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Pattern formation driven by an acid-base neutralization reaction in aqueous media
in a gravitational field
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We report the hydrodynamic instabilities found in a simple exothermic neutralization reaction. Although the
heavier aqueous NaOH solution was put below the lighter layer of aqueous HCI solution, fingering at the
interface in a Hele-Shaw cell was observed. The reaction front, which propagates downward, becomes buoy-
antly unstable in the gravity field. The mixing zone length and wave number depend on the reactant concen-
trations. The mixing zone length increases and the wave number decreases when the reactant concentrations

decrease.
DOI: 10.1103/PhysRevE.77.015304

The instability of reaction-diffusion fronts has received
great attention during recent years. Most of these studies are
focused on traveling chemical fronts, produced by autocata-
lytic reactions, where steep gradients of the hydrodynami-
cally relevant properties such as density, surface tension, or
viscosity produce fingering patterns. Chemical autocatalysis
was used to study the effects of a chemical reaction trigger-
ing hydrodynamic Rayleigh-Taylor instabilities [1-3]. These
instabilities occur when a denser fluid lies on top of a lighter
one in the gravitational field [4,5]. The initially flat chemical
front, which results from the coupling between the chemical
reaction rate and the molecular diffusion [5,6], loses its sta-
bility due to buoyancy effects, developing a fingering pattern
[7]. On the other hand, heat production due to the exothermic
reaction and temperature rise are very important, because
they may stabilize the exothermic descending front [8,9].
This effect can be controlled by applying external cooling
along the sidewalls of the reactor [10]. Several numerical and
experimental studies of the hydrodynamic instability of
chemical systems [9—12] and the effect of the thermal diffu-
sion on autocatalytic systems [13] have been reported. In
these cases, the critical wave number depends not only on
the difference of density between products and reactants but
also on the velocity, thickness of the chemical front, and
reactant concentrations [14]. Hydrodynamic instabilities in
an acid-base reaction at the interface of an organic liquid
(isobutyl alcohol or cyclohexane) and a basic aqueous solu-
tion were reported by Eckert and Grahn [11] and Eckert e al.
[12]. In these systems, the dynamics are driven by internal
sources of energy provided by the chemical reaction: the
release of the enthalpy of proton neutralization provides sol-
ute and thermal gradients.

In this Rapid Communication we present, to the best of
our knowledge, the first report of hydrodynamic instabilities
produced by a neutralization reaction between aqueous solu-
tions of a strong acid (HCI) and a strong base (NaOH), with-
out introducing organic solvents or weak acids or bases. The
experiments were performed in a two-layer system, placed in
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two Hele-Shaw (HS) cells. Each HS cell was constructed
with two Plexiglas plates (20X 20X 1.2 cm?), separated by
a U-shaped polymeric (high-density polyethylene) spacer
that closes the cell at the bottom and sides for the lower cell
and the top and sides for the upper, with a gap width of
d=1.0 mm (Fig. 1). The HS cells can be fixed vertically
or horizontally. The two-layer system is formed of a
lower aqueous NaOH solution (concentration C,=0.100M,
0.030M, or 0.010M) containing bromocresol green as an
acid-base indicator (0.0032M in all cases), and an upper re-
gion, with an acidic (HCI) solution of the same molar con-
centration (C,) as the base below. Cell filling was done by
means of syringes. The lower cell was filled by injecting the
basic solution plus pH indicator from the bottom. To fill the
upper cell, the acid solution was poured in a container and
aspirated from the top inlet with a syringe. When both cells
were full, the container was removed and the cells were care-
fully put in contact to start the reaction.
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FIG. 1. Hele Shaw cells: (a) The cells are separated to fill with
the solutions; (b) the cells are put in contact to start the reaction.
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TABLE 1. Densities (&) of aqueous solutions.

Concentration S(HCI) S(NaOH +pH indicator) Temperature A S between layers
(HCI, NaOH) (g/cm?) (g/cm?) (°C) (g/cm?)
0.010M 0.9977 0.9985 21.5 0.0008
0.030M 0.9980 0.9998 23.0 0.0018
0.100M 0.9987 1.0028 25.1 0.0041

The densities of the basic solutions plus pH indicator
were always higher than those of the acidic solutions
(Table TI). Densities were measured with a precision of
+/-0.0001 g/cm? using an Anton Paar DMA 35N densim-
eter. Bromocresol green (BG) (pKuBG=5,3) was the chosen
acid-base indicator because of its relatively high solubility
and sharp color differences between acidic (bright yellow)
and basic (dark blue) forms. We were able to follow experi-
mentally the reaction front and the pattern formation through
observing the color changes of the indicator. The HS cell was
illuminated with transmitted diffuse white light and photo-
graphs were recorded at desired time intervals with a digital
camera (3072 X 2304 pixels). Images were stored and pro-
cessed with programs based on language C, developed in the
laboratory, in order to obtain the interface position, the trav-
eling front speed, the pattern wavelength, and the length of
the mixing zone as a function of time. To determine the
mixing zone, the program finds the front shape of every im-
age. Then it calculates the region along the x axis (Fig. 1)
where the average acid concentration lies between 5% and
95%. The length of this zone is considered the “length of the
mixing zone.”

While in water NaOH is a strong base and HCI a strong
acid, the reaction taking place is proton neutralization (reac-
tion enthalpy AH ~—57 kJ/mol) to form H,O. This is one of
the fastest solution reactions: g for the forward reaction is
14X 10" I'mol™' s7' and 2.5X 107 I mol™!s™! for the re-
verse reaction [15]. The mobility of protons in water is about
three times that of typical ions (Grotthus mechanism) due to
a cooperative rearrangement of the atoms through a network
of several hydrogen-bonded H,O molecules. In their reaction
with OH™, ions whose mobility is also high, an equivalent
quantity of water (the solvent) is formed. As the hydrated
Na*(aq) and ClI~(aq) ions will diffuse from one layer into the
other (without reacting, as the driving force is water forma-
tion), in the mixing zone these ions are the prevailing spe-
cies. The densities of the initial acidic and basic solutions
were measured (Table I), but we lack an experimental value
for the density of the saline solution. The volume in the HS
cell where the NaCl solution is formed is not known and we
cannot take a representative sample of this solution without
perturbing the whole system.

When both HS cells are put in contact in a vertical posi-
tion, a horizontal front that propagates downward is formed
[Figs. 2(a)-2(c)]. Depending on the reactant concentration, a
characteristic structure with segments curved convexly to-
ward the acidic phase develops at different times (fingers).
To be sure that gravity g is important in the pattern forma-
tion, experiments with the HS in the horizontal position were
performed [Fig. 2(d)]: as no pattern was observed in the

reaction front using the cells in this position, the released
potential energy emerges from buoyancy. In all experiments,
in either the vertical or horizontal position, the reaction front
moves toward the basic solution because the acid has a
higher diffusion coefficient than the base.

From Figs. 2(a) and 2(d) it is possible to verify that the
rate of advance of the reaction front is consistent with a
diffusive process with D~ 107 cm?/s, of the same order as
the diffusion coefficients of the involved species.

The pattern wavelength and length of the mixing zone
also depend on reactant concentrations. Figure 3 shows
the length of the mixing zone evolution as a function of time
for different concentrations (0.010M, 0.030M, and 0.100M).
In the case of using 0.010M solutions, a pattern is distin-
guishable after about 30 min of contact and further evolu-
tion of the pattern and the length of the mixing zone is ob-
served at any time. For 0.030M solutions, although the mix-
ing zone length increases as a function of time, it is always
smaller than that observed with 0.010M solutions for the
same time. For 0.100M solutions, once the instability is
formed, no further evolution is observed during the next
7 days (Figs. 2 and 3).

Power spectral densities for different concentrations are
shown in Fig. 4. For reactant concentrations of 0.010M,
0.030M, and 0.100M, the wave numbers k are 1.16, 2.80,
and 3.80 mm™', respectively. The power spectral density
P of the wave number k& with maximum growth rate oy
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FIG. 2. Experimental image, for (a) 0.100M, (b) 0.030M,
and (c) 0.010M solutions at different times (vertical position). (d)
0.010M solution at different times (horizontal position). Light zones
correspond to basic phase and dark zones to acidic phase. Scale:
Vertical black bar=1 cm.

015304-2

RAPID COMMUNICATIONS



PATTERN FORMATION DRIVEN BY AN ACID-BASE...

8
e
2
gé) 0.2 B
_O g |
g | 2ol . 4
i g R ——
8 4r % 500 7
N time (min)
<y — 0.010M
g - 0.030M
X 2 <= 0.100M |
g
0 [T LRANTTLY Mt R S A e L e e — o — -
0 2000 4000 6000 8000 10000

time (min)

FIG. 3. Variations of the mixing zone (lower half Hele-Shaw
cell) as a function of time for different reactant concentrations.

(k=3.80 mm™!) as a function of time, for 0.100M solutions,
is shown in Fig. 5. We can see that at early times (2000 min)
there is a growing amplitude (o} # 0); for longer times, the
amplitude remains constant (o, =~0). Wave numbers were
obtained from the images (some of them are shown in Fig. 2)
by applying a one-dimensional Fourier transformation to the
interface.

The wave number with maximum growth rate increases
with solution concentration. The same behavior was found in
experimental and numerical works with the chlorite-
tetrathionate (CT) reaction [2,16], where an increase in the
concentration is observed to produce an increase in the wave
number. A further increase in concentration can lead to a
pattern with such a high wave number that a flat front is
obtained. Figure 4 also shows that the amplitude (propor-
tional to the wave number power) for the 0.010M solutions is
more than ten times higher than that obtained for 0.030M
and 0.100M solutions. This is in agreement with the finger
amplitudes observed in Fig. 2.
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FIG. 4. Power spectral densities P of the fingers for different
concentrations (=6648 min). Note that the basic modes increase
when the solution concentration increases.
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FIG. 5. Power spectral density P of the wave number with maxi-
mum growing rate (k=3.8 mm~!) as a function of time, for 0.100M
solutions, obtained from Fourier transformation. P stabilizes for
1>2000 min.

Although the origin of this instability is not known, pos-
sible driving forces might be related to phenomena such as
local density increase due to salt production, local density
decrease by temperature rise and dilution due to water for-
mation, or a large difference between the diffusion coeffi-
cients of the reacting species.

Density changes at the interface could be expected when a
heavier product (e.g., NaCl) than the reactant (NaOH) is ob-
tained in the mixing zone [17]. On the other hand, as the
neutralization reaction is exothermic, heat release could pro-
duce a local density decrease in the HCI solution at the re-
action front. As this hotter solution lies below the rest of the
HCI solution, still at room temperature, the system becomes
unstable.

We observed that a chemical reaction can trigger a
buoyancy-driven instability across the interface separating
two hydrodynamically stable fluids. In this case, although a
fluid of lesser density was placed on top of a denser one,
once the reaction takes place, the system leads to instabilities
due to gravity field effects. The results depend strongly on
the reactant concentrations. The mixing zone increases as the
reactant concentration decreases. As an increase of reactant
concentration produces an increase in the wave numbers, flat
fronts could be expected with still higher reactant concentra-
tions than those used in this work.

Although in this study, as well as in previous work by
Eckert and co-workers [11,12], instabilities are observed
when a hydrodynamically stable system is coupled with an
acid-base neutralization reaction, our system is based exclu-
sively on aqueous solutions of a strong acid and base. This
experimental modification rules out several experimental
constraints that are present in a two-layer case that uses an
immiscible organic solvent containing the acidic species and
water as solvent for the basic species. In our case, as water is
the solvent in both layers, we avoid effects due to surface
tension; the layers have almost the same viscosity, so viscous
fingering can be ruled out; there is no need to consider partial
solubilities between an organic solvent and water and their
effect on the acid partition between the two layers. Using
only aqueous solutions, the neutralization will be limited by
diffusion of the reactive species and there is no need to con-
sider the rate at which the acidic species crosses the immis-
cible solvent boundary. As a consequence, we worked with
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time scales on the order of hours or days to observe different
patterns in moving fronts instead of time scales of seconds
and a mixing zone that broadens near the interface. In our
system, employing only aqueous layers, a completely differ-
ent fingering pattern is produced because the behavior of the
species is different.

Pojman et al. [18] observed convection and fingering
when an aqueous solution of sulfuric acid was put in contact
with a sodium sulfate solution, whose concentrations were
selected to put the less dense solution always on top before
the experiment was triggered. In this case, the larger dif-
fusion coefficient of sulfuric acid (2.9X 107> cm?/s) was
the cause of the instability: one species must have a diffu-
sion coefficient at least three times larger than the other
species. For a descending front, Pojman er al. describe a
weak convection due to this diffusion coefficient differ-
ence that produces fingering observable on time scales of
a few minutes. In our case, HCI has the larger diffusion
coefficient (1.41X 107> cm?/s), but compared with NaOH
(1.07 X 107> cm?/s), the ratio is 1.3. We observed that the
acid enters into the basic solution and a moving front toward
the basic layer is obtained, whenever the cell is in the vertical
or horizontal position. As the fingering regime is produced in
the vertical position, and a flat front is observed in the hori-
zontal position for the same chemical composition, the fin-
gering phenomenon is gravity related. As both reactants
move fast and a dilution in the mixing zone is produced due
to water formation when neutralization takes place, a con-
centration depletion of the acid on top of the interface can be
expected, leading to a Rayleigh-Taylor instability. So, after
the onset of the instability, the movement of the species will
no longer be diffusive but convective. At higher concentra-
tions, the difference in densities between the layers is higher
(Table 1), slowing down the fingering process. At higher re-
actant concentrations, the neutralization reaction proceeds
faster, segregating the reactants soon after the cells are put in
contact. Once the segregation is established, the density dif-
ference between the reactants stabilizes the dynamics and the
instability is “frozen” at the acid-salt interface and no con-
vective movement is observed. In fact, using 0.1M solutions,
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the reaction front moves at a rate consistent with a diffusive
process, without disturbing the wave pattern. At lower con-
centrations the convective movement can proceed without
the initial density stabilizing effect, leading to a fingering
process.

On the other hand, there are many studies reported on
instabilities observed in autocatalytic reactions. Results ob-
tained with this kind of reaction (by Lima et al. [2] and
Bédnsagi er al. [16], changing reactant concentrations in
chlorite-tetrathionate (CT) experiments, or Epstein and Poj-
man [7], for example), show that the chemical reaction fa-
vors planar fronts, leading to a more effective coarsening in
the nonlinear fingering regime. For CT experiments, as well
as in the acid-base system presented here, moving fronts are
observed. In CT experiments the reactants are mixed
throughout the cell before the reaction takes place, leading to
a constant reaction rate and a genuinely unstable Rayleigh-
Taylor density stratification. In this case (CT experiment) the
front movement is related to the chemical reaction rate. It
remains as an open question which pathway is responsible
for the observed instabilities in the acid-base neutralization.

As a conclusion, we report that an acid-base reaction be-
tween aqueous HCI and NaOH solutions can lead to insta-
bilities due to gravitational field effects when the compo-
nents in a hydrodynamically stable two-layer system, with a
simpler chemical composition than those previously reported
in the literature, are put in contact using vertical HS cells.
The initial concentration of the reactants determines the dy-
namics of the reactive front, pattern formation, and interface
growth rate. Clearly, there is a reactant concentration at
which a transition from diffusive to convective movement
takes place. Further studies are needed to fully understand
this system. In particular, numerical simulations will provide
a better insight into the reactant and product concentrations,
as well as the density profile through the mixing zone.
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