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1 Introduction and objectives of the thesis

Materials surrounding us can move with various types ofgpant processes, and hence can
have a great impact on our daily lives. It is sufficient to jistk of the different atmospheric
formations (like a hurricane or a simple cloud), the seaenus or the spreading of pollution.
Because these phenomena affect us very strongly, it is eédsenstudy them experimentally.
Generally, through diffusion, convection, and in the pneseof external electrical field, ion
migration can the materials be transferred. The fluid matembe influenced by three factors:
the change in density, in viscosity and in the surface tengtoom these three factors, the effect
of the first and the third along with diffusion were investigghin detail through autocatalytic
model reactions. The autocatalysis is one of the simpleslimear chemical phenomena, in
which the concentrations and the speed of reaction doesaage linearly, a sharp concentra-
tion "jump" and rate acceleration can be observed.

The interaction between autocatalytic chemical reactan material transport processes
result in a sharp interface between the reactant and prediuttons creating a constant density
difference at the two sides. This interface, developingnraatocatalytic reaction, is called a
chemical front. In a homogeneous medium, propagatings$roestally keep their original planar
shape, i.e., they are stable. However, the traveling plioats become unstable under certain
circumstances where cellular structures developed frenexiperimental noise. The instability
perpendicular to the direction of propagation is calle@nalt instability. In convection free
medium, we call it diffusive instability, when two conditis fulfilled at the same time: first the
autocatalysis should have adequate strength, i.e., tbdaearder of the autocatalyst must be
greater than one in the rate equation. Second, the flux ofutoeatalyst must be less than that
of the reactant, which can be influenced by the diffusion fameft D and the concentration
changes along the front.

Interfaces in the autocatalytic iodate-arsenous acid hacchlorite-tetrathionate systems
were investigated to confirm the theoretical models. Thesitienf reactants and products are
different in both exothermic reaction because of the chamtyee chemical composition and the
heat release. When these reactions are carried out in neaessel with different orientations
in the presence of gravity field, fluid motion induced in theteyn leads to distortions in the
interface. Convection can also create a new type of hydradimiastability, called Marangoni
instability, when material is transported along the lidgas interface due to surface tension
gradient. The interface is also distorted, since the liquiti a higher surface tension pulls the
liquid with a smaller surface tension.

During my doctoral research, | investigated chemical santvarious autocatalytic reac-
tions. The first goal was to detect diffusive instability etiodate-arsenous acid reaction with
binding only the hydrogen ions. Besides monitoring the spathporal pattern formations and
guantitatively characterizing the evolving structurelsave measured the diffusion coefficients
of kinetically important components situwith pulsed field gradient spin echo (PFGSE) NMR



method. Theoretical calculations predicted that the ngixength, characterizing the pattern,
increases with the square function of the vessel height wihemeight of the reaction vessel
is increased. Previous studies, however, suggested ibairthportionality is not valid, so my
aim was to determine the scaling law experimentally in thiaie-arsenous acid reaction under
several chemical compositions. In addition, | investidates effect of widening in the third di-
mension on the self-organization of the chlorite-tetr@atlite reaction. Finally, the Marangoni
instability was studied in the two model reaction.



2 Experimental

The diffusive instability of the iodate-arsenous acid tescwas investigated with a reactor
containing a 6 cmx 7.5 cm polyacrylamide gel between two plexiglas walls. Téaction
was started with a filter paper soaked in sulfuric acid. Tiecebf fluid motion on the pattern
formation was studied in the iodate-arsenous acid (IAA) #r&chlorite-tetrathionate (CT)
reaction. In most of the experiments, Hele-Shaw reacti@sels were used which consisted
of two parallel plexiglas walls separated by spacers okdtffit thickness depending on the
purpose of the investigation. To describe the long time Wiehaf the horizontally propagating
fronts in vertical Hele-Shaw vessels, we doubled their tleegvhile their widths were varied
between 3 and 10 mm, as illustrated in Figure 1. For the igasdn of Marangoni instability,

1 cm high and 1 mm wide extra walls were inserted to the twossadehe spacer in order to
create a flat liquid/gas interface and facilitate the logdih the vessel (see the side-view in
Figure 1(b)). A glass rectangular slab was the suitablefoeltesting the three-dimensional
structures, since it facilitated the recording of imagesjba from side-view and top-view by
using mirrors.
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Figure 1. The scheme of the Hele-Shaw reaction vessel {friemt (a)) use for studying the
long time behavior of fronts, with air gap (side-view (b))ithout the free surface (side-view

(€)).

In all cases, planar fronts were initiated electrochenvyiday electrolysis at 3 V potential
difference between two thin parallel Pt-wires producinglimgen ions in the acid-catalyzed
reactions. A monochrome (Panasonic WV-BP330/B) and a coloeaifSony DFW-X710)
connected to an image processing system were utilized tatondhe spatiotemporal changes
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of the fronts.

The NMR measurements were carried out with a Bruker Avance DBXdpectrometer.
The change in temperature along the front was monitored binalttype Fe-CuNi thermocou-
ple placed in the cell opposite to the direction of front @oation. The densities of the reactant
and the product mixtures were determined by an Anton Paar [B8lAnd 500 digital density
meters within 10° g cm 2 and 104 g cm 2 precision. The surface tensions were measured
by the Wilhelmy-plate method implemented using Kruss egsymeter.

3 Evaluation methods

First the front profile and velocity were determined to cloggeze the long time behavior of the
pattern formation. The image processing program assiggealyescale value ranging from 0 to
255 to the different light intensities of images recordedacified intervals by the computer.
The front position was determined as the extreme of the fastative of gray scale values as a
function of space along the front propagation for every maime&he front profile was obtained

by determining the front positions perpendicular to thefrd he front velocity was defined as
the slope of the linear region of the position vs. time curve.

Then the evolving pattern was quantitatively describedhgyrixing length () and the
amplitude ). The former was defined as the average deviation of the fnafiles, while the
latter as the distance between the most advanced and thesslpaints. The mixing length is a
better definition since it considers all points of the framhjle the amplitude is given from only
two points of the reaction front. The average front profiles\yweepared by subtracting the aver-
age front position from each point, and the curves were geera the direction perpendicular
to the front propagation.

The free induction signals of NMR were evaluated by using3HeA program successfully
applied in our research group previously.



New scientific results

Cellular pattern formation can be induced by binding the tog#m ion only in the iodate-
arsenous acid system, which is supported by the diffusiofficeat measurements in the
reactant mixture[1]

The autocatalyst must be slowed down to realize the diffuslioven instability experi-
mentally in convection free environment. The IAA system tag autocatalyst: iodide
and hydrogen ions. Cellular patterns with greater amplgutiszelop when hydrogen ions
are immobilized selectively — in carboxylate containg jpaiyylamide gels — when iodide
ions were bound to cyclodextrin in a buffered medium. Théscahd hence, the instabil-
ity are still small because two autocatalysts are in theesystnd one of them is hydrogen
ion which has higher mobility. | measured the diffusion diméfnts of kinetically impor-
tant components in order to describe quantitatively théiciganporal pattern formation.
Since the diffusion coefficients in acidic and basic sohdiavere sufficiently close to each
other (see Table 1), tha situ PFGSE-NMR measurements were performed in the reac-
tant mixtures only. The results showed that the horizopfatint remained planar in the
IAA system when sodium-polyacrylate used as an immobtjzgent, i.e., hydrogen ions
could not be sufficiently slowed down, while the appearariceetiular structures was
observed in the case of cross-linked acrylamide gels.

Table 1: Diffusion coefficients in basic and acidic soluson

Dbasic/ cnést Dacidic/ cnés !

Acetate / acetic acid (121+£001) x 107° | (117+£001) x 10°°

Bromophenol blue (484+03)x10°® | (49+02)x10°

Polyacrylate / polyacrylic aciq (3.644006) x 107 | (357+009) x 10~/

. The power exponents of scaling laws describing the shape afdmbally propagating

fronts in the vertical reaction vessel depend on the storciitric ratio of the reactants in
the IAA system, but they are independent of temperature betdfC and 25°C. [2]

In a sufficiently long and narrow reaction vessel, a fron@relterized with its mixing
length L, with constant shape evolves in the IAA reaction when thetswi height is
varied. | carried out experiments in the I1AA reaction withet@ different ratios of initial
concentration&in a 3 mm thick and 1 — 4 cm high container. Tihg = CLS power func-
tion was fitted to the experimentally determined mixing ldasgfor the various chemical
compositions. The exponents are summarized in Table 2. @bedse in the ratio of the



initial concentration of arsenous acid to iodate ion resultthe decrease of the exponent
because of the increase in the reaction front thickness.

Table 2: Scaling exponents (R[H3AsO3]o/[KIO3]o).

[ RT/*C] B |
39| 25 |1.33:0.02
28| 25 |1.17+0.06
26| 25 | 0.78+0.06
28| 4 |1.23£005

We can conclude from the data shown in the table above thed tha significant differ-
ence between the results of the numerical modeling and theriexents. The exponent
not only differs from the numerically predicted two but atsEpends on the stoichiometric
ratio of the reactants. | have also investigated the effertducing the temperature from
25 °C to 4 °C without changing the reaction mechanism for a given chahuomposi-
tion. The mixing length decreases by decreasing the teryveras Fig. 2 illustrates, but
the scaling exponer remains constant within the experimental error. The con&ide-
comes smaller when the magnitude of the density differesndecreased, i.e., temperature
is increased.
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Figure 2: The mixing length, as a function of the vessel heightat25 °C and a4 °C. The
solid lines correspond to the results of fittinglag = CLS.



lll. There exists a universal scaling exponent (143P.08), which is valid for thin reaction
fronts. [2]

The scaling exponents are in a good agreement for thin ceaftonts propagating hori-
zontally with opposite density changes. The use of the saaetion conditions for the
chlorite-tetrathionate and the iodate-arsenous aciésyste., chlorite ion and arsenous
acid are in excess, temperature is°€5and the thickness of the reaction vessel is three
mm, the determined exponents equal within the experimentat: the exponent for the
CT system is 1.3% 0.08, while for the IAA it is 1.33t 0.02. The density increases when
the chlorite ion oxidizes the tetrathionate ion, while tlemsity of the product mixture in
the iodate-arsenous acid reaction is lower compared tmftthe reactant solution, thus,
the isothermal density difference is positive in the forraed negative in the latter case.

IV. The heat release stabilizes the pattern evolving in sufiigi¢hick solutions for horizon-
tally propagating reaction fronts in the exothermic CT raant [3]

During the experiments, continuously changing shapes disoovered when the 6 mm
wide vessel was used, since the heat release and the hedétrégmmough the vessel wall
became comparable. As the thickness of the glass-walletisearessel increased, struc-
tures with constant shape and velocity emerged at 11 mmnegskshown in Fig. 3. Pre-
sumably, the heat evolution during the exothermic readbielps the stabilization of the
pattern. In thick solution layers, chemical fronts of camstshape propagating with con-
stant velocity emerge because the heat evolved on incgettsnliquid thickness results
in a inefficient cooling through the wall.

(@)

(b)

Figure 3: Images of fronts propagating from left to right at100 s: side (b)-(d) and top view
(a)-(c), at 11 mm (a)-(b) and at 21 mm (c)-(d) wide of glasbsla

V. The mixing lengths, determined from the top and the sideackexize the stable patterns
and they are independent of the solution thickng3s.

The three-dimensional stationary structure that has tvaoadteristic regions: the leading
symmetric edge and the V-shaped trailing cusp. The side ofdhe leading edge gives a
single cell. For its quantitative characterization, therage front positions were divided
by the corresponding thickness of the container resulting normalized front profile.



The overlap of these profiles indicates that the amplitudheffront is independent of
the thickness of the vessel. The top view of the trailing susipows that the amplitude
increases on increasing the solution thickness while tgeeavhere the segments coalesce
is constant. Overall, it can be stated that besides the ¥@ntity certain characteristics
of the top and side views are independent of the solutiokmi@ss in an 11 — 21 mm range.

VI. Marangoni instability, altering the shape of a constantfrprofile, can evolve in the IAA
system[4]

In the IAA reaction — due to surface tension difference — Mgai instability was de-
tected at appropriate arsenous acid and iodate concentratio, when sufficient amount
of surface-active iodine is developed. The introductiorihaf air gap yields a different
structure with greater mixing lengths (as illustrated ig.H), since the reactant solution
with higher surface tension pulls the product solution vidtlver surface tension. When
the experiments carried out at R = 2.6 ratio, af€5 and at 10 mm thick spacer — where
convection is the greatest — the doubling of the air gap do¢sawuse any deviation in
the profiles since they are the same within the experimental. éJsing the more iodine-
producing reactant composition in the narrow Hele-Shawgeles we obtain front shapes
with longer mixing lengths due to the greater increase irvtileme of air.
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Figure 4. Temporal average profile of the stable patternssébected container heights at
[As(lll)]o/[103]0 = 2,6 ratio: without free surfaces}, 1 cm high air gap ), 2 cm high

airgap ).



VII.

The Marangoni instability can be eliminated by lowering teenperature where the sur-
face tension difference becomes negligipig.

The iodate-arsenous acid reaction is exothermic, thus d¢a¢ teleased near the front
causes further decrease in the overall density. In ordelinmdnate this effect, the re-
action vessel is thermostated td’@. Under these conditions, Marangoni instability is
also eliminated, since the stable front profiles overlagiwithe experimental error. At
R = 2.6 ratio the characteristic mixing length increases gmemter manner in the case of
thicker reaction vessels. The surface tension differeet&den the reactant and product
solutions is reduced at4C. Hence, when the temperature is reduced frorhiQ%o 4°C,
the mixing length not only decreases but also Marangorabilty is eliminated.
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