
Viscous Fingering Induced by a pH-Sensitive Clock Reaction
D. M. Escala,† A. De Wit,‡ J. Carballido-Landeira,§ and A. P. Muñuzuri*,†
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ABSTRACT: A pH-changing clock chemical system, also known to induce
changes in viscosity, is shown experimentally to induce a viscous fingering
instability during the displacement of reactive solutions in a Hele-Shaw cell.
Specifically, a low-viscosity solution of formaldehyde is displaced by a more
viscous solution of sulfite and of a pH-sensitive poly(acrylic acid) polymer.
The pH change triggered by the formaldehyde−sulfite clock reaction in the
reactive contact zone between the two solutions affects the polymer and
induces a local increase of the viscosity that destabilizes the displacement via a
viscous fingering instability. The influence of changes in the chemical
parameters on this fingering instability is analyzed using different techniques
and the results are compared with numerical simulations.

■ INTRODUCTION

Research in pH-sensitive materials is a major subject in science
due to possible applications in a broad variety of fields. Just to
name a few, many innovative medical therapies are focused on
the use of pH-responsive systems to test drug-targeting
techniques.1,2 Recently, several experimental studies have
reported the possibility to control and modulate the hydro-
dynamic viscous fingering instability by using chemical
neutralization reactions coupled with pH-sensitive polymers3−7

or polymerization reactions.8,9 Viscous fingering typically
occurs when a low-viscosity solution displaces a more viscous
one and leads to increased mixing between the two liquids. It
can be detrimental in chemical10 and petroleum3,11 applica-
tions, which explains the experimental3−9 and theoretical12,13

efforts devoted to control this hydrodynamic instability by in
situ chemically driven viscosity changes.3,4

Recently, it has been shown that pH-sensitive materials can
also be coupled with more complex pH-changing chemical
reactions such as clock reactions and pH oscillators.14−16 In
particular, it has been shown that a clock-type change in the
viscosity of a liquid can be obtained by coupling a pH-sensitive
polymer (poly(acrylic acid), PAA) with a pH-changing clock
reaction.17 This paves the way to a more sensitive control of
viscous fingering using the power of nonlinear chemical
reactions18,19 to modulate the viscosity in situ both in time and
space.
In this context, we study here both experimentally and

numerically chemically induced viscous fingering occurring
when a low-viscosity solution of formaldehyde is displaced
radially in a confined geometry at a fixed flow rate by a more

viscous solution of sodium sulfite and PAA. The form-
aldehyde−sulfite (FS) system is a typical example of a
nonlinear chemical reaction exhibiting a clock behavior in
batch systems featuring large and well-controlled changes in
pH.14,17 pH-sensitive PAA has been shown, in a batch reactor,
to be able to produce viscosity changes depending on the pH
changes.17 We explore here the possibility to use this reactive
feedback on viscosity to trigger and control viscous fingering
by changing the control parameters of the hydrodynamics and
the chemistry involved.
Experiments are performed in a Hele-Shaw cell (two glass

plates separated by a thin gap). Initially, no reaction can occur
as the cell is filled only with formaldehyde solution. At the
beginning of the experiment, a fixed volume of a more viscous
solution of sulfite and PAA is injected into the system. This
first displacement is hydrodynamically stable. Upon contact
during a given time with no further injection between the two
reactants of the FS clock reaction in the cell, a local change in
pH is triggered, which generates in situ a non-monotonic
viscosity profile with a maximum. When injection starts again,
a viscous fingering instability can then be observed depending
on the concentrations of the reactants.
This chemically driven fingering is analyzed experimentally

for a broad range of flow rates and conditions. The reactivity of
the system was modulated by varying the initial concentrations
of the main reagents (sulfite and formaldehyde), whereas the
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hydrodynamics was controlled by varying the flow rate.
Advanced optical techniques are also used to detect the
index of refraction gradients to unveil the mechanism behind
the generation of the more viscous zone of reaction where the
fingers are produced. In particular, it was observed that
polymer aggregation is essential for the finger formation.
Nonlinear simulations of the detailed kinetics of the FS
reaction allow to construct reaction−diffusion pH profiles and
hence the related viscosity profiles. When coupled to a flow
model of fingering, numerical results of the convective
instability present a good qualitative agreement with the
experiments.

■ MATERIALS AND METHODS
Experimental Section. The low-viscosity displaced solution is an

aqueous solution of formaldehyde prepared by directly diluting a
commercial formalin solution by double-distilled water in appropriate
proportions. The high-viscosity displacing solution was prepared by
mixing stocks of poly(acrylic acid) (PAA), sodium sulfite, and a pH
indicator as follows: 1 g of reagent-grade PAA (Sigma) with an
average molecular weight of 4 × 106 g/mol was diluted into 180 mL
of double-distilled water at 80 °C to facilitate solubility. Then, the
mixture was cooled down to 23 °C and the final volume was brought
to 200 mL to obtain a PAA stock solution of 0.5 wt %. The sodium
sulfite stock solution was prepared by diluting 25.21 g of reagent-
grade Na2SO3 (Sigma) in 100 mL of double-distilled water bubbled
with argon to avoid oxidation. The pH color indicator (hereafter CI)
used for these experiments is a 0.4% hydroalcoholic solution of
Bromothymol blue prepared by dissolving 1 g of Bromothymol blue
sodium salt powder (Sigma) into 50 mL of 96% ethanol solution
diluting up to a final volume of 250 mL by adding 200 mL of double-
distilled water. The CI shows a yellow color for pH values below 6
(acidic state), a green color for pH between 6 and 7 (neutral state),
and a blue color for pH values above 7 (basic state).20 The complete
characterization of the clock reaction as well as the rheological
properties of the polymer solution have been reported elsewhere.17

To rule out any artifact in the results due to the elastic property of the
polymer solution, the first normal stress difference (N1) of the mixture
and the shear rate inside the Hele-Shaw were measured. This
information can be consulted in the Supporting Information (SI).
The sketch of the experimental setup is shown in Figure 1. The

Hele-Shaw cell was built using two square glass plates (25 cm × 25

cm) separated by a poly(tetrafluoroethylene) frame of 0.25 mm
thickness. The horizontal cell was initially filled with the displaced
solution. The displacing PAA/sulfite solution was injected through a 4
mm hole located at the geometric center of the bottom plate using a
syringe pump (kdScientific: Legato 200 series). All experiments were
recorded from above using a charge-coupled device (CCD) camera
(PixeLINK: PL-B776U) connected to a computer. The samples were
illuminated from below using a rectangular light-emitting diode pad

and a light diffuser (Figure 1a). The image postprocessing was done
with the GNU software FIJI.21 Some experiments were also
performed using a Schlieren technique (Figure 1b) to track changes
in the optical index of refraction of the solutions induced by fluid
movements that cannot be observed by a direct optical inspec-
tion.8,9,22 To perform the Schlieren measurements, the Hele-Shaw cell
was placed between two collimator lenses. The system was
illuminated using a pinhole-led light source. An iris cutoff filter was
located at the focus point between the CCD and the collimator
lens.22,23 To start the experiment, the formaldehyde solution is first
displaced by 3 mL of PAA/sulfite solution at an injection flow rate of
7 mL/min. Then, the injection is stopped and the chemicals are
allowed to diffuse and the reaction to take place in the miscible
reaction zone between both solutions during 3 h. After this time
(indicated as t = 0 s in Figure 2), injection is started again and the

viscous fingering instability is studied by injecting 3 mL of the
displacing solution at four different flow rates Q (2.5, 7, 10, and 20
mL/min).

Numerical Methods. Numerical simulations are produced
integrating the reaction model described by Kovacs et al.14 The
initial condition for the simulations was obtained in a similar way as in
the experiments. First, a one-dimensional (1D)-reaction−diffusion
simulation was performed by locating the required reagents into the
proper spatial coordinates following the experimental procedure. In
the absence of convection, the final concentration profiles were
obtained by solving the following reaction−diffusion equations

∂ = ∇ +C D C R C( )i i i i it
2 (1)

where Ci represents the concentration of species i included in the
chemical model in Table S1. Di is the diffusion coefficient for each
species. Diffusion coefficients24 were set as DD = 1 × 10−9 m2/s for all
reagents in the displaced solution (lower viscosity) and DR = 1 ×
10−11 m2/s for all reagents in the displacing solution (higher viscosity)
and Ri represents the reaction term. The reaction equations and the
rate constants are in Table S1. A mass action rate law was used to

Figure 1. Schematics of the experimental setup. (a) Configuration for
visible light detection (colored experiments). (b) Schlieren arrange-
ment for optical detection of gradients of index of refraction in the
absence of color indicator.

Figure 2. Comparison of three experiments where the [form-
aldehyde]0 in the displaced solution is (a) 0 M, (b) 0.0496 M, and (c)
0.75 M. In all three cases, the concentrations of other reagents were
kept constant at [PAA]0 = 0.4386 wt %, [SO3

2−]0 = 0.0684 M, and
[CI]0 = 0.021 wt %. The displacing solution was injected at a flow rate
of 7 mL/min after obtaining the initial condition as described in the
Materials and Methods section. In the last column, schematic profiles
corresponding to each initial condition are shown, indicating the
minimum (μmin), maximum (μmax), and displacing solution (μ1)
viscosities.
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calculate the rate equations in all cases. The 1D spatial profiles of H+

and OH− obtained in this way were then mapped into a two-
dimensional (2D) space by simply rotating it around the origin, and it
was taken as the initial condition for the diffusion−convection
simulation.
With the initial condition obtained, the nonlinear diffusion−

convection simulations were performed using a second-order finite-
element method approximation.25 The system dynamics were
modeled by implementing Darcy’s law for the flow velocity simulated
in Ansys Fluent 18.1. A 2D circular domain was discretized using a
structured mesh of regular elements (see the Supporting Information
for additional details on the selection of the grid mesh size and
validation of the model). The equations solved are

∇̅· ̅ =u 0 (2)

μ
κ

∇̅· = − · ̅p
r u( )

(3)

∂ + ̅·∇̅ + ∇C u C D Ci i i it
2 (4)

where μ(r) is the spatially varying viscosity profile with r the radial
coordinate in the domain and κ = h2/12 is the permeability calculated
from the Hele-Shaw cell gap h. The diffusion coefficients Di were set
as previously described and Ci are the concentration fields for H+ and
OH−. In the convective case, the reactivity of the species was not
considered as the characteristic injection times were much faster than
the experimental reaction time. The estimated Damköhler number for
the experiments is in the range Da ∈ (0.0005 ± 0.0002, 0.0034 ±
0.0015) (see the SI for details), thus the reaction times are much
larger than the advection time.
All simulations were performed using dimensional units to facilitate

direct comparison with the experiments. The inlet flow velocity at the
central boundary was calculated using

− ̅· ̅ =n u v Q( )0 (5)

where v0 = Q/2πrh. The injection hole is the inner circular region
with r = 2 mm.5,26 The outlet boundary condition was set with a
pressure outlet p = 0 Pa.

■ RESULTS
Experiments. Figure 2 shows the dynamics of the system

when the initial concentration of formaldehyde is varied while
the other reagent concentrations are kept constant ([PAA]0 =
0.4386 wt %, [SO3

2−]0 = 0.0684 M and [CI]0 = 0.021 wt %).
The chemical conditions were chosen as the optimal values to
maximize the differences between the initial and the final pH
and viscosity in a batch reactor following ref 17. Note that the
system is very sensitive to the initial chemical concentrations
and, in particular, to [PAA]0. Each row shows the temporal
evolution of one experiment in addition to a schematic plot of
the spatial viscosity profile for the same configuration. Figure
2a features the control experiment where pure water is the
displaced solution. Due to the absence of reactivity between
the involved solutions, the displacement is hydrodynamically
stable, as the viscosity of the displacing polymeric solution is
larger than that of the displaced water.
Hence, the front remains circular without any fingering

instability. This behavior is coherent with the schematic
viscosity profile shown in the last column of the first row,
where the viscosity profile remains stable along the whole
experiment due to the lack of reaction.
When the concentration of formaldehyde is nonzero in the

displaced solution (Figure 2b,c), a blue contour associated to a
zone of high pH can be observed in the contact zone between
both liquids. This blue color witnesses the occurrence of the
pH-changing reaction between formaldehyde in the displaced

fluid and the sulfite dissolved in the injected solution. The
thickness of this blue contour increases in time due to diffusion
and reaction in the radial geometry.26 At a fixed time, this
thickness also depends on the values of the reaction
parameters. Typically, in Figure 2b, although the blue contour
is appreciated, the low formaldehyde concentration (0.0496
M) generates only a thin blue contour in which the viscosity
increase is too low and not extended enough to trigger a
viscous fingering instability (see also the schematic viscosity
profile). The displacement front remains therefore essentially
circular, with very small or negligible perturbations. In the last
case (Figure 2c), the formaldehyde concentration is large
enough (0.75 M) to generate a wider zone of larger viscosity,
which makes the emergence of a well-defined fingering
instability possible.
In the following sections, we will analyze the effect of varying

the FS reactant concentrations and flow rate on the fingering
described in Figure 2.

Initial Mixing Area Size. The dependence of the initial
blue contour thickness (or initially mixed area) as a function of
[formaldehyde]0 and [SO3

2−]0 is presented in Figure 3. Panel

(a) shows that a large increment in the thickness of the blue
contour is observed when the formaldehyde initial concen-
tration is increased. The measured thickness varies from 0 mm
in the control experiment, ([formaldehyde]0 = 0 M), up to an
average value of 11.8 mm for [formaldehyde]0 = 0.75 M. In
Figure 3b, the effect on the blue contour thickness of varying
sulfite concentration is shown. Low concentration values
produce almost no reactivity (demonstrated in the low
interface thickness) until [SO3

2−]0 ≥ 0.056 M. Above this
value, the thickness continuously increases until [SO3

2−]0 =
0.087 M, above which a slow decrease of the thickness is
observed for the remaining values of [SO3

2−]0 considered.
Another remarkable effect is that the blue contour becomes
fuzzy for [SO3

2−]0 ≥ 0.0870 M (inset b2) in contrast to the
sharp boundary observed for [SO3

2−]0 = 0.0561 M (inset b1).
Circularity. To quantify the strength of the fingering

mechanism, we measure a morphological descriptor called
circularity C = 4π[area/perimeter2] that describes how close
the boundary between the two solutions is to a perfect circle.
The value of C was calculated directly using FIJI.21 The used
algorithm calculates the whole area and the perimeter of a
binary mask created from the experimental and numerical
patterns (details are given in the SI). Some other observables

Figure 3. Initial condition thickness as a function of (a) [form-
aldehyde]0 at [SO3

2−]0 = 0.0684 M and (b) [SO3
2−]0 at [form-

aldehyde]0 = 0.75 M. All measurements were done 3 h after the
injection in the Hele-Shaw cell of 3 mL of the displacing solution in
which [PAA]0 = 0.4386 wt % and [CI]0 = 0.021 wt %. Insets (b1) and
(b2) show the fuzziness at the interface for [SO3

2−]0 = 0.0614 M and
[SO3

2−]0 = 0.0870 M, respectively.
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were used in the literature27,28 to describe the nature of the
fingers such as density area. For our particular experiments, we
found that the circularity provides a more accurate description
due to the limited area where the fingers are confined (see a
more detailed description in the SI).
Figure 4 shows the variation of the circularity as a function

of the initial concentrations of formaldehyde and sulfate. In

Figure 4a, the effect of the formaldehyde initial concentration
is shown for four different flow rates at constant [PAA]0 =
0.4386 wt %, [SO3

2−]0 = 0.0684 M, and [CI]0 = 0.021 wt %.
An increasing flow rate gives smaller circularity values. This
result is associated with the well-known destabilizing effect of
increasing the flow rate on fingering.29

Additionally, an increment of the formaldehyde initial
concentration also destabilizes the system, allowing the
generation of viscous fingering between the two solutions.
For lower formaldehyde concentrations, the reaction zone is
thinner, making the system more stable and, thus, the
circularity value is closer to 1. Note that for all formaldehyde
concentrations below 0.2 M, the larger the flow rate, the more
important the destabilization is. However, for [formaldehyde]0
> 0.2 M, the circularity increases again when the formaldehyde
concentration is increased for all flow rates studied except for
20 mL/min. The Supporting Information contains a group of
pictures showing the changes that the flow rate and the
formaldehyde concentration induce in the finger shape.
Figure 4b shows the effect of changes in the sulfite initial

concentration on circularity in the displacing solution, with
[PAA]0 and [CI]0 kept constant at 0.4386 and 0.021 wt %,
respectively, and [formaldehyde]0 = 0.75 M. The curve exhibits
barely any effect for [SO3

2−]0 < 0.06 M. This is coherent with
the fact that batch measurements show almost no pH change
in this range (see Figure 2 in ref 17). For 0.06 M < [SO3

2−]0 <
0.14 M, we see a decrease in circularity up to the minimum
value of C = 0.4. The effect of sulfite concentration is especially
complex to analyze because it does not only affect the reaction
itself but also has a strong effect on the rheology17 of the
system, which, at the same time, affects the overall viscosity
ratio. As previously described in ref 17, there is a particular
concentration ([SO3

2−]0 = 0.0614 M) in a fully stirred system
that maximizes the difference between the viscosity of the
displacing solution and the viscosity of the blue zone. For
larger concentrations, the viscosity ratio decreases due to the
electrostatic quenching produced by the sodium ions over the
PAA. For such cases, we expected circularity values closer to 1

for [SO3
2−]0 > 0.0614 M. However, we observed a continuous

decrement for [SO3
2−]0 ≫ 0.077 M (which was the largest

value analyzed in the stirred system). Additionally, we also
observed the generation of the blue contour for [SO3

2−]0 =
0.0561 M, which also differs from the results previously
reported in a homogeneous system.17 These results are likely
due to the fact that the mixing between the displacing and the
displaced solution is different in the present spatially extended
system where diffusion acts compared to a stirred system.

Schlieren Experiments. To enlighten the mechanisms at
play in the instability, several control experiments were also
performed by using a Schlieren optical technique22 that allows
direct visualization of gradients of the refractive index in the
solution and, thus, to follow the flows and displacements even
if they are not accompanied by color changes. Results are
shown in Figure 5. Figure 5a is a snapshot of the moment

where the initial condition starts to form in a control
experiment with color indicator ([formaldehyde]0 = 0.1875
M, [SO3

2−]0 = 0.0684 M, and [CI]0 = 0.021 wt %). Note that
small polymer accumulations appear at the interface between
the displacing and displaced solutions (see the inset in red
circle). The generation of these polymer aggregates, related to
interface interactions between the polymer molecules in
specific chemical and electrostatic conditions, can only be
observed under Schlieren optics. This phenomenon is
extensively described in the literature.17,30−32 Once displaced,
these cumuli generate small blue plumes across the displacing
zone, indicating that its formation is produced by the reactivity
between both solutions. Additionally, note that the interface
becomes slightly deformed by the action of the polymer cumuli
that destabilize the initially stable profile. This rippling will be
essential to the development of the instability, as it produces a
fluctuation in the front that helps to trigger the fingering. In
Figure 5b−d, the temporal evolution of a control experiment
without color indicator is presented. In this particular case,
[formaldehyde]0 = 0.1875 M and [SO3

2−]0 = 0.1403 M.
Thanks to the optical technique, it is possible to appreciate

Figure 4. Circularity as a function of the initial concentration of (a)
[formaldehyde]0 for different flow rates and [SO3

2−]0 = 0.0684 M and
(b) [Sulfite]0 at [formaldehyde]0 = 0.75 M. In all cases, [PAA]0 =
0.4386 wt % and [CI]0 = 0.021 wt %. The flow rate used was 7 mL/
min. Values near 1 indicate that the obtained patterns are close to a
perfect circle.

Figure 5. Experiments analyzed under the Schlieren technique. (a)
Generation of the initial condition for a colored control experiment
where [PAA]0 = 0.4386 wt %, [formaldehyde]0 = 0.1875 M, [SO3

2−]0
= 0.0684 M, and [CI]0 = 0.021 wt %. The red circle indicates the
polymer cumulus at the interface. (b−d) Temporal evolution of the
initial condition in a colorless experiment, where [PAA]0 = 0.4386 wt
%, [formaldehyde]0 = 0.1875 M, and [SO3

2−]0 = 0.1403 M. The red
marks indicate the thickness of the reactive zone and the black dashed
line indicates the limits of the reactive contour. (e) Fingering
instability seen in a colored experiment. The finger propagation is
blocked in the displaced solution by the polymer cumuli, which act as
a barrier. (f) Fingering instability of a colorless experiment. The red
dashed line indicates the finger onset. For both experiments, the flow
rate was set at 7 mL/min.
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how the reaction contour grows in time and how its thickness
enlargement is directly related to the generation of polymer
aggregates (black dashed lines). Adjacent to this mark, a
thickness value is presented for each case. This clearly shows
how the contour becomes thicker depending on the spatial
distribution of the reagents but also shows that the polymer is
a fundamental factor in the overall development of instability.
Figure 5e,f compares the fingering instability when the

displacing solution is injected at 7 mL/min immediately after
the generation of the initial condition for a colored (Figure 5e)
and a colorless (Figure 5f) experiment. Figure 5e shows how
and where the fingering instability is produced. As it was
described before, the generation of a reactive zone is
compulsory to trigger the hydrodynamic instability. The
production of the polymer accumulations continues during
all the experiment, generating a more viscous and thicker layer
of polymer that allows the development of fingering while
blocking the fingers, flattening their tips and preventing the
propagation beyond this limit. This polymer cumuli generation
explains why plumes and fingers are observed for the highest
concentrations of sulfite. Even if the system should be stable,
the accumulation of polymer at the interface makes the finger
onset possible in those experiments where the viscosity
difference between the displacing and the blue contour is
small. Figure 5f shows the equivalent of Figure 5e for an
experiment without color indicator. The instability is delimited
by a red dashed line.
Numerical Results. The kinetic model used for the

reactive system is based on the clock reaction mechanism
proposed by Kovacs et al.14 The model includes neither the
rheological properties of the PAA nor the secondary effects
related to high sulfite concentrations.17 Furthermore, it is
intended to show only the effects associated with a classical
chemo-hydrodynamic system. The polymer is, however,
included implicitly in the viscosity−pH function to take into
account the viscosity ratio between the displacing and the
displaced solutions. Moreover, slight modifications in the
reaction rate constants were included in the reaction model to
match our experimental results with the simulations (see the SI
for details). As it was observed in the experimental results, the
blue contour is characterized by a zone with large pH, meaning
that the OH− concentration in such a location is high and
increases the interface thickness along the whole experiment.
Considering this and as described in the Materials and
Methods section, the viscosity function was modeled as μ(r) =

β10α[OH
−](r), where r is the radial coordinate, μ is the dynamic

viscosity, β = 1 Pa s is a constant related to the viscosity of the
displacing solution, and α = 9 × 107 [1/M] is a constant that
modulates the viscosity ratio between the displacing and blue
contour zones. Both values were kept constant for all the cases
studied to see the influence of [OH−] concentration on the
spatial profiles.
In Figure 6, an example of a nonlinear convective simulation

is presented. Figure 6a shows three time frames of the viscosity
field for a simulation with initial conditions identical to those
used for the experiments in Figure 2. Note that the numerical
result agrees well with the experimental counterpart (Figure
2c). Two color bars are located below the time frames,
indicating the pH and the viscosity ranges. The initial viscosity
profile for the convective simulation is presented in Figure 6b.
This profile was obtained using the reaction−diffusion model
in the same way as in the experimental procedure.

All the experimental results reported in Figures 3 and 4 were
reproduced in silico. These results are shown in Figure 7. In

Figure 7a, the initial condition thickness for various form-
aldehyde concentrations (left column) and sulfite concen-
trations (right column) is presented. Figure 7b shows the effect
of concentrations on circularity. Note that, in both cases, the
results qualitatively agree with the experimental counterpart
(see details in the SI).

■ DISCUSSION AND CONCLUSIONS
In the present work, we have analyzed one of the multiple
applications of the coupling between a pH-sensitive polymer
and a pH-changing chemical reaction. In particular, we have

Figure 6. (a) Viscosity field for a control simulation, where
[formaldehyde]0 = 0.75 M, [SO3

2−]0 = 0.0684 M, [HSO3
−]0 =

0.0533 M, [H+]0 = 1.9952 × 10−7 M, Q = 7 mL/min, DR = 1 × 10−11

m2/s, and DD = 1 × 10−9 m2/s.24 The color bars were set in
accordance with the color range of the color indicator. (b) Initial
viscosity profile across the radial coordinate obtained directly from the
simulations. Schematics of the model definition are presented in the
plot.

Figure 7. Simulation results: Row (a) Initial condition thickness as a
function of (left column) [formaldehyde]0 and (right column)
[SO3

2−]0. All values were obtained by measuring the contour
thickness generated after 3 h (simulation time). The concentration
values were exactly the same in comparison with the experimental
part, with the exception of [formaldehyde]0 = 0.005 M. For the
species inside the displaced solution, the diffusion coefficient was set
as DD = 1 × 10−9 m2/s, whereas for all the species inside the
displacing, the value was set as DR = 1 × 10−11 m2/s.24 Row (b)
Circularity is measured in the convective simulations as a function of
(left column) [formaldehyde]0 for various flow rates and (right
column) [SO3

2−]0 for a flow rate of 7 mL/min. The maximum
circularity value is indicated by the dashed line.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b03834
Langmuir 2019, 35, 4182−4188

4186

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b03834/suppl_file/la8b03834_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b03834/suppl_file/la8b03834_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b03834


adapted previous results obtained in a homogeneous batch
system17 into an open-flow Hele-Shaw arrangement to allow
for coupling between a pH clock reactive system and a
hydrodynamic instability. The aim of this work was to induce a
viscous fingering instability by reaction and modulate the
properties of the fingering by modifying characteristic
parameters of the chemistry and the hydrodynamics. We also
proposed a numerical model to confirm the experimental
results and analyze the effects of chemistry. A morphological
parameter was measured via image analysis to characterize the
results.
A qualitative and quantitative comparison between the

experiments and simulations was performed. We noticed a
good agreement between results for the blue contour
generation. This confirms not only that the reactive model
previously reported by Kovacs et al.14 is suitable to simulate
the system previously reported by Escala et at.17 but also that
the numerical parameters were appropriate as an initial
approximation. In the convective experiments, the results are
in qualitative agreement, although some minor differences can
be observed. In this case, it is necessary to separate the results
obtained by varying [formaldehyde]0 from those obtained by
varying [SO3

2−]0. In the first case, the average circularity values
obtained for high formaldehyde concentrations in the
experiments and simulations are in qualitative good agreement.
The numerical statistical analysis also shows that different
initial conditions can vary the expected decrement in
circularity. This was not observed for the sulfite case, where
simulations show some differences with the experiments. In
this case, the difference in the results is due to the simplicity of
the proposed model that did not include the rheology of the
polymer or the effect of the ionic strength, although they were
analyzed in the CSTR experiments.17 As it was previously
demonstrated,17 the electrostatic quenching produced by the
increment of the ions in the displacing solutions at larger sulfite
concentrations affects the rheological properties of the
polymer. Even if the model shows that the [OH−]
concentration increases proportionally to the sulfite concen-
tration, the viscosity ratio between the displacing and blue
zones becomes smaller. To construct a more realistic model,
the α value should be varied in each simulation as a function of
[SO3

2−]0. However, this is not an easy task to do, as the PAA
has a non-Newtonian behavior and its viscosity depends on the
sulfite concentration and also on the shear rate. Even if some
approximation can be done by performing a rheological study
of the displacing solution, it is well known that the shear rate is
not constant during a radial displacement inside a Hele-Shaw
cell.5,26 Also, more information about the real concentrations
at the interface between the displacing and displaced solutions
must be obtained. Nevertheless, in spite of its simplicity, our
model was useful in showing the main features behind the
experiments. The analysis of a more complex model will be the
subject of a future work.
It is noteworthy that the viscous fingering instability is here

triggered by using a pH reaction only at the contact zone
between the two reactant solutions. Hence, minor local
changes around the miscible interface completely modify the
global displacement stability, which can result in interesting
applications in different contexts. In addition, the use of a pH
clock reaction to influence viscous fingering paves the way for a
more complex control of this hydrodynamic instability if
additional reactive feedbacks could be added to trigger
temporal oscillations of pH.17
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Warszynśki, P. Structure of poly(acrylic acid) in electrolyte solutions
determined from simulations and viscosity measurements. J. Phys.
Chem. B 2006, 110, 22426−22435.
(25) Li, J.; Rivier̀e, B. Numerical modeling of miscible viscous
fingering instabilities by high-order methods. Transp. Porous Media
2016, 113, 607−628.
(26) Brau, F.; Schuszter, G.; De Wit, A. Flow control of A + B → C
fronts by radial injection. Phys. Rev. Lett. 2017, 118, No. 134101.
(27) Nagatsu, Y.; Kondo, Y.; Kato, Y.; Tada, Y. Effects of moderate
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(32) Kobayashi, S.; Müllen, K. Encyclopedia of Polymeric Nanoma-
terials; Springer, 2015; pp 1654−1658.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b03834
Langmuir 2019, 35, 4182−4188

4188

http://dx.doi.org/10.1021/acs.langmuir.8b03834

