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Introduction

The motivation of this scientific mission was to carry out experimental work in support of theoretical models of the natural phenomenon, Liesegang rings (see figure 1). Liesegang
rings refers to a series of concentric rings formed as a result
of diffusion of two relatively volatile reagents partitioned
into two domains with a free boundary. Confirmation of
specific mechanisms causing the pattern to emerge has remained elusive though many theories have been posited over
the past century of relevant study. It had been hoped that
the results would provide insight into physical parameters
regularly used in mathematical models such as, [1] [2] [3].

Figure 1: Liesegang rings formed
in a petri-dish will form concentric
bands. A banding pattern develops
when carried out in a test tube.

There are a range of chemical pairs that are known to produce Liesegang rings, but we have reduced the scope of our experimental work to the common selection of silver nitrate and potassium
dichromate. The chemical pathways are given,
2AgNO3 + K2 Cr2 O7
(aq)
Ag2 Cr2 O7

r
p

Ag2 Cr2 O7 + 2KNO3

(1)

(s)
Ag2 Cr2 O7 .

(2)

The critical concentration products are the nucleation point of solid silver dichromate as well as the
saturation limit at which such solid will begin to dissolve. Parameters are highlighted in Table 1.

Notation
cn
cs
DA
DB

Variable
Nucleation point
Saturation point
Constant of Diffusivity of Silver (Ag− )
Constant of Diffusivity of Chromate (Cr2 O7 2+ )

Units
[kg m−3 ]
[kg m−3 ]
[m2 s−1 ]
[m2 s−1 ]

Table 1: The four parameters key to theoretical descriptions of Liesegang rings.

During the experimental work a number of issues arose surrounding failure of equipment. Most
significantly was the spontaneous failure of the image sensor in the primary lab camera. Repair took
two weeks which delayed results significantly. In this report we layout of the experiments undertaken
and close with a discussion of the relevant outcomes.
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Experimental Techniques

Three experiments were identified at the outset of this work as having the potential to produce data
points for the derivation of our parameters in Table 1. We identify these as critical points via direct
mixing in §2.1; diffusion coefficient by colourimetry in §2.2; and the delay-of-reaction experiment in
§2.3.

2.1

Critical Points via Direct Mixing

We attempted to establish the nucleation point by mixing a dilute solution and iteratively adding
mass until solid is identified in solution. Similarly by taking a concentrated solution it can be iteratively diluted until the suspended mass is dissolved. Thus the critical points are identified. Figure 3
indicates the simple experimental construct for detecting nucleation and a schematic of the detection
of the saturation point is shown Figure 4.
Unfortunately solutions became cloudy obscuring precipitation as in Figure 2; the orange coagulations are identified as precipitate and distinct only in a shallow solution. As the concentration
product approached either critical point, solid mass would form sparsely in solution and was not
always readily identifiable and therefore difficult to isolate the time of first precipitation. On this
basis it was concluded that this experimental procedure was unable to achieve its desired goal to
our satisfaction.

Figure 2: Precipitation in a cloudy solution of silver nitrate and potassium dichromate.

Under the addition
of excessive ingredient

Figure 3: Continuous stirring (magnetic stirrer in grey) ensures a well mixed solution. It is assumed
that this gentle motion within the solution does not have excessive impact on nucleation pathway.
After each addition of powdered ingredient a fixed latent time of 30 minutes is given to allow chemical
equilibrium to establish. Should suspended solid not form we repeat the process of addition, mixing,
and latency.
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Under sufficient
dilution of solution

Figure 4: Continuous stirring (magnetic stirrer in grey) ensures a well mixed solution. It is assumed
that this gentle motion within the solution does not have excessive impact on dissolution pathway.
After each addition of water a fixed latent time of 30 minutes is given to allow chemical equilibrium
to establish. Should we see the persistence of suspended we repeat the process of addition, mixing,
and latency.

2.2

Diffusion Coefficient via Colourimetry

Potassium dichromate has a distinct colouring that deepens with concentration. It was hypothesised
that given a set of images of solution sustaining concentration gradients that one could extract the
concentration throughout the domain. The RGB code for a given concentration is subject to the
wide range of factors determining the lighting conditions. It is not expected that changes in RGB
code can easily be extrapolated from one set of lighting conditions and from one set of equipment to
another. Beginning with direct mixing of solutions we generated a set of reference images giving a
correspondence between the concentration of potassium dichromate, the gelatine concentration and
the solution colour. We can see the clear range of colours displayed in figure 5.

Figure 5: Reference images intended for use in our system of colorimetry. Concentration of potassium
dichromate increases left to right across the six triplets. Within each triplet gelatine concentration
increases left to right.

Pure water over gelatinous potassium dichromate will demonstrate diffusion of potassium dichromate
in water with a known boundary condition at the interface. Similarly an aqueous solution of potassium dichromate over pure gelatine will demonstrate diffusion rates in gelatine. These experiments
are schematically laid out in Figure 6. Coupling non-linear regression of the reference values with the
analytic solution of the diffusion equation should provide an estimate for the coefficient of diffusivity.
Figure 6: There are two default arrangements for this experiment.
One (left) where the potassium dichromate is mixed into the gelatine
solution and allowed to set prior to the pouring over of water. In the
second (right) the gelatine is set without reagent followed by a potassium dichromate solution being poured over. It is assumed that the
concentration across the interface is continuous. Gelatine is indicated
by diagonal shading, potassium dichromate seen in yellow and water
left clear.

An example of an experiment with pure water over gelatinous potassium dichromate is shown in
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Figure 7. Results of this series of experiments is currently unavailable as the image analysis is
ongoing.

Figure 7: The images extracted for colourimetry show a strong colour gradient that will theoretically
yield a good correlation for the coefficient of diffusion. We note variations in the gelatine colouration
where we would expect homogeneity; it is hypothesised that there were regions of separation in the
gelatine; this was not the intent. We may therefore struggle to identify a colour code for potassium
dichromate concentration in gelatine from these images if the true gelatine concentration is not
known. The far right test tube failed to provide a fixed barrier under the addition of the potassium
dichromate solution. Again this is an issue of the gelatine not setting in a homogeneous fashion.
This resulted in the whole tube becoming well mixed immediately after the addition of dichromate
and must be discounted from image analysis.
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2.3

Nucleation via Delayed Reaction

In the traditional Liesegang ring experiment, rings form instantaneously because the reagents are
initially in contact with one another. It was recognised that by making a small change to this original
experimental construct, we would be able to extract some of the relevant parameters. The following
experimental design presents the most technically challenging portion of this study, however the appeal of them is the potential accuracy of the results. Constructing an experimental setting whereby
the reagents are initially partitioned by a gelatine bridge, devoid of either reagent, allows the whole
system to be modelled by the diffusion equation prior to nucleation.
We see a schematic of the desired initial set up in Figure 8. The time and position within the
gelatine that nucleation first occurs then satisfy the diffusion equations in which the only unknown
is the coefficient of diffusivity (3).
ut = D uxx .
(3)
We are removed from needing to invoke more involved laws of physical chemistry such as arguments
of energy balances which require further assumptions on system parameters. Given an experimental
setup with a gelatine bridge of length L, and initial concentrations (a0 , b0 ) we produce a nucleation
location of (x∗ , t∗ ). As a crude first attempt we assume a bi-infinite domain in which both reagents
have initial conditions (invoking Heaviside function, H):
a(x, 0)

=

H(L − x)a0 ,

(4)

b(x, 0)

=

H(x − L)b0 .

(5)

The diffusion equation is then satisfied by error functions and the concentration product satisfies
the following:




L − x∗
x∗
2
2 ∗ ∗
∗ ∗
2
√
√
× b0 erfc
= cn .
(6)
a (x , t )b(x , t ) = a0 erfc
4DA t∗
4DB t∗
Varying either the initial concentration product at the interface, {a0 2 b0 }, or the length of the
gelatine bridge, {L}, will produce linearly independent equations of the form 6 with new results for
(x∗ , t∗ ). Given a system of three such equations presents a solvable set of simultaneous equations
for DA , DB , cn , the diffusivity for silver and chromate and the nucleation point respectively.
Siphon input airtube
Pressure equalising airtube

Silver Nitrate

Gelatine Bridge

Figure 8: The given experimental arrangement when performed with a variety of gelatine depths, can be used to derive the coefficient of diffusivity of both reagents as well
as the nucleation point of their product. The
required measurements are the location and
time of first nucleation. The airtubes are
present as a necessity of experimental setup
but present no interactions during experimental execution.

Potassium Dichromate

The technical challenge in this experiment is how one might establish a concentration of potassium
dichromate at the base of the test tube and prevent it mixing with the layered gelatine prior to
the gelatine fixing, via convection or diffusion. Following Figures 9 through stages I-VI we see the
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process of establishing a siphon. Figure 9: VII is an image of an initialised experiment to mirror the
schematic of 9: VII.

Fig: 10.I

Stage I: Mixing a gelatine solution
we pour it into a test tube with
two airtubes. The tubes must remain free of solution otherwise the
gelatine will set obstructing airflow
later. A bung is placed in the
mouth of the test tube and it is inverted to allow the gelatine to set
off the base of the tube where we
require an air gap. The less the
airtubes protrude from the gelatine
the more potassium dichromate we
will be able to siphon into the airgap before airflow is obstructed.

Figure 9: III, IV, V

Stage 2: Revert the test tube and remove the bung. Take care to minimize pulling on the airtubes as this
is done. Excessive disturbance of the
gelatine bridge will separate the gelatine from either the test tube walls or
the air tubes. If separation occurs and
the integrity of the barrier is compromised then we will no longer be able
to establish a diffusion driven system
and the two reagents will immediately
be brought into contact. The weaker
Fig: 10.II the gelatine concentration and the narrower the bridge the more likely it is to
be compromised.

Stage III: Establish a siphon into the airgap at the base of
the test tube. This is done by submerging the end of one
tube in an elevated solution of potassium dichromate and
providing suction to the end of the other tube. Stage IV:
Solution will siphon into the airgap until it meets the second airtube which must remain unobstructed in order to
equalise pressure. If the siphon is sufficiently strong then
solution will begin to flow out of the escape airtube; this
must be preempted. By tipping the test tube as in Stage V
the equalising tube will be elevated permitting more potassium dichromate solution to enter the test tube as well as
bring it into contact with the gelatine bridge. This must
be done prior to the second tube being obstructed by solution. It will not be possible to remove all of the air from the
gap and we do rely on a leading order estimate stating that
there is complete contact between the potassium dichromate
solution and gelatine bridge.

Stage VI: We then pour silver nitrate into the open end of the
test tube. A balance must be found between maximising the
angle of the test tube to ensure contact and maximising the
volume of silver nitrate that can transferred to the test tube.
For larger gelatine bridges poor contact with the lower solution
is less important as horizontal variation will be less significant.

Figure 10: VI, VII
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The first iteration of the delayed reaction experiment was setup with the
gelatine bridge maintaining integrity and the experiment was run to completion.
We see in figure 10 that concentrations remained homogeneous across the test
tube and a single, well-defined precipitation band formed within the bridge.
Unfortunately, it was part way through this experiment that the lab camera
sensor failed and we were unable to extract the precipitation time.

Figure 10: On the right is the final image in a realisation of the delayed reaction
experiment.

Because of the need to generate experimental repetition and having lost two weeks of experimental time an attempt was made to alter the experimental setup to be more amenable to this. By
constructing an open topped gelatine trench we are able to introduce reagents to the domain with
greater freedom. This construct is highlighted in the schematic seen in figure 11. The benefit of
this construction is the ready access to all parts of domain removing the need of the technically
challenging siphon. The cost of operating on smaller domain is the magnification of errors and an
inability to assume a one dimensional mathematical model of the experiment.
Impermeable block

Gelatine filled trench

Void space for reagents

Figure 11: The delay-of-reaction experiment set out in a trench. In this case three operating domains
are run in series each partitioned by an impermeable obstruction. The schematic is shown prior to
the addition of the active reagents.

We see the experiment physically initiated in figure 12. The central domains failed on initiation
with reagents coming into contact and precipitating (seen in brown). The left hand domains were
unable to restrict the initial location of reagents but have kept them distinct, while the right hand
domains are close to the intended set up. Unfortunately the domains used here were not large enough
to isolate the reagents early in the experiment and precipitation occurred within the initial reagent
space as opposed to within the intervening gelatine space. Figure 13 demonstrates this result.
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Figure 12: The initial setup of the delay of reaction experiment within a trench domain.

Figure 13: The final result of the delay of reaction experiment within a trench domain.
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Summary

The failure of the sensor on the laboratory camera was devastating to the progress of the STSM,
having lost two of the six weeks on site. The transfer of the delay-of-reaction experiment into a
trench domain came out of pressure to generate results and in hindsight we should have repeated
the siphon experiment within a test tube. Across the full set of images it is theoretically possible to
carry out colourimetry to derive the diffusivity of chromate. This work is ongoing and the outputs
will be included within my final thesis.
The delay-of-reaction experiment showed promise in execution. There may be time at the close
of my PhD funding to return to Oxford and carry out this work to completion. As frustrating as
the challenges experienced in this work were, it was a valued opportunity at exploring the space of
experimental validation and combining mathematical training and asymptotic principles to experimental design. I would like to thank both Mi-Net and MACSI for their support on this scientific
mission and the professional development it has provided as well as the facilitation of Professor
Richard Katz and FOALAB.

References
[1] Joshua Duley, Andrew Fowler, Iain Moyles, and Stephen O’Brien. (in press) on the keller-rubinow
model for liesegang ring formation. Proceedings of the Royal Society A.
[2] Joseph Keller and Sol Rubinow. Recurrent precipitation and liesegang rings. Journal of Chemical
Physics, 74(9):5000–5007, 5 1981.
[3] Harry M Morse. Diffusion and supersaturation in gelatine. The Physical Review, 17(3):129–153,
9 1903.

8

