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Precipitation Pattern Formation in the Copper(Il) Oxalate System with Gravity Flow and
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Chemical systems that are far from thermodynamic equilibrium may form complex temporal and spatiotemporal
structures. In our paper, we present unusual precipitation patterns that have been observed in the system of
Cu(Il)-oxalate. Starting with a pellet of copper sulfate immersed in or by pumping copper sulfate solution
into a horizontal layer of sodium oxalate solution, we have observed the formation of a precipitate ring and
an array of radially oriented thin fingers. The development of these patterns is related to the internal structure
of the different crystals, the gravity flow, and the circular symmetry of the experimental arrangement.

Introduction

Formation of crystals occurs on multiple levels. The position
of atoms and molecules in crystals is defined by the crystal-
lization structure (unit cell). As these basic cells grow, crystals
with different shapes can be formed within the same lattice.'?
On a higher level, precipitation patterns evolve in which crystals
are organized in space. These kinds of structures include
Liesegang rings,>”’ diffusion-limited aggregations®® (DLA),
snowflake formations,'®!! chemical gardens,'?~!® hydrothermal
vents,!” and others.?’"> Dendrites and snowflakes are formed
in the process of crystallization in which, in addition to diffusion,
important roles are played by the heat released during the
crystallization and the curvature effect. These are described by
the Mullins—Sekerka?’ instabilities. Similar complex structures
may be obtained in the formation of fractal structures. These
are modeled by DLA in which atoms or molecules diffuse to a
seed, in which case the axial symmetry plays an important role.
In the case of Liesegang rings, the layers of crystals are
separated by layers of a clear solution. Experiments and
calculations conducted by Ross?** indicate that these structures
can be described by Turing instabilities.?® By changing system
parameters or initial conditions, different complex patterns can
be generated. The Liesegang experiments are performed in gel
so that hydrodynamic motion can be excluded. The addition of
hydrodynamics substantially increases the number of possible
precipitation structures. Examples include precipitation patterns
reported by Simoyi,?”?® polymerization by Pojman,” geochemi-
cal structures by Ortoleva,®® formation of stalactites,> and
terraces and domes observed at geothermal hot springs.*? The
formation of patterns in chemical systems in which chemical
reactions, diffusion, and horizontal convective motion of solution
interact has been recently described as a reaction-diffusion-
advective system and has been extensively studied.>* 3 One
of these systems is the so-called DIFICI (differential flow-
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induced chemical instability), in which spatial structures are
induced not by different diffusions but by the different flow
rates of chemicals.

Another area of study of complex precipitation pattern
formation with hydrodynamics is the so-called silicate garden,
in which most structures are formed from an elastic gel. The
influence of hydrodynamic flows can be used to control pattern
formation, such as during the method of precipitation growth
templated by a fluid jet.3® Possible technological applications
of controlled precipitation structures have also been reported.>” %

In this paper, we present a study of complex precipitation
patterns with unusual geometry in the system of copper’** oxalate
for an experimental arrangement with axial symmetry. At
various sodium oxalate concentrations, different copper oxalate
complexes are expected to form:** CuC,0,, Cu(C,0,4),>", and
Cu(HC,0,)™, among which the neutral CuC,0y is insoluble in
water. The precipitation processes are controlled by the gravity
flow. This leads not only to the formation of a precipitate with
two different morphologies but also to their spatial separation
and, hence, to unusual spatial structure. A modeling study of
the arising gravity current is also carried out to facilitate the
understanding of the observed phenomenon.

Experimental Methods

Sodium oxalate solution (VWR) with concentration varied
between 0.01 and 0.10 M and a volume of 100 and 500 mL
was poured into a Petri dish 14 cm in diameter or into a square
dish with 22-cm-long sides. Special care was taken to level the
dish to produce symmetric fluid flow. A 1.0 g pellet of milled
copper sulfate (VWR) approximately 1 cm in diameter and 0.4
cm high was prepared. In the experiments, either a single pellet
was dropped, or copper sulfate solution was pumped from
below,'® into the center of the reaction vessel containing the
sodium oxalate solution, which was then covered by a transpar-
ent plate to avoid evaporation. The experiments, carried out at
20 £ 1, °C were recorded and later analyzed quantitatively by
an imaging system.

The temporal evolution of the precipitation was studied
spectrophotometrically in a separate set of experiments. For the
experiments, 1.0 mL of 0.10 M copper sulfate solution and 1.0
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Figure 1. Temporal evolution of the precipitation in the form of ring and filaments around a copper sulfate pellet immersed in 0.03 M sodium
oxalate solution at r = 0's (A), 135 s (B), 270 s (C), 540 s (D). The arrow in part C illustrates the outer limit used to measure the initial transparent
region; that in part D is the measured outer diameter of the precipitate ring.

mL of sodium oxalate solution were injected into a glass cuvette.
The turbidity of the system was monitored by measuring the
absorbance at 400 nm by a spectrophotometer (Varian, 50Bio).
In addition, scanning electron microscope images were taken
of the dried precipitate by a Hitachi S-4700 high-resolution
scanning electron microscope.

Experimental Results

During the precipitation process, structures of unusual
geometry evolve around the copper sulfate pellet or around the
entrance where the copper sulfate solution is pumped in. No
substantial differences have been found between the two
configurations. In both cases, the precipitation leads to two
distinct spatiotemporal patterns: a horizontally expanding
precipitate ring and radially growing precipitate fingers.

After the pellet is submerged into the sodium oxalate solution,
the copper sulfate starts to dissolve and the propagation of a
precipitate front begins, as shown in Figure 1. As this white
ring of precipitate with finely defined axial symmetry grows, it
leaves behind an area of transparent solution without precipitate
around the pellet. Quantitative analysis of the precipitation has
been performed by measuring the radius of the transparent ring,
the edge of which is indicated by the white arrow in Figure Ic,
for oxalate concentrations varying between 0.02 and 0.10 M. It
has been found that as the concentration of sodium oxalate
increases, the transparent region shrinks, as illustrated in Figure
2a. Furthermore, this region entirely disappears as the oxalate
concentration reaches 0.07 M. The maximum outer diameter
reached by the precipitate ring, indicated by a white arrow in
Figure 1d, has been found to be independent of the oxalate
concentration under these experimental conditions, according
to Figure 2b. Equivalent patterns are observed in experiments
in which copper sulfate solution is pumped into the center
instead of using a pellet.
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Figure 2. The ring thickness (radius) of the transparent regime (a)
and the maximum diameter of the precipitate ring (b) as a function of
sodium oxalate concentration. (c) Absorbance as a function of time
for the precipitation reaction in the premixed system with [CuSO,] =
0.05 M and [Na,C,04] = 0.014 M. (d) Induction time in the premixed
system, measured as a time at which absorbance is greater than 0.2, as
a function of oxalate concentration with [CuSO4] = 0.05 M.

For oxalate concentrations between 0.02 and 0.1 M, many
radially oriented delicate fingers appear concurrently to the
precipitate ring and begin to grow (see the enlargement in Figure
3a). In experiments with a pellet in the center, the longest
observed length of a finger was 25 cm, generally the order of
the size of the container. In the beginning, the precipitate
creating these fingers moves with the solution. This can be
observed around the tip of the fingers where the fluid flow is
apparently turbulent or upon shaking the container. As the
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Figure 3. (A) The tip of filaments formed in 0.03 M sodium oxalate
solution. The turbulent movement of precipitate is observed at the end
of the delicate structures. (B) Reflection of growing fingers from the
edge of the Petri dish in an off-centered experiment.

fingers grow, however, the precipitate particles settle, and about
1.5 cm from the tip, stick to the bottom, where they remain
visible even after removing the solution. The fingers align
themselves along the current; they may even exhibit reflection
from the side of the container, as shown in Figure 3b for an
asymmetric experiment with an off-centered pellet. The total
number of fingers (200 £ 10) appears to be independent of flow
rates and concentration of copper sulfate or sodium oxalate. In
experiments in which the copper sulfate solution is pumped into
the center, the length of fingers has been monitored as a function
of time at various flow rates. As shown in Figure 4, the growth
may be described by a power law with an exponent in the range
of 0.52—0.55, slightly above the value for geometric spreading
where the height of gravity current is assumed constant, in which
case r = a(wH)'? with system parameter ¢ and flow rate w.
According to Figure 5, a similar power law exists between the
length reached at a given time and the flow rate.

Scanning electron microscopy images of the dried precipitate
in the two distinct areas, the ring and the fingers, are presented
in Figure 6. Crystals forming the precipitation ring are domi-
nantly spherical in shape with a diameter of about 7 um, whereas
crystals forming the fingers have an elongated shape with a
diameter of about 3 um and a length on the millimeter scale.
The latter crystals are oriented in the general direction of flow.
By decreasing the oxalate concentration, the precipitation ring
is not observed, and only fingers develop.

In our experiments, the sodium oxalate is in excess with respect
to the copper sulfate;therefore, upon the complete dissolution of
the pellet or after discontinuing the pumping, the entire precipitate
dissolves in about 10—24 h, leading to a darker blue solution.

In a separate set of experiments, the two solutions, sodium
oxalate and copper sulfate, were injected into a cuvette. Im-
mediately upon mixing, the color of the solution turns deep blue,
indicating the formation of a complex. Precipitation itself starts
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Figure 4. The temporal evolution of fingers (a) at flow rates 20, 15,

10 mL/h (from top to bottom). The slopes from the logarithmic plot

(b) are 0.54 + 0.01, 0.526 + 0.005, and 0.511 £ 0.005 at the flow
rates given.
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Figure 5. The power law dependence of filament length vs flow rate
at times (from bottom up) of 120, 210, 390, and 600 s. The slopes are
0.45 £ 0.10, 0.41 £ 0.06, 0.41 £ 0.05, and 0.46 £ 0.04 in the given
order.

only after an induction period of a few minutes. The turbidity of
the solution can then be monitored by measuring the absorbance,
which exhibits a bell-shape curve, as shown in Figure 2c. The
increase in turbidity corresponds to the formation of the precipitate,
whereas the decrease is a result of the sedimentation, during which
the solution becomes transparent again. The induction time, defined
as the time necessary for the absorbance to reach a value of 0.2,
measured in a 1 cm cuvette, depends on the concentration of
sodium oxalate, as presented in Figure 2d.

Modeling Study

When the copper sulfate pellet is immersed into the sodium
oxalate solution, it starts to dissolve. The resultant solution layer
containing copper sulfate has a higher density than the original
solution; it therefore descends and spreads out along the bottom
of the dish.*' This outward flow of copper sulfate solution is driven
by buoyant forces, and flows of this type are commonly called
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Figure 6. SEM images of the precipitate from the fingers (A) and from the ring (B). The field view corresponds to 100 gm.

gravity current. It is this gravity current along which the two
solutions interact, leading to the formation of copper oxalate
complexes and after some induction time to precipitation.

In our model, only the diffusion of copper sulfate salt from the
pellet is considered in addition to the fluid flow; the effect of
interfacial tension is thought to be negligible, since both fluids are
aqueous and form a single phase.

The processes around the pellet are modeled numerically with
a one-component system in cylindrical coordinates in which the
hydrodynamics is governed by the Navier—Stokes equation with
an incompressible fluid as

== =DV’C —v-VC

ot
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where D is the diffusion coefficient of the solute and # is the
dynamic viscosity of the solution. The density of the fluid is a
function of the concentration as p = py + p;C, with p, being the
density of water. The system is essentially two-dimensional because
the angular dependence is neglected due to the axial symmetry.
To solve the equations in a cylindrical coordinate system with the
gravitational field along the z-axis, we introduce dimensionless
variables and consider the stream function-vorticity formalism. The
concentration is scaled to that of the saturated solution as ¢ = C/Cy,
time scales according to t — (i/L.>po)t, and velocity as v — (L.0o/
1)v with the characteristic length, L., used also for the length scale.
The stream function W in our two-dimensional system is defined
according to
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The vorticity, ® = V x v, at the same time eliminates the
pressure term in the balance equation for momentum. The
governing equations, hence, become
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where the Schmidt number is defined as Sc = 7/(pD) and the
Rayleigh number as Ra =L>Apg/(yD) with Ap representing
the density difference between the saturated solution at the pellet
and the fresh solvent.

In the calculations, L. is set to 0.1 mm, which results in Sc
= 500 and Ra = 1000. The equations are solved on a 400 x
100 grid with spacing 0.25 using an explicit Euler method for
the initial value problem of ¢ and w with a time step of 0.0001
and a standard relaxation method for updating W at each
iteration step. For boundary conditions with respect to the
velocity field we have free surface on the top and nonslip
boundaries along the rest. For the concentration we have no-
flux boundaries except at the lower left corner where we set ¢
= 1 for 12 grid points at r = 3 to model the liquid layer at the
surface of the pellet.

The solution with density greater than that of the surrounding
fresh solvent corresponding to the solution layer at the pellet
slips under the less dense liquid and at the same time forces it
to flow upward. As the created vortex, an expanding torus in
three dimensions, moves away from the left boundary, the
gravity current spreads outward on the bottom of the liquid, as
shown in Figure 7. Despite the diffusion of the solute into the
fresh solvent, the denser liquid layer remains relatively thin
because the vortex is located ahead of the tip of the gravity
current, which results in the downward flow of fresh solvent
from above the current. Inspection of the flow field presented
in Figure 7 also reveals that turbulence and, hence, enhanced
fluid mixing take place dominantly at the tip of the current.

The temporal evolution of the gravity current, monitored via
the spreading of an isoconcentration line, may be approximated
with a power law as shown in Figure 8. The obtained exponent
(0.65) is slightly above that for simple geometric spreading.

Discussion

Formation of a Precipitation Ring. When the solution
containing copper ions either from the dissolution of the pellet
or from the external pumping comes into contact with the
solution containing oxalate ions, an immediate complex forma-
tion occurs similarly to homogeneous mixtures, where it results
in a color change to deeper blue. Although the neutral CuC,04
form is insoluble, the precipitation reaction is slow, and it must
overcome a nucleation barrier. The nucleation time depends on
the concentration of ions and can be on the order of minutes
for low oxalate concentration, as shown by the homogeneous
experiments in the cuvette. In the Petri dish, the copper sulfate
solution from the persistent dissolution or pumping therefore
has time to spread out before precipitation occurs. In the applied
concentration range, it has greater density than the sodium
oxalate solution present in the dish; hence, it forms a visible
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Figure 7. The calculated extent of the gravity current with the flow field (top) and with the location of the isoconcentration lines (0.5, 0.1, 0.01)

(bottom) at r = 3000 dimensionless time.
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Figure 8. Progression of the gravity current measured by the
advancement of the third isoconcentration line in Figure 6. (top) and
the same in logarithmic plot (bottom).

gravity current with a height on the order of a millimeter by
advancing on the bottom under the originally stationary liquid.

By increasing the oxalate concentration, the thickness of the
transparent region around the pellet or the pump inlet decreases
in accordance with the decrease in the induction time observed
in the premixed system (cf. Figure 2). Hence, the origin of the

transparent region without precipitate is related to the induction
time necessary for the formation of copper oxalate precipitate.

The precipitate does not form a membrane that would separate
the two solutions, as observed in various silicate solutions
resulting in intriguing precipitate structures called chemical
gardens. The spread of precipitate is associated with the outward
flow of the dense solution containing copper sulfate; the obtained
axial symmetry therefore simply reflects that of the source. The
morphology of the precipitate abundant in this region, nodules
with a diameter of 7 um (see SEM image in Figure 5b) is typical
for copper oxalate (CuC,0,).**~*

Formation of Fingers. In both experimental setups, the unusual
spreading of the precipitate in the form of fingers is surprising.
This unreported phenomenon is more dominant for small oxalate
concentrations in which the formation of the circular precipitate
ring is negligible. The experimental observations are supported by
our model calculations of the hydrodynamics: the growth of fingers
is governed by a gravity current of the dense copper sulfate solution,
the spreading of which may be approximated with a power law.*
The obtained SEM images reveal that the morphology of the
precipitate is different (see Figure 6a): the fingers comprise
filaments with typical dimensions of 3 ym diameter and up to 1
mm length. The filaments are generally oriented according to the
growth direction of the finger, that is, parallel to the directaon of
gravity current.

The spatial separation of the two forms of the precipitate
suggests that the morphology of the insoluble particles plays
an important role in the behavior with respect to the advection
setup in the dish. The precipitate formed in the mixing zone of
the two solutions, that is, above the gravity current, will both
tend to be carried along with the surrounding fluid flow and,
since having a greater density, settle out of the fluid with a
terminal velocity, given for a solid, spherical nodule by

vy = 2.7 x 107> mm/s (d/Tu)*Ap’lp

where d is the diameter of the nodule and Ap’/p is the relative
density difference between the precipitate and the fluid.
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Similarly, the terminal velocity of a falling filament oriented
horizontally to the flow is given by

vy = 2.4 x 107" mm/s (d/3u)*Ap’lp

where d is the diameter of the filament. According to Figure 6,
the nodules have typical diameters about 7 um, whereas
filaments have diameters about 3 um. The long length of the
filament cancels out of the formula for the terminal velocity
for both orientations. Thus, the two types of precipitate have
approximately the same terminal velocity.

The maximum radius for the modulus, 4 cm (from Figure
2b), requires the nodules to be carried with the gravity current
for, at most, ~150s (from Figure 4). Multiplying this time by
the terminal velocity and assuming that Ap’/p is on the order
of 1, one gets the thickness of the gravity current to be about 1
to 2 mm. This thickness agrees with estimates of the flow
thickness from diffusion. It is an interesting suggestion that the
filaments have the same terminal velocity as nodules, yet are
observed at much larger distances from the center.

For a gravity current flowing along a stationary bottom, it is
common for vertical clefts to form in the head of the gravity
current. This is because as the dense fluid flows, it tends to
flow over some of the ambient fluid which sticks to the bottom.
This creates a gravitational instability; the less dense fluid along
the bottom will then tend to rise through the gravity current
flow, producing a vertical cleft.*"* This mechanism may
explain the formation of the fingers of copper oxalate precipitate.
Figure 3a shows tips of growing fingers. The precipitation occurs
in the lobes of the gravity current. The gravity current continues
to flow even after precipitation is finished. This axi-symmetric
outward flow means that the gravity current must expand
angularly. We assume that the fibers are stuck together in tangles
and, thus, are limited in how much they can expand angularly.
Thus, the tangles move outward with widening gaps between
them, producing the observed fingers pattern.

Conclusion

In this work, we have shown that the fluid flow arising from
gravity current coupled by a precipitation reaction with considerable
induction time leads to an unusual spatial distribution of the
precipitate. In our system, copper oxalate precipitate with nodular
morphology forms a ring around the pellet or inlet in accordance
with the symmetry of the setup. In addition to the ring, radially
growing thin fingers arise, comprising precipitate in the form of
filaments, that represent a fingerprint of the flow pattern. The
separation of fingers, that is, the breaking of circular symmetry, is
brought about by the instability at the head of the gravity current.

The subject of copper oxalate nanostructures has become of
interest lately.**~>! Precipitation of copper and cobalt oxalate
nanoparticles may lead to materials with giant magnetoresistance.>?
The formation of copper oxalate nanowires and copper nanostruc-
tures that can be obtained from the decomposition of copper oxalate
has also been studied.”®! In our experiments, we have observed
the formation of wires with a diameter of 0.3—3 um and a length
of a few millimeters. Application of hydrodynamic flow during
crystallization process may be an efficient method to produce
nanowires in copper oxalate or similar systems.
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