¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Downward fingering accompanies upward tube
growth in a chemical garden grown in a vertical
confined geometryt
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Chemical gardens are self-assembled structures of mineral precipitates enabled by semi-permeable
membranes. To explore the effects of gravity on the formation of chemical gardens, we have studied
chemical gardens grown from cobalt chloride pellets and aqueous sodium silicate solution in a vertical
Hele—-Shaw cell. Through photography, we have observed and quantitatively analysed upward growing
tubes and downward growing fingers. The latter were not seen in previous experimental studies invol-
ving similar physicochemical systems in 3-dimensional or horizontal confined geometry. To better
understand the results, further studies of flow patterns, buoyancy forces, and growth dynamics under
schlieren optics have been carried out, together with characterisation of the precipitates with scanning
electron microscopy and X-ray diffractometry. In addition to an ascending flow and the resulting
precipitation of tubular filaments, a previously not reported descending flow has been observed which,

Received 23rd April 2022, under some conditions, is accompanied by precipitation of solid fingering structures. We conclude that

Accepted 6th July 2022 the physics of both the ascending and descending flows are shaped by buoyancy, together with osmosis
and chemical reaction. The existence of the descending flow might highlight a limitation in current

experimental methods for growing chemical gardens under gravity, where seeds are typically not
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1 Introduction

Chemical gardens are plant-like structures resulting from
mineral precipitation; they have been known for about four
centuries.”™ Since the 1970s, chemical gardens have been a
subject of research in the context of understanding certain
materials science phenomena including cement hydration and
corrosion mechanics.”® Chemical gardens continue to be of
interest in those areas, such as the reverse silicate garden
effects observed during the hydration of cement.” They are also
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suspended in the middle of the solution and are confined by the bottom of the vessel.

recognised as laboratory analogues to geological structures,
including hydrothermal vents in the ocean floor®® and sub-
seafloor fluid-filled conduits.'* The formation of abiotic semi-
permeable membranes via these reactions may have been a key
factor responsible for the possible origin of life in ocean floor
hydrothermal vents."*™® Chemical-garden membranes here could
be “rudimentary inorganic analogues” to cell membranes,'® and
have significance in understanding how early life may have
developed."”*® The role of chemical gardens as potential environ-
ments to develop life has also been explored for astrobiological
applications.*®2¢

Chemical gardens have been shown to produce a wide range
of precipitate structures, including lobes, spirals, hairs, fila-
ments, worms, flowers, bulbs, plumes, tubes, and fingers.>”*?
Precipitate colour depends on both the oxidation state of the
metal cation and the coordination of water molecules around
the precipitate structures. Taking the system of cobalt chloride and
sodium silicate as an example, the precipitate varies in colour from
pink to blue/green depending on whether there is octahedral or
tetrahedral coordination of local water molecules.*** But changes
in concentrations of the solutes produce greater changes in the
precipitate structure than changing the metal cation,® showing

Phys. Chem. Chem. Phys., 2022, 24,17841-17851 | 17841


https://orcid.org/0000-0003-2776-7044
https://orcid.org/0000-0001-6031-8641
https://orcid.org/0000-0003-0913-9482
https://orcid.org/0000-0001-8612-3826
https://orcid.org/0000-0001-7392-0957
https://orcid.org/0000-0003-0417-035X
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp01862d&domain=pdf&date_stamp=2022-07-18
https://doi.org/10.1039/d2cp01862d
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp01862d
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024029

Open Access Article. Published on 19 July 2022. Downloaded on 5/9/2026 8:53:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

that the chemical garden is just as much dependent on physics as
it is on chemistry.

In classical chemical gardens, there is a concentration
difference between the two sides of a semi-permeable precipi-
tate membrane. Water is transported across the membrane by
osmotic flow, from the external to the internal solution,*>"°
and the metal salt continues to dissolve as more water is
transported. The pressure on the inside of the membrane
increases until it exceeds the mechanical strength of the pre-
cipitate membrane, which then ruptures at certain locations.
From the rupture points, the metal salt solution is expelled into
the surrounding solution as a jet, whose driving force is the
pressure gradient between the inside of the membrane and the
outside, which may also be affected by buoyancy.?” This leads
to a complex interaction between reactive-convective, osmotic,
viscous, and buoyancy forces in determining the growth of the
chemical garden. The transient nature of a classical chemical
garden, with the seed particle being gradually consumed, also
adds to the complexity of the system.

Many previous investigations into chemical gardens have
sought to reduce or eliminate buoyancy effects in order to
simplify a highly complex system. A way to achieve this is to
carry out the experiment under microgravity,*”*® which is
difficult here on Earth. Studies have thus been carried out in
setups known as “confined geometries” to lower the spatial
dimensions of the problem. These include quasi-2D geometries
such as horizontal Hele-Shaw cells'**73*394%49735 and quasi-
1D geometries such as microfluidic channels.***" In such
setups, the vertical dimension is so small that gravity can be
considered to produce negligible effects on the overall physics.

However, from wet corrosion environments to submarine
hydrothermal vents, the effects of buoyancy cannot be ignored
if these chemical garden phenomena are to be fully under-
stood. Any attempt to base self-assembling materials on a
chemical garden based, or chemobrionic technology®**®* will
need to anticipate and manipulate buoyancy effects. Instances
where buoyancy itself has been the centre of study are rare in
the current literature; there has been only one recent study for
chemical gardens grown in a vertical Hele-Shaw cell via
injection-growth.®* This research aims to address the gap in
knowledge of chemical garden dynamics in the presence of
buoyancy forces with the pellet-growth technique in a vertical
Hele-Shaw cell.

2 Materials and methods

Experiments have been carried out in a vertical Hele-Shaw cell
with a constant gap of 1.0 mm. The cell consists of a pair of
transparent methacrylate plates (130 x 100 x 6 mm) fitted to
stainless steel frames and was illuminated with uniform light-
ing from a LED lightbox. Aqueous sodium silicate (Na,SiO3)
solutions with different concentrations in the range of 1.5-
3.0 M were prepared by dilution of a commercial 6.25 M
concentrated solution with respect to silica (Honeywell Fluka).
Cobalt(Il) chloride hexahydrate (CoCl,-6H,0, ACS reagent,

17842 | Phys. Chem. Chem. Phys., 2022, 24,17841-17851

View Article Online

PCCP

Fig. 1 Schematic of the experimental procedure. A pellet of CoCl,-6H,0O
crystals was placed in the middle of the Hele—Shaw cell, which was then
immersed in Na,SiOz solution. The process was recorded by a camera.

Acros Organic) crystals were pressed into pellets sized 10 mm
in diameter and 1.0 mm in thickness using a KBr Port-A-Press
Kit (International Crystal Laboratories) under an equivalent
pressure of 110 MPa.

Fig. 1 shows a schematic of the experimental procedure. To
initiate an experiment, a CoCl,-6H,O pellet is placed in the
centre of the Hele-Shaw cell. The cell is then moved to be
vertical. Na,SiO; solution with a desired concentration is
injected into the cell by a syringe. The process of each experi-
ment is recorded by a Nikon D300s digital single-lens reflex
(DSLR) camera (4288 x 2848 pixels) with a Hoya circular
polarizing lens filter in front of the cell. Samples of the CoCl,
solution formed within the region enclosed by a precipitate
membrane are collected. The concentration is measured using
an Agilent Cary 60 ultraviolet-visible spectrophotometer.

To visualise the fluid flow patterns resulting from the
chemical garden growth process, we also performed the experi-
ments under dual-field-lens schlieren optics.®> A schematic of
the setup is shown in Fig. 2. White light emerges from a slit or
pinhole and is collimated by the first lens to create a beam
whose diameter determines the field of view. This beam goes
through the sample and is then focused by the second lens.
Placing a spatial filter (knife edge) at where the light is focused
enables the camera to capture changes in light intensity due to
changes in refractive index in the sample. In our setup, a white
Mi-LED Fiber Optic LED illuminator (Dolan-Jenner) was used as
the light source and a pair of achromatic lenses (Edmund
Optics) 76.6 mm in diameter and 849.9 mm focal length acted
as the field lenses. A vertical knife edge was used as a spatial
filter, and a Nikon D3400 (24MP sensor) with a 70-300 mm

This journal is © the Owner Societies 2022
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Fig. 2 Schematic of the schlieren setup. White light emerges from a slit
and is collimated by the first lens to create a beam whose diameter
determines the field of view. This beam goes through the sample and is
then focused by a second lens. Placing a spatial filter (knife edge) at where
the light is focused enables the camera to capture changes in light
intensity due to changes in refractive index in the sample.

F4-5.6 APO DG macro lens (Sigma) was used to record the
experiment.

X-ray diffraction analyses were performed using a Bruker D8
Discover microfocus diffractometer with a PILATUS3R 100 K A
detector with a Cu Ko wavelength. The micromorphology of the
precipitate materials obtained was characterised with an FEI
Quanta 400 scanning electron microscope (SEM) and analysed
chemically in situ in the microscope by electron energy dis-
persive X-ray analysis (EDX).

The densities and dynamic viscosities of Na,SiO; and CoCl,
solutions with various concentrations were measured experi-
mentally. The density of each solution was measured by an
Anton Paar DMA 35N Density Meter, and the viscosity of the
fluid was measured using a Couette viscometer with a cup
diameter of 34 mm and a bob of 32 mm diameter and 34 mm
length.

3 Results and discussion
3.1 Formation pl‘OCCSS

Fig. 3 shows photographs of the vertically confined chemical
gardens taken at time intervals throughout their respective
experiments for a range of different Na,SiO; concentrations.
Videos showing the growth processes are provided as part of
the ESL¥

Immediately as the CoCl, pellet comes in contact with the
Na,SiO3 solution, the pellet begins to dissolve, and Co*" ions
are released and react with SiO,>” ions. A semi-permeable
membrane forms and encloses the region occupied by the
pellet. The membrane separates the saturated Co>" ions inside
the membrane enclosure from the dilute SiO;>~ ions outside,
which leads to a steep concentration difference across the
membrane. An osmotic pressure gradient develops owing to
this concentration difference, which causes water molecules to
permeate through the membrane and accumulate in the enclo-
sure. This gradually increases the internal pressure. The inter-
nal pressure drives Co>" out of the membrane to form
precipitates with SiO;>~, which thickens the membrane.

During the early stages of the growth process, the precipita-
tion membrane is of low mechanical strength and cannot
withstand the sudden increase of the internal pressure. Parts
of the membrane crack as little pores, and the internal Co**

This journal is © the Owner Societies 2022
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Fig. 3 Photographs of chemical gardens confined in a vertical Hele—
Shaw cell showing both upward tube growth and downward finger growth
when a CoCl, pellet reacts with (a) 1.5 M, (b) 2.0 M and (c) 3.0 M Na,SiOs.

solution is ejected out through them. The rising jets are generated
by this internal solution, being buoyant in the surrounding silicate
solution. Vertical tubular structures form around jets when they
rise and the two solutions react. These tubes grow upwards
through an oscillatory process of capping and re-rupture. Previous
studies have revealed that the external surface of a tube is rich in
silicate while the internal surface is made up of cobalt oxides.””

An interesting phenomenon that must be noted here is the
formation of precipitates descending from the base of the
pellet, which is visible in Fig. 3(b) and (c). This phenomenon
was not previously reported for chemical gardens in 3D geo-
metry or horizontal Hele-Shaw cells. The descending structure
extended and spread under its own density, with precipitates
forming around its peripheries at Na,SiO; concentrations of
2.0 M and above. As the front extended, parallel layers of
precipitates formed. There were therefore two modes of release
from the rupturing of the initial membrane: upwards from the
pellet, forming vertical tubes that grew up; and downwards
from the pellet, forming descending fingers directed towards
and along the bottom of the cell. In other words, the morphol-
ogy of the materials formed in the ascending flows was differ-
ent from those of the descending flows. Fine tubes or filaments
formed upwards, whereas broad and rugged fingers formed
downwards.

Later, towards the end of the experiment, an explosive
rupture of the chemical-garden membrane can occur. This is

Phys. Chem. Chem. Phys., 2022, 24,17841-17851 | 17843
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similar to that observed in experiments conducted in horizon-
tal Hele-Shaw cells,”" and is due to the continuous build-up of
internal pressure inside the chemical garden membrane due to
the gradual closure of pores within the membrane as the
reaction proceeds. The explosion of a chemical garden is
characterised by pellet shattering and sudden ejection of Co>*
solution out of the membrane. Each time the membrane pores
are blocked and vertical filaments are capped by precipitates,
there is no route for the internal aqueous solution of Co>* to be
released. Therefore, the internal pressure increases until the
overall critical stress of the membrane is reached, whence the
chemical garden ruptures via a rapid explosive phenomenon.>"
The existence of this phenomenon implies that osmosis plays
an important role in the overall physicochemical process of the
chemical garden growth. However, we would like to note that
the phenomenon of explosion itself has not been the focus of
this work; it can be studied as part of a separate work in the
future.

3.2 Upward tube growth

In the experiments, green tubular filaments have been observed
to grow upwards, as shown in Fig. 3. At low SiO;>~ concentra-
tions, we observed long and thin tubular filaments growing
from the edge of the membrane. However, if the silicate
concentration is large, tubes tend to be shorter and appear in
clusters. Tubes twist and interweave with each other, which we
ascribe to interactions and coalescence between plumes.>” The
upward growth direction is sustained by the internal pressure
and buoyancy forces. The internal pressure is supplied by the
osmotic pressure while the buoyancy force is sustained by the
density difference.

The growth behaviour of the tubular filaments is presented
in Fig. 4. Some filaments grew continuously throughout the
whole experiment, although the growth speed may slow down
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Fig. 4 Oscillatory growth profiles of tubular filaments formed by the
CoCl, pellet reacting with Na,SiOz concentrations of (a) 125 M,
(b) 1.5 M, (c) 2.0 M and (d) 2.5 M.
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during the later phase. In other instances, growth completely
slowed down, due to reduced flow through the filament or
complete capping over. However, many filaments grew periodi-
cally. An oscillatory growth pattern can be seen across the
whole concentration range under investigation, caused by
repeated capping and bursting of filament tips. Deposits
formed at the tip of a filament and would block its growth.
Thereafter, the internal pressure built up, and the filament tip
ruptured so that growth could resume. This oscillatory beha-
viour coincides with that described in the literature for injec-
tion experiments,®® where the experiments carried out in this
study can be considered within the ‘popping’ and ‘budding’
regimes. A difference from those injection experiments with a
pump is that, in our case, with a pellet experiment set-up,
growth is sustained not by external pumping but by the
intrinsic physio-chemical properties of internal pressure, osmo-
tic effects, and buoyancy forces.>

Tube growth rates are determined by osmotic pressure
across the membrane, the dissolution rate of the pellet, and
the solubility of the metal salt. Inside the membrane, the Co**
solution is saturated and the concentration is the same in every
case. Thus, the osmotic pressure decreases as Na,SiO; outside
the membrane is more concentrated. Fig. 5 summarises the
average growth rates of the upward tubes against concentra-
tions of sodium silicate solution used; similar average filament
growth rates within the range 60-82 um s~ have been observed
across different silicate concentrations. Overall, no clear trend
with external solution concentration can be seen. In injection
experiments, constant average growth velocities had been
observed along with the oscillatory growth character,®®®” which
agrees with the results we have obtained. However, a depen-
dence on flow rate was found in injection experiments,'*3%4%>*
which we have not seen in our experiments here. Our explana-
tion is that a higher silicate concentration can both increase
and decrease upward outflow, which may result in a non-
dependence between growth rates of tubes and silicate concen-
tration. More details of this will be discussed in Section 3.5.

3.3 Downward finger growth

The downward growing precipitate fingers, as displayed in
Fig. 6(a;) and (b,), that descend from the pellets, are previously
unreported features of chemical gardens. They are observed in
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Fig. 5 Plot of average upward tubular filament growth rates against
sodium silicate concentrations. Error bars were obtained using growth
rates estimated from multiple tubes.
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the vertical configuration of this study when the concentration
of silicate is 2.0 M or above. Rough growth fronts of these
fingers are shown in Fig. 6(a,) and (a3) and (b,)-(bs). There are
no similar morphological structures when the silicate concen-
tration is lower than 1.5 M.

The lack of observation of structures, however, does not
imply that no flow exists. In order to better understand this
phenomenon, experiments were also performed with schlieren
optics. Under schlieren optics, a descending flow can be
observed for all concentrations of silicates studied. In Fig. 7,
two fluid flows can be seen: one upwards and the other down-
wards. Both upward and downward fluid flows are different in
refractive index to the external medium of sodium silicate,
owing to a different composition, and so are clearly visible
under schlieren optics. The descending flow started before the
ascending flow. At low concentrations of silicate and before the
precipitation process, the descending flow could be distin-
guished only by schlieren optics. Films showing this fluid
dynamics are provided in the ESL

A wealth of different descending fingers were observed, and
these have been tracked over time in Fig. 6. The contours are
evenly spaced, showing an approximately constant speed for
the fingering fronts. From here, the growth speeds of the
descending fingers against the total lengths of the finger paths
(which are normalised to the height scale of gravity flow,
estimated to be 5.0 mm) were plotted in Fig. 8. It is
shown that the speeds are approximately constant, between
0-20 um s %, for the entire duration of the flow and for all
silicate concentrations, hence revealing no clear dependence
on the concentration of silicate. There are a few anomalous
points that give spikes in the speed, which were due to the
direction changing of the descending fingers. Given that the
speed of the descending flow front was approximately constant,
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Fig. 6 Contours of downward fingers formed by the reaction between a
CoCl; pellet and (a) 2.0 M and (b) 3.0 M Na,SiOs solutions.
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Fig. 7 Schlieren images showing both upward and downward flows due
to the reaction between a CoCl, pellet and (a) 1.0 M (b) 1.5 M, and (c) 3.0 M
sodium silicate solution. The width of the window is 30 mm.

the average speed could be calculated for each flow. All flow
fronts had an average speed between 5.79-12.7 um s~ .

The existence of the descending flow and precipitate struc-
ture might highlight a limitation in current experimental
studies of chemical gardens under buoyancy. Classical experi-
ments of 3D gardens grown from a seed are still carried out by
many scholars and have produced a lot of important
results.®®* 7> Typically, the procedure involves placing a seed
crystal of metal salt at the bottom of the vessel and filling it
with solution. Thereafter, precipitation occurs around the seed
and forms a semi-permeable membrane, and we will then
observe tubular filaments just like the upward-growing tubes
reported in this paper. But, because the seed touches the
bottom of the beaker, its bottom is confined by a surface; the
physics related to the downward flow and precipitate growth
will be interfered and rendered not observable. To this end, a
potential implication is that future studies of chemical gardens
under gravity may benefit from having the seed suspended in
the middle of the solution instead of touching the bottom.
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Fig. 8 Growth speeds of the descending fingers against the total lengths
of the finger paths from CoCl, pellet reacting with Na,SiOz concentrations
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normalised to the height scale of gravity flow, which is estimated to be
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3.4 Materials characterisation

In X-ray diffractograms of the tubes formed, the most crystal-
line phases can be characterised, as displayed in Fig. 9. No
significant differences have been observed between composi-
tions of the upper zones of the tubes and the bottom zones
close to the seed. The main component is cobalt chloride,
whose reflections are marked with a c. Sodium chloride
crystals - reflections marked with h - are observed in samples
analysed without washing. In some samples, amorphous
phases are seen as broad peaks in the diffractograms, especially
in the range of 15-38° (20 units), and these correspond to
silicates. A reflection at 38.5° might be assigned to the presence
of cobalt hydroxide, but this assignment is not firm owing to
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Fig. 9 X-ray diffraction patterns of chemical-garden tubes formed: (a)
and (b) without washing; (c) and (d) after washing. The reflections marked
with ¢ and h are from cobalt chloride and halite, respectively. The images
are the microfocus positions on the tubes.
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the lack of a reflection at 19° (JCPDS file#74-1057). The reflec-
tions of cobalt oxides can be observed at 31-32°, 37-38°, and
45.5°, although with low intensities which indicate phases of
low crystallinity.

Interesting differences can be detected upon observing these
structures under SEM. Whereas in the structures formed with
1.0 M silicate, the tubular structures are more straight
(Fig. 10(a)), in the samples formed with 3.0 M silicate, several
tubes starting from the membrane can be observed showing
the oscillatory patterns discussed before in Sections 3.1 and 3.2
(Fig. 11(a)—(c)). Radial crystal growth can be observed for both
concentrations, as seen in Fig. 10(f) and 11(d), which points
towards the direction perpendicular to the external tube surface;
this is a similarity between the morphological patterns of the
two growth processes under different silicate concentrations.

In the internal surface of the tubes formed with 1.0 M
silicate (Fig. 10), crystals of cobalt hydroxide/oxide are observed
(Fig. 10(b)—(d)), along with sodium chloride crystals (Fig. 10(e)).
From EDX analysis, it is seen that, in general, the silicate
concentration is higher in the solid that is close to the bound-
aries, whereas the internal zones have more C1~ and Co® " ions
(Fig. 12(a) and (b)). On the contrary, in structures formed with
3.0 M silicate solutions (Fig. 12(c)-(f)), some phases of cobalt
oxide/hydroxide are formed with low chloride content.

In the solids that precipitate below the initial pellet, a
striated internal surface is observed. Many tiny microtubes
are visible in the electron microscope arising from this internal
surface with an average internal diameter of 5-10 pm (Fig. 11(a)
and (c)). These microtubes are mainly cobalt oxide/hydroxides
with a small proportion of silicate, whereas the internal surface
of the downwards fingers has also silicate with cobalt oxide and
a certain amount of sodium chloride (Fig. 12(c)).

Fig. 10 SEM micrographs of precipitate structures formed with 1.0 M
sodium silicate solution.
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Fig. 11 SEM micrographs of precipitate structures formed with 3.0 M
sodium silicate solution.

3.5 Fluid flows

The physical properties of solutions taking part in the experi-
ments are listed in Table 1. A sample of the solution of cobalt
within the enclosure occupied by the original was collected; its
concentration was found to be 3.4 M, which is close to its
saturated solubility in water under room temperature.”

Fluid flows in this system are driven continuously by the
inflow of water into the pellet through the membrane, which
dissolves the CoCl, pellet inside the membrane and drives
more flow through osmotic pumping.”> As we have seen from
Fig. 7, there are fluid flows both upwards and downwards, the
difference between which is likely due to buoyancy. The
saturated solution of CoCl, has a density of approximately
1.34 g cm ™3, and this is denser than the external Na,SiO; solution
for all experiments. Thus, depending on the concentration of

View Article Online
Paper
Table 1 Measurements of the physical properties of aqueous solutions

employed in the experiments. In the table, c is the molar concentration of
the aqueous solution, p is the mass density, and u is the dynamic viscosity

c (M) p (x 10> kg m™) w(x 107%Pas)
Na,Si0; 0.5 1.0371 1.38

1 1.0636 1.63

1.5 1.1002 2.01

2 1.1438 2.52

2.5 1.1774 3.18

3 1.2107 4.16
CoCl, 3.4 1.3448 4.86

cobalt chloride, its solution can be denser or less dense than the
surrounding sodium silicate, so it can be either positively or
negatively buoyant (i.e., tending to flow upward or downward).
Moreover, there are two cations in this system, sodium and
cobalt, and two anions, chloride and silicate: initially, we had
two solutions, cobalt chloride and sodium silicate; after reac-
tion, we had solid cobalt silicates but also aqueous sodium
chloride solution. In a previous work, we were able to find the
entrance of sodium cations through the semi-permeable
membrane.?’

It can be helpful to consider a couple of order-of-magnitude
calculations to compare the effects of buoyancy against the
effects of osmosis in this system. The overall pressure due to
gravity is given as Apgh, where Ap is the density difference
between the internal CoCl, solution and the external Na,SiOs, g
is the acceleration due to gravity, and # is the height scale of the
flow. In our experiments, the density difference between the
internal saturated CoCl, solution and the outside Na,SiO; is
about 200 kg m 3, and the height scale whereon downwards
flow occurs is around 5.0 mm, as mentioned in Section 3.3.

Fig. 12 SEM micrographs of solids formed in the chemical gardens together with EDX chemical analyses with 1.0 M (a and b) and 3.0 M (c)-(f) sodium

silicate.
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This allows us to calculate the pressure due to gravity to be
around 10 Pa.

The overall osmotic pressure, I1, across the membrane may
be calculated from the thermodynamic properties of the che-
micals in water based on the relation”*

Qbsicsi)y (1)

where cc, and cg; are the respective molar concentrations of
CoCl, and Na,SiO; solutions, ¢c, and ¢s; are the respective
activity coefficients for CoCl, and Na,SiOj; in water,”>”® R is the
universal gas constant, and T is the absolute temperature. The
solution of CoCl, within the pellet region has a molar concen-
tration of 3.4 M, hence in our experiments, the osmotic
pressure is approximately 14.4 MPa. This is a million times
greater than the gravity effect calculated above.

The osmotic flow can be described by a version of the
Kedem-Katchalsky model*>*®>2

v = kin
UsiLm

I =RT (¢COCC0 -

(I = P), )

whence v is the volumetric flux or speed of the osmotic flow, ki,
is the inflow permeability of the membrane, ug; is the dynamic
viscosity of Na,SiO; solution, and P is the pressure accumulated
in the enclosure. We measured the membrane thickness
around the downward fingers to be ~200 pum. (II — P) plays
the role of driving force in the equation and can be approxi-
mated as IT because IT far exceeds P in magnitude. If the flow
were driven by osmosis, with the permeability of the membrane
enclosing the pellet being around 10 **-10""* m?°>"** the
speed is predicted to be ~0.3-3 m s~ *, which is much larger
than the experimental observation.

The speed of flow controlled by gravity can be given by

Darcy’s law>">?

Kot g, 3)

u=
Hco Lm

where u is the flow speed controlled by gravity, k... is the
outflow permeability of the membrane at the tip of the current,
Uco is the dynamic viscosity of CoCl, solution, and L, is the
membrane thickness. By the Oberbeck-Boussinesq approxi-
mation, density changes in the system have been neglected
except for the buoyancy term Apgh.””%°

If we apply the speed calculated in eqn (2) and (3), (i.e., if we
make u = v), invoking the Apgh given before, then ko, is
calculated to be ~9 x 10™** m?, a value that is close in order
of magnitude to the data for outflow permeability obtained
from our previous research on horizontal pellet-grown
gardens.”’”* This implies that, although osmosis is involved
in this system, as evident in the rapid explosive rupture of the
membrane,” buoyancy forces are able to create an effect as
large as that of osmosis, thus are able to determine the
behaviour of both downward and upward flows.

Conceptually, for both upward and downward flows, the
effects of having a more concentrated silicate solution in the
outside medium will be threefold: first, the precipitation reac-
tion will be faster; then, buoyancy effects will be less because

17848 | Phys. Chem. Chem. Phys., 2022, 24, 17841-17851
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the difference between densities of the silicate and cobalt
chloride solutions reduces; next, the overall osmotic flow will
reduce because osmotic pressure of the silicate solution
increases, which reduces the amount of inward osmotic flow.
Therefore, in the downward direction, an increase in silicate
concentration will always decrease the downward flow rate. In
the upward direction, an increase in silicate concentration will
decrease osmosis, and hence a decrease in the upward flow
rate, but will also reduce buoyancy, and hence increase the
upward flow. As we noted in Section 3.2, there is no obvious
dependence of the average growth rates of tubes on sodium
silicate concentration. It might be that neither of the opposing
effects has a dominant effect on the process, which can be
explained by the calculations above.

We consider that, at low silicate concentrations, <2.0 M, the
downward flow is likely sodium chloride rich and cobalt ion
poor, so it is denser than the silicate medium and descends
under negative buoyancy forces but does not precipitate. The
upward flow at the same silicate concentration must have a
high enough cobalt ion concentration to precipitate, yet low
enough to be positively buoyant in the silicate. At higher silicate
concentrations, 2.0-3.0 M, the supersaturation level can be
reached earlier and precipitation can also occur in the down-
ward as well as in the upward flow.

The discussions above may have explained why the upward
flow differs from the downward flow, but we do not yet have an
explanation for how the actual morphological patterns of the
upward and downward precipitate structures have emerged.
More specifically, we do not yet know why the downward flow
produces precipitates resembling fingers and upward flow
produces precipitates resembling tubular filaments. We believe
that these patterns are caused by certain mechanical instabil-
ities related to the difference in flow behaviour between upward
and downward flows, which is probably enhanced when com-
bined with interfacial phenomena such as surface tension
effects.’”® We would like to highlight that, except when
addressing gas bubbles,*® surface tension has not been fre-
quently discussed by scholars studying chemical gardens.

It should be noted that, when experiments are performed in
a Hele-Shaw cell made of polished glass surfaces, the point at
which the downward precipitation occurs shifts; for experi-
ments with 3.0 M silicate solution, downward precipitation
was no longer observed. We believe this is due to the differing
roughness factors of methacrylate and polished glass surfaces,
which will probably reflect in the physics of the system as
differing values of k., or nucleation rates. Further studies will
be needed to confirm the effects of material selection of the
Hele-Shaw cell plates.

4 Conclusions

We have studied chemical gardens grown from a CoCl, pellet
and Na,SiO; solution in a vertical Hele-Shaw cell. The oscilla-
tory growth pattern of vertical tubular filaments has been
observed for upward growing structures, similar to the growth
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of tubular structures in the literature. Growth rates of the
filaments have been measured. A new feature in the experi-
ments is the downward fluid flow driven by gravity. At silicate
concentrations above 2.0 M, precipitation from this descending
flow results in downward growing fingers. The study has been
an attempt to address the scarcity of the literature centring on
the effects of buoyancy in the formation of chemical gardens.

We hope that, in the future, studies can reveal more details
of how the combined effects of osmosis and buoyancy give rise
to the morphological patterns observed in our experiments. We
look forward to a good mathematical description of the physico-
chemical process. Both analytical modelling®® and computational
fluid dynamics (CFD) simulation®”®" will help understand this
complex phenomenon. In our view, to explain the observed
morphological behaviour, we need to discuss the effects of inter-
facial phenomena, in particular that of surface tension.’”

We also look forward to experiments with pellet-grown
vertical chemical gardens in similar setups but under other
physicochemical conditions, such as with a different metal or
in a different solution. Although the explosive rupturing of the
membrane was observed in this study and of some relevance to
our discussions, it has not been the focus of investigation in the
present work. Future studies will be carried out specifically to
address this phenomenon—to quantitatively demonstrate if
and how gravity may affect the explosion behaviour of chemical
gardens in confined geometries. The existence of the downward
flow and growth implies that experimental studies of chemical
gardens under gravity may benefit from having the seed at a
suspended position, so that physics beneath the garden may be
revealed. Effects of the choice of material for the Hele-Shaw cell
plates should be systematically looked at—if glass plates will
consistently produce a different outcome from methacrylate
plates. The gap size of the Hele-Shaw cell may also affect the
outcomes of experiments and should be investigated in a
next work.
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