PHYSICAL REVIEW FLUIDS 5, 082201(R) (2020)

Convective flow driven by a chemical nanopump
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We demonstrate experimentally and theoretically that self-assembled precipitate mem-
branes with dual permeability can initiate and maintain exchange nanoflows using the
chemical-potential gradient of a dissolving solute. Moreover, we show how such chemical
energy can drive stable, oscillatory, and explosive convective motions.
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I. INTRODUCTION

Porous membranes are important in both nature and industry owing to their ability to control the
exchange of chemicals between two distinct environments [1,2]. Examples include hydrothermal
vent structures [3,4], biological cell walls [5,6], and porous materials for water purification [7-9].
The simplest membranes are permeable and allow the exchange of chemicals in both directions.
A more complex control of the flow is achieved by semipermeable membranes, which may allow
some chemicals through but not others [10—13]. This control is normally the result of size restriction
or electrical-charge effects; e.g., a small solvent molecule can move through the pores, but a larger
solute is rejected. This latter class of membranes is of interest for selectivity in transport processes
[14,15]. Only the most complex membranes exert selective transport in both directions, such as
biological ones [16,17].

Facilitated diffusion of a solute across a membrane has been studied for a few decades now
[18-20]. The solute molecule can be transported against its concentration gradient by first reacting
with a carrier molecule. The usual energy sources for this assisted diffusion are either the chemical
reaction itself [19,20] or the chemical gradient of a second solute [18]. However, a much faster
pump, driving convective flow instead of a diffusive one, can be designed. Indeed, semipermeable
membranes enable the gradient of chemical potential of a solute to be converted into kinetic energy
of the solvent in a fluid mixture [21-24]. This energy conversion occurs during osmotic flow
across the membrane: The change in momentum of the solute molecules rebounding at the wall
of the membrane induces a force that drives the solvent toward the environment rich in solute [25].
Chemical-garden membranes have been demonstrated to exhibit the necessary semipermeability for
osmotic pumping [26]. For example, a cobalt silicate membrane allows water molecules across it,
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but rebounds silicate and cobalt ions approaching its surface. Modern work on chemical gardens
has shown that the ensuing fluid-flow patterns near the membrane are complex and produce a wide
variety of membrane structures in three- [27-31], two- [32,33], and even one-dimensional [34,35]
configurations. However, no study has hitherto focused on the convective flow across the membrane.
Here, we show how such a study can pave the way for the design of new materials with dynamical
control over the flow.

In this work, we construct and model a convective nanopump. We consider a closed semiperme-
able precipitate membrane with dual permeability: In the low permeability regions, the gradient
in chemical potential of a dissolving solute drives the flow of small solvent molecules, while
in the larger pores both solvent and solute ions are transported by pressure gradients. We show
experimentally and theoretically that such a system can maintain an exchange flow between the
internal and external environments using the chemical potential or free energy of the solute.
Furthermore, different dynamical regimes are demonstrated, ranging from stable to oscillatory and
explosive motions. We explore the implications of our findings for the control of nanoscale pumping.

II. EXPERIMENTAL METHODS

To study the behavior of a closed, dual-permeability membrane, experiments were performed
using cobalt (IT) chloride hexahydrate (CoCl, - 6H,0) as the metal salt to react with an aqueous
solution of sodium silicate (Na,;SiO3) with concentrations in the range 0.10-2.0 M. The experiments
were conducted in a horizontal Hele-Shaw cell, consisting of two transparent acrylic plates (130 x
100 x 6 mm) separated by a gap of 1.0 mm, with underlying uniform lighting from an light-emitting
diode (LED) lightbox. The CoCl, - 6H,O (Sigma-Aldrich) crystals were initially pressed into pellets
with a diameter of 10 mm and thickness 1 mm by a KBR Port-A-Press™ Kit (International Crystal
Laboratories) under an equivalent pressure of 110 MPa. A pellet was placed at the center of the Hele-
Shaw cell and the Na,SiO3 solution was injected to fill the cell. The dynamics of each experiment
was recorded by a Nikon D300s digital single-lens reflex (DSLR) camera (4288 x 2848 pixels)
with a Hoya circular polarizing lens filter, located above the cell. The motion in the silicate solution
surrounding the pellet was visualized with seed polyamide particles with diameter of 20 um (Dantec
Dynamics). An area of the cell of approximately 30 mm? was photographed at a frame rate of 1/3 Hz
to follow the particle trajectories. The measured inward and outward speeds near the membrane
are given in Table I. Pressure measurements were made at the center of the cell (pressure sensor
PS-2114, PASCO Scientific) at a frequency of 20 Hz and a resolution of 1 Pa. The pressure and speed
measurements were used to estimate the membrane permeabilities in the inflow and outflow regions,
which are also given in Table I. The osmotic pressure p, across the semipermeable membrane
was calculated based on the relation [25,36,37] p, = ¢coccoRT — ¢sicsiRT, where ¢¢, and ¢s;
are the activity coefficients for CoCl, and Na,SiO3 solutions, respectively [38,39], R is the ideal
gas constant, and 7 is the absolute temperature. A sample of the solution of cobalt within the
pellet region was collected and its concentration was measured as 3.4 M using an Agilent Cary 60
ultraviolet-visible spectrophotometer.

III. RESULTS AND DISCUSSION

The growth of the cobalt chloride membrane is shown in Fig. 1. Three zones can be distinguished:
a central zone with a dark pink color is the cobalt chloride pellet, an intermediate liquid zone with
color gradient from pink to clear contains the dissolved cobalt ion, Co*>* (aq); and the external zone
with a purple color is the membrane, which contains precipitated cobalt silicate, CoSiO3(s). The
motion of three polyamide seed particles is tracked in Fig. 2. The particles are seen to first approach
the membrane surface and then move outward. Typical measure speeds for the inward and outward
flows are given in Table L.

The flow in the vicinity of the membrane formed by reaction of two aqueous solutions, an
inner solution containing cation Co?t and an outer solution of anion SiO%’ at concentration cs;,
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TABLE I. Parameter values measured in the experiments and used in the linear and nonlinear models.

Regime Explosive Stable Oscillatory
¢ (M) Measured 0.45+ 0-0.25 0.25-0.45
' Nonlinear model 0.5 0.1 0.33
Ppo (MPa) Nonlinear model 14.03 14.69 14.46
kin (10719 m?) Measured 4.6-15 5.3-14 18-27
" Nonlinear model 5.9 12 21
Ko (10713 m?) Measured 16-18 2.8-3.5 1.8-4.2
Nonlinear model 18 3.5 1.5
Ui (um s™h) Measured 14-17 9.5-14 6.8-18
Uou (um s™1) Measured 0-26 15-23 8.9-19
N Linear/nonlinear models 0.079 2.7 4.7
M Linear/nonlinear models 0.061 0.42 2.5
¢, M) Nonlinear model 0 0 0.31
pi (kPa) Nonlinear model 0 0 0.40
L (mm) Measured 0-2.0 0-3.0 0-3.0
" Nonlinear model 1.0 0.70 24

is depicted in Figs. 3(a) and 3(b). The initial membrane is impermeable to both the cobalt and
silicate ions, but permeable to water molecules. As a result, a gradient of osmotic pressure p,/L,,
drives water from the exterior environment into the cell enclosed by the membrane, thus increasing
the internal pressure p; here, L, is the membrane thickness. This increase in pressure, in turn,
opens small cracks in the membrane and drives the saturated aqueous solution of cobalt outward
through these. A dual permeability membrane is therefore formed: The chemistry controls the low
permeability of the inflow regions, while the internal pressure and solid mechanics of the membrane
determine the higher permeability in the outflow regions. At the outer surface of the membrane, the
reaction

Co*"(aq) + Si03 ™ (aq) — CoSiO;s(s) (1)

occurs at the interface between the two fluids, to form a precipitate layer of product, whose thickness
grows with time. This nucleation and precipitation process is rapid [40,41], so that the formation of
product is limited by the supply of silicate ion when cc, >> csi. Imaging and speed measurements
show that the inflow and outflow regions of the membrane are distinct, and the permeability for
the inflow is much smaller than that for the outflow, ki, << koy (see Table I); this complex structure
enables the membrane to self-regulate both flows.

(a) (b) (c)

T T
t=0s 200s 400s 600 s 800s 1000 s 1200 s

FIG. 1. Sequence of photographs showing the growth of the cobalt chloride membrane. Field of view:
17.48 x 26.22 mm?2,
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FIG. 2. Sequence of photographs showing the movement of three seed particles. The particles are in the
middle of the dashed circles. Field of view: 8.74 x 6.55 mm?2.

In a simplified treatment, in which the membrane thickness is frozen in time, the system may
be described by a reaction-advection equation for the transport of chemicals and formation of the
precipitate, coupled with a pressure-volume balance. The concentration of product at the interface
between the two fluids, ¢, and the relative pressure inside the membrane, p, evolve with time
according to

dce _ ) Csi c H[ ] (2 )
dt = | Uin Lr uoutR Uout 15 a
d

d_lt7 =y WinAin — UoutAout)- (2b)

Here, u;, and u,,, are the radial speeds of external fluid towards the membrane and of the internal
fluid at the outer edge of the membrane, respectively. The scale of the pore radii for the outflow
is R and reaction occurs over a length scale L, on the surface of the membrane. The Heaviside
step function H [u,] describes that the product is only formed when there is outflow of cobalt
ions. We use the coefficient y = (dp/0V )y = 2L,,E/(R,V,) to describe the deformation of the
thin cylindrical precipitate membrane; here R, and V), are the radius and volume enclosed by the
cylindrical membrane, while E denotes Young’s modulus for the membrane material. The surface
areas for inward osmotic flow A;, and for the outward flow A, are assumed constant. The first
equation describes a balance between the formation of product by reaction and its dilution owing
to the spreading of the outflow. The second equation quantifies the change in pressure owing to the
change in the volume of fluid inside the cell and the deformation of the membrane.

The speeds of the radial inflow and outflow across the membrane are given by

kin o

i = 2P0 P (3a)
/"L Lﬂ?
kout P c c

o = 2 (1 —)H[l - —], (3b)
uw Ly c* c*

where ki, and ko, are the permeabilities [25,36,42] of the membrane in the regions of inflow and
outflow, respectively, and w is the viscosity of the fluids without product. The dependence of the
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FIG. 3. (a) Photograph of the cobalt chloride pellet surrounded by the precipitate membrane and (b) mea-
sured trajectories of three seed particles near the membrane surface, at a silicate concentration of 0.28 M. The
outside silicate solution flows toward the membrane with speed u;,, while the cobalt solution flows out of the
membrane at speed u,,;. The inflow and outflow regions on the surface of the membrane are closely located.

outflow speed on concentration of product at the interface of the inner and outer fluids was first
proposed by Wagatsuma et al. [43] for the growth of a precipitate filament: As the concentration of
product increases, the speed decreases, and ceases above the critical product concentration c*. We
introduce the Heaviside step function H[1 — c¢/c*] to ensure that ¢ < ¢* and uoy > 0.

Substituting the speed relations (3) into the governing equations (2) and nondimensionalizing
using the scales for time #; = uR,V,/(2EAquikou ), pressure p; = 2EL,,AqR/(V,R,,), and concen-
tration ¢; = ¢* leads to the following simplified coupled equations:

dc

7= M + (—ép+ EP)H[L — &1, (4a)
d—‘;’ — N+ (—p+ep)H[1 - 2]. (4b)

We have assumed here that p, >> p for our system. The evolution of the system depends therefore
on two nondimensional groups only: N = pkinAinV,R,/ (2E L, ko A2 R) is proportional to the

out
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FIG. 4. (a) Regime diagram showing the regions of the parameter space where the system is stable,
oscillatory, and explosive. N is proportional to the osmotic pressure, while M /N is proportional to the silicate
solution concentration. (b) Period of oscillation as a function of the concentration of the silicate solution in the
oscillatory regime. Shown are the experimental measurements and the prediction of Eq. (5).

concentration of silicate ion and represents a nondimensional rate for accumulation of solid; and
M = N[(csiAoutR/(c*AinL,)] is proportional to the osmotic pressure, and hence the cobalt ion
concentration, and represents nondimensional osmotic pumping rate. In the simplified limit of
Aout & Ajnand R/L, =~ 1, then M =~ Ncs;/c*.

Linear stability analysis of the governing equations (4) around the steady-state product con-
centration &, = M/N and internal pressure py; = N>/(N — M) allows the identification of several
dynamic behaviours for different concentrations of silicate and cobalt. Figure 4 illustrates the stable,
oscillatory, and explosive regimes. At low concentration of silicate (low M), the system is stable: The
internal fluid pressure and the concentration of product decrease with time. At higher concentrations
of silicate, the system becomes oscillatory, exhibiting damped, stable, and growing oscillations of
pressure and concentration as the concentration of silicate increases. The system develops a rapid,
explosive pressure increase at still larger concentrations of silicate (high M). We should note that the
identification of these regimes of behavior and the parameter ranges over which they exist is done
nondimensionally, so that it is valid for any other chemical system involving an osmotic membrane
with the same transport mechanisms.

In the oscillatory regime, we expect the period of oscillation to follow

[M? — 2MN(1 + N) + N*(1 + N)? }1/2 )

T =2mt{N — M —
A(M — N)2N?

Figure 4 shows a comparison of this theoretical prediction with our experimental measurements
for N =4.7, t;, =223 s, and c*AinL,/(AoutR) = 0.64 M. As expected, the oscillatory regime
develops in a window of intermediate concentrations of silicate, outside which the period of
oscillation quickly grows to infinity. These system parameters allow us to deduce the following
properties for the membrane: EAgy = 7.4 x 1073 Pam?, Aj, /Ao = 0.98, and R = 4.5 x 10~* m.
Below, we use these properties to determine the nonlinear time-dependent behavior of the system
through numerical integration of (4).

In the laboratory, we can measure the surface area of the solid membrane S but not the
concentration of solid at the reaction front on the outer surface of the membrane. However, we
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FIG. 5. Experimental measurements (top) and theoretical predictions (bottom) for the membrane behavior
in the (a) stable, (b) oscillatory, and (c) explosive regimes, for constant membrane permeabilities and thickness
(see Table I). Shown are the experimental pressure (solid line) and rate of increase of surface area of precipitate
(dashed line), as well as the theoretical predictions of (5) for the pressure (solid line) and concentration of
product (dashed line).

can relate these two quantities give that the surface area grows according to dS/dt ~ dL,,/dt ~
UoueC/ps ~ (—dc/dt + uincsi/L,)/ ps, where py is the bulk density of the solid precipitate. The last
term in brackets is approximately constant, so that any temporal oscillations in ¢, and thus p;,
will be reflected as oscillations in S too. Figure 5 depicts the evolution of the measured rate of
change of the surface area of the solid membrane, as well as the pressure inside the pellet, for a
range of concentrations of the silicate solution. Also shown are the corresponding predictions of
our simple model, Eq. (4), for the pressure and concentration of product, using permeabilities of
the membrane in the inflow and outflow regions within the measured range and appropriate initial
conditions p; and ¢; (see Table I). In the stable regime, Fig. 5(a), the pressure and concentration of
product both grow to the steady-state values. There is good agreement between the measured and
predicted pressure increases; the almost constant concentration of product is also well predicted by
the observed dS/dt ~ 0. The oscillatory case in Fig. 5(b) exhibits oscillations for both pressure and
dS/dt, which are initially in antiphase but gradually slip into phase at larger time. This behavior and
the oscillation period are well predicted by the theory. In both the stable and oscillatory cases, the
concentration of product remains below the critical value at which the outflow stops. In contrast, in
the explosive behavior depicted in Fig. 5(c), the concentration grows to its maximum value at a time
of 21000 s, after which the flow out of the membrane ceases and the pressure increases very rapidly.
The experiments reveal a strong decrease of dS/dt to zero as the membrane becomes blocked with
precipitate, as expected.

We can verify and validate further the consistency of our dynamical theory, by comparing its
predictions for the inflow and outflow with the measured speeds near the membrane surface. Figure 6
shows both the average and maximum predicted speeds, for the cases in the stable, oscillatory,
and explosive regimes. The inward velocity is approximately uniform in the azimuthal direction,
over the inflow regions of the membrane, but has a parabolic profile across the thin Hele-Shaw
cell gap; the maximum prediction takes into account this effect. The outflow velocity is more
localized in the azimuthal direction, with outward jetlike flows interspaced by regions of much
slower flow; here, we take into account the centerline speed for a two-dimensional jet in a porous
medium for the predicted maximum speed [42]. Given the simplicity of the model derived here, the
agreement between measured and predicted speeds in Fig. 6 is excellent. The slight underprediction
of the inward and outward speeds for the explosive case may be accounted for by the abrupt closure
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FIG. 6. Comparison of experimental measurements and theoretical predictions for the inflow (top) and
outflow (bottom) speeds near the membrane surface in the (a) stable, (b) oscillatory, and (c) explosive regimes,
for constant membrane permeabilities and thickness (see Table I). The theoretical predictions for both the
average speed and the maximum speed, taking into account the flow profiles in the transverse and azimuthal
directions, are shown.

of the membrane predicted by the model at t = 1000 s, while the actual blocking of the membrane
is more gradual.

We have demonstrated experimentally and theoretically that a precipitate membrane has the
ability to self-regulate the inward and outward flows, so that they are of similar magnitude. It does
so by developing regions with two very distinct permeabilities: The low permeability drives osmotic
flow of solvent inward, while the larger permeability allows the outward flow of the solute solution.
This quasibalance of flows enables the exchange through the membrane wall to be long lived. We
have identified the emergent dynamical regimes leading to stable, oscillatory, and explosive flows.
Our study shows how chemical energy of a solute can be converted into kinetic energy of both the
solvent and the solute in a mixture, and thereby sustain an exchange flow between the internal and
external environments. Given the genericity of these energy conversions, our results constitute a
platform for the design of chemical nanopumps.
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