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The generation of chemobrionic architectures through slow injection
of aqueous silicate solution in gaseous TiCl, is demonstrated. The
tubes were characterized by XRD, SEM and wet chemistry control
experiments, and their mechanism of formation was unraveled. These
structures serve as laboratory models for calthemites or soda straws.

Chemical gardens were initially described in 1646 and consti-
tute hollow plant-like structures that develop upon addition of
a metal salt (seed) in a solution of silicates." Within the last
years, the growth of chemical gardens in other than silicates
such as borates, phosphates, and carbonates,” in organic
media,® in only hydroxide solution,® or even in natural silica
rich spring waters® has been described. The formation of
chemical gardens is characterized by a complex mechanism
of growth that involves osmosis, buoyancy, and reaction-diffu-
sion processes.® The field that studies chemical gardens and
related phenomena based on out-of-equilibrium self-assembly
was coined chemobrionics.> Many current chemical garden
experiments are conducted using flow-injection systems that
provide uniform and convenient control of the reactions.”

Chemical gardens constitute laboratory analogs of hydrother-
mal vents, the places where life has been suggested to emerge
approximately 4 billion years ago.® Therefore, the study of
chemical gardens is also of astrobiological significance. In this
direction, it was shown that chemical garden can grow in
solutions that simulate the Enceladus’ Ocean.” Further, study
of chemical gardens has applications in metal corrosion,'® in
cement chemistry'" but it also has biomedical applications that
include drug delivery systems'? and cellular scaffolds.'® Recently
the calcium phosphate chemical gardens were suggested as new
bone substitute materials.'*
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Growth of chemical gardens in gaseous acidic

)20 and

In 2004, the generation of a chemical garden through injec-
tion of ferrous sulfate in H,S or NH; atmosphere was reported
but not studied further.'® These structures externally resemble
the soda straw stalactites, nonetheless the mechanism of soda
straw formation is different from chemical gardens and involves
CO, degassing.™

Here, we initially investigated the potential to form chemical
gardens in a gaseous atmosphere using the system Na,SiOj/
TiCl,. For this, injection of sodium silicate (composition of
stock solution: Si0,/Na,O ratio 3.34; SiO, 27.99%; Solids
36.66%) was performed in an argon purged glass chamber
saturated with TiCl, vapor. In this mode, the chemobrionic
structures are growing in a reverse manner, that is injection of
the silicate in the metal containing chamber, but also in an
inverted manner since they grow in the same direction with
gravity (Fig. 1). The growth was monitored under different
injection flow rates.

The chemobrionic structures were removed, washed with
distilled water, allowed to dry in a Petri dish, powdered, and
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Fig. 1 Experimental growth of chemical gardens in TiCl, gaseous atmo-
spheres. All pictures shown were obtained for the same time of growth. As
expected, the length depends on the flow rate, Q. The scale bar on the
right corresponds to 4 cm.
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Fig. 2 X-Ray diffraction analysis of the chemobrionic structures grow in
TiCly (blue) and HClL (dark yellow) atmosphere. X-Ray powder diffraction
(Rigaku-MiniFlex I, Chalgrove, Oxford, UK) was obtained with CuKa
radiation for crystalline phase identification. The sample was scanned with
a speed of 1° min™. The peaks labelled with blue squares indicate halite,
the broad peak labelled with purple circle indicates SiO,, the green circles

indicate the rutile, while the peak labelled with dark red square probably
indicates sodium silicate. Details are shown in text.

analyzed with X-ray diffraction (XRD) as shown in Fig. 2. It can
readily be observed that the tubular structure is mainly
composed of silicon oxide. Specifically, the broad peak at
20 = 23° is due to amorphous SiO, while the peaks at
20 = 31.75° 45.50°, and 56.5° are due to halite (NaCl) that is
the byproduct of the reaction. Probably, the halite has been
incorporated into the chemobrionic structure and thus was not
removed during the washing step. The peaks at 28.65° and
40.90° probably indicate rutile (TiO,) [110] and rutile [111], the
product of TiCl, hydrolysis, since these peaks are absent in the
diffractogram obtained from the sample grown in HCI atmo-
sphere (described in the next paragraph). The peak at 27.45°
that is observed in both TiCl, and HCI samples is probably a
form of sodium silicate.

The silicon oxide is likely produced upon reaction of the
gaseous TiCl, with the water present in the injected aqueous
silicate solution. This yields TiO, and HCI. The acid further
reacts with silicates to produce and deposit SiO,. To provide
clue for this mechanism we proceed to test the growth of
chemical gardens in HCI vapor. For this, the same set up
system was used but the chamber was filled with fuming HCI
(37%) and allowed to saturate with gaseous HCI. Then, the
silicate solution was injected as previously, and the formation
of chemical garden was successfully demonstrated (not shown).
The XRD analysis of this chemobrionic structure showed the
presence of amorphous SiO, and halite (Fig. 2 dark yellow
diffractogram). The growth of chemical gardens in pure acidic
atmospheres could be considered the complementary of the
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previously described growth of chemical gardens in only hydro-
xide solution.*

To this end, we investigated whether injection of 3 M
sodium phosphate (pH 8.7) instead of silicate in the atmo-
sphere of TiCl, could form chemical gardens. For a range of
flow rates between 0.050 to 0.230 mL min ', we could not
obtain any formation of a chemobrionic structure. Therefore,
no titanium phosphate deposits were produced, further sup-
porting the proposed mechanism of chemical garden for-
mation, that is based on hydrolysis of TiCl,. Also, no
chemobrionic structures were obtained when injection of 3 M
NaOH solution was carried out in an atmosphere of TiCl,.
These control experiments highlight the importance of silicates
in the formation of these types of chemical gardens.

Then we analyzed the growth velocity of chemobrionic struc-
tures for different flows (Q) of the injected solution. When, the
data were plotted in logarithmically scaled axes as previously,* a
power law dependance where v = kQ* was revealed. In this
equation, the power law exponent o = 0.9003 (Fig. 3). No devia-
tion from the power law is found for a range of Q between
0.050 mL min~"' and 0.280 mL min ™. Previously deviations from
the power law were ascertain on the effect of buoyancy at low Q.*
Here, buoyancy is most likely not expected to participate in the
growth of chemobrionic structures since their development is
taking place in the direction of gravity and most importantly in
gaseous phase. In accordance, the value of 0.9003 is close to 1.
We have also tried to grow chemical garden by injecting silicate
solution in a saturated TiCl, atmosphere against gravity, as
conducted in usual chemical garden formation experiments.
Nonetheless, for Q between 0.050 and 0.280 mL min™~* no growth
was obtained. Instead, the chemobrionic structure was growing
in the direction of gravity through creeping from the injection
nozzle (Fig. S1, ESIt).

The chemobrionic structures were analyzed with scanning
electron microscopy (SEM) to determine the microstructure.
In addition, energy dispersive X-ray spectroscopy (EDS) was
used to analyze the distribution of the main elements in the
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Fig. 3 Power law dependance of log(velocity of growth) vs. log(flow rate).
The slope that corresponds to o in the equation v = kQ* equals to
0.9003 + 0.0394. The data shown were obtained with injection of 14%
silicate solution in TiCly atmosphere. The data represent mean + standard
deviation.
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Fig. 4 Microscopic characterization of the chemobrionic structures grown in TiCl, atmosphere through injection of 14% silicate solution. On the upper
left, a cross-section of the chemical garden is shown. On the upper right a map of the elemental analysis of the cross-section is shown. On the lower the
structure of the outer and inner surface is shown. The images were obtained on FESEM-JSM-7610 FPlus (JEOL) equipped with an EDS detector (AZTEC

ONE STD XACT) for the elemental analysis.

cross-section of the structure. For this, the samples were
initially sputtered with carbon and then observed with a
Field-Emission SEM equipped with an EDS detector. As show
in Fig. 4, the exterior surface of the tube is composed to small
sheets resembling tiles that are rough. On the contrary, the
inner surface is exceptionally smooth as also revealed with
higher magnification. In the cross-section, it appears that the
structure of chemical gardens can be separated into three
different layers. The area in the middle is mostly SiO,, while
it contains long stripes (shown in white) that are mainly NaCl.
Further, the part of the region in the middle that is in contact
with the inner and the outer surface also contains NaCl. More
specifically, NaCl localizes with the white long stripes
embedded in the SiO, (as shown in the chemical analysis
map-yellow and red colors in Fig. 4). Thus, significant amounts
of NaCl are enclosed in the chemobrionic structure providing
an explanation on why NaCl did not wash away during the
washing step. Notably, no titanium trace has been found which
probably indicates that its amount is very low. In conclusion,
the chemical composition of the material is amorphous silicon
dioxide with small amounts of NaCl interspaced randomly
within it. When, the material is grown in the TiCl, atmosphere,
it is also decorated by small amounts of TiO,.

The described chemical gardens are reminiscent of calthe-
mites,'®'” the calcite straws that grow on the roof of base-
ments, under bridges and generally under manmade structures
that use concrete. Under these conditions, water can penetrate
through cracks in cement and cement-like materials and form

This journal is © The Royal Society of Chemistry 2023

an alkaline fluid that in turn, as it travels through cracks and
exits the structure, encounters atmospheric CO,, and generates
stalactite-like hollow structures made from calcite.’® Thus
these experiments may be set the basis for the generation of
the laboratory analogues of calthemites and related geochem-
ical structures like the calthemites produced in rocked-filled
dams."” The same set up can be used to delineate the mecha-
nism of growth of soda straws. Finally, this method results in
the generation of chemical gardens that may hold new applica-
tions in materials/biomaterials science. In this direction, sili-
con dioxide is considered a new bone substitute'® and thus this
study may provide an alternative scaffold with potential use in
bone regeneration.
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