beakers. In the case of the barium containing
system (Fig. 5b-1I, IV and VI) it is observed that, the degree of
crystallinity is higher when the synthesis happens in a well-
stirred system rather than in the flow. Furthermore, some
characteristic diffractions appear in the pure magnesium-car-
bonate system as well (Fig. 5b-VI). In these experiments, the
reactant solutions were stirred for 1 hour in 1:1 volume ratio,
which allowed the formation of a crystalline product. By
comparing the characteristic diffractions of these magnesium
containing crystals to the literature, the final product of the
reaction was identified as nesquehonite (MgCO;-3H,0).>* How-
ever, in the case of the pure barium-carbonate and composite
barium-magnesium-carbonate systems, the same product was
formed under well-stirred and flow-driven conditions as well
(Fig. 5b-II and IV). A new material forms in the composite
barium-magnesium-carbonate system, which contains both
metal ions together and the PXRD diffractions of this product
do not resemble any pure carbonate precipitate.

Compared to the barium-containing flow-driven system, in
the case of the composite strontium-magnesium-carbonate
(Fig. S4a-III, ESIt) the degree of crystallinity is lower. Further-
more, in the case of the composite calcium-magnesium-car-
bonate precipitate (Fig. S4b-III, ESIt), only amorphous material
forms in the flow-driven experiments. Based on the X-ray
diffractions of these products, we could not identify the formed
materials. The reactions are slower on going from the barium-
magnesium-carbonate system to the calcium-magnesium-car-
bonate system; therefore, the crystalline product cannot form
during the timescale of the flow. In order to collect information
about the crystalline phase of these composite systems, we
again performed reference experiments in well-stirred beakers
(Fig. S4a-I1, IV, VI and S4b-II, IV, VI, ESIt). Based on the PXRD
diffractograms of the obtained composite crystals, we found
that mixed phases formed thanks to the presence of the two
metal ions. The product depicts the characteristic diffractions of
both pure magnesium- and strontium-carbonate system, and
pure magnesium- and calcium-carbonate system.”™**>*”® This
proves that complex product was produced in calcium and
strontium containing systems as well, which explains the change
in morphology compared to mono-metallic carbonate systems.

Based on the SEM images, the size of the crystals was also
determined in the case of the different alkaline earth metal-
carbonate precipitate patterns. We examined how the crystal
size depends on the modified composition and concentration.
To observe the crystal size evolution, samples of the different
patterns were taken through the sealable openings (Fig. 1a) at
the same positions. The evaluation was carried out in the
Image] program and the results are summarized in Table S4
(ESIt). We compared the size of crystals gathered from the

This journal is © the Owner Societies 2023

View Article Online

Paper

different segments (membranous, where the precipitate tube is
observed, and dense, where a large amount of separated
crystals are present) of alkaline earth metal-carbonate precipi-
tate patterns which were produced at different compositions.
When the precipitates contain the different alkaline earth
metals individually, the size of the crystals decreases as the
concentration increases (top panel of Table S4, ESIf). The
reason for this is that the crystal growth process is less favored
over nucleation due to the increasing supersaturation. When
the precipitates contain magnesium as well, the change in the
size shows a partially different trend (lower panel of Table S4,
ESI{). In the membranous segment of the patterns the same
trend is experienced as described above for the individual
systems. However, in the dense part of the pattern, the crystal
size rather increases with the increasing concentration, which
is unusual. A possible explanation for the latter is that the
membrane structure occupies a significant area in the compo-
site precipitate patterns at high concentrations (Fig. 4). As a
result, the extent of mixing between the reactant solutions, and
thus the supersaturation decreases behind the precipitation
front. This favors the crystal growth process and suppresses
nucleation. Fig. S5 (ESIt), which was created according to Table
S4 (ESIt), illustrates the calcium ion concentration dependence
of the crystal size. These samples were taken from the dense
part of the patterns. It can be observed that, in the case of the
highest calcium chloride concentration (1.5 M), the size of the
crystals is the same in the individual and composite patterns.
Considering this observation, when the concentration is high
enough, the presence of the other ion does not affect the size of
the crystals obtained in the alkaline earth metal-carbonate
systems, and thus the process of nucleation and crystal growth.

Based on our investigation we can achieve the membrane
structure in magnesium-carbonate system as well, if we add
another alkaline earth metal of appropriate concentration to
the host solution. We were also interested in whether the
crystals obtained in the magnesium-carbonate system were
involved in the structure of precipitate tubes or only the added
alkaline earth metal-carbonate resulted in the membrane
structure. In order to investigate this, we prepared element
maps by using energy dispersive X-ray spectroscopy (EDX).
Fig. 6 shows the element maps in the case of calcium- and
strontium-magnesium-carbonate precipitate patterns as an
example. According to these results, the particles formed in
the magnesium-carbonate system contribute to the tube for-
mation. In addition, the various precipitates crystallize differ-
ently in the dense and membranous segments of the patterns.
In the membranous segment, the magnesium containing pre-
cipitate rather crystallizes separately from the other alkaline
earth metals (Fig. 6a and c). In contrast to this, in the dense
part of the pattern, the two different ions crystallize together
and homogeneous crystals form (Fig. 6b and d). In the mem-
branous segment nucleation is the favored process, while in the
dense part the crystal growth is more beneficial. Due to the
latter there is enough time for combined precipitate formation.

Finally, we were also interested in whether the composition
of the crystals changes according to the stoichiometric ratio of
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Fig. 6 Artificially colored element map of the crystals obtained in the
alkaline earth metal—-carbonate systems. Samples were taken from the
membranous (a) and (c) and dense (b) and (d) parts of the composite
precipitate patterns. Ccact, = 0.5M; Csrcl, = 0.5M; CNa,CO; = 15M; Cmgcl, =
15M; Q = 1 mLmin™" Vya,co, = 5mL.

the different metal ions, thus the composition of tubes and dense
segments was also determined. Table S5 (ESIf) shows the sum-
mary of the elemental composition. Upon examining the amount
of calcium, strontium, and barium in the dense segment of the
patterns (where the crystals contain the different cations homo-
geneously), their atomic% grows with their increasing concen-
tration (the concentration of the magnesium chloride is constant,
1.5 M). This growth is consistent with the increase in the
stoichiometric excess of alkaline earth metal ions. The cause for
this is the difference in the solubility products of precipitates:
szp,CaC03 =8.55, szp,SrC03 =9.68, szp,BaC03 =8.29 and szpyMgCO3 =
7.46.%° A lower value of pKy, means a higher solubility of the
precipitate. Due to this, by increasing the concentration of the
different alkaline earth metals compared to the magnesium, their
carbonate containing precipitates displace the magnesium which
has the lowest pK;,. In addition, the magnesium-carbonate reac-
tion is slower compared to the other alkaline earth metal-carbonate
systems. By examining the amount of the different alkaline earth
metals in the membranous segment of the same precipitate
patterns, we can observe a discrepancy compared to the dense
part. The change of the composition is not consistent with the
stoichiometric ratio between the magnesium and the other alkaline
earth metals. In the case of calcium and strontium ions, a higher
atomic% can be observed than expected at 0.5 M alkaline earth
metal concentration. The reason for this could be that, in the
membranous segment the crystals crystallize separately (Fig. 6a and
c); thus the different crystals appear randomly inside the precipitate
tube and in the sample we take.

These results could be of interest if one wants to produce
crystals of a desired composition in a similar 2-dimensional
flow-driven system. If we apply appropriate conditions, which
favor the crystal growth process, we have the possibility to
produce composite crystals. In addition, their composition can
be influenced by changing the concentration of the reactant
solutions as seen in Table S5 (ESIf).
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4 Conclusions

We investigated the formation of different alkaline earth metal-
carbonate precipitate patterns in a flow-driven system in a
confined geometry. We were interested in how the macro- and
microstructure (morphology, crystal phase, size, and composi-
tion) of precipitate patterns could be influenced by combining
different metal ions. During our preliminary experiments it was
established that the membrane structure could be produced in
the case of all reactants by using appropriate experimental
conditions, except for the magnesium-carbonate system. There-
fore, we attempted to produce precipitate tubes in the magne-
sium-carbonate system by adding different alkaline earth metal
ions at different concentrations to the magnesium(u) solution.
The microstructure of the forming patterns was examined using
an optical microscope, SEM, EDX, and PXRD. We found that the
precipitate tube structure can be achieved in the magnesium-
carbonate system as well, since the added alkaline earth metal
ions make nucleation more favored. We also found that the
added alkaline earth metal and the magnesium containing
precipitates build up together the tubes. The composition and
size of these crystals can be influenced by changing the experi-
mental parameters. By fine-tuning the initial concentrations,
both well-separated and composite crystals can be produced in
which the magnesium and the added alkaline earth metal show
a homogeneous distribution. These results show that, by taking
advantage of the flow-driven systems and the geometrical ben-
efits of the quasi two dimensional reactor, we can improve the
micro- and macrostructure of precipitates by varying the pre-
cipitating cations and their concentration ratios.
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