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ABSTRACT: Many inorganic precipitation reactions self-
organize macroscopic tubes known as chemical gardens. We
study the nonequilibrium formation of these structures by
injecting aqueous sodium sulfide solution into a reservoir of
iron(II) chloride solution. Our experiments reveal a distinct,
concentration-dependent transition from convective plumes of
reaction-induced, colloidal particles to mechanically con-
nected, hollow tubes. The transition concentration (0.1 mol/
L) is widely independent of the injection rate and causes a
discontinuous change from the radius of the plume stalk to the
radius of the tube. In addition, tubes have lower growth speeds
than plumes. At the transition concentration, one observes the
initial formation of a plume followed by the growth of a
mechanically weak tube around a jet of upward-moving precipitation particles. We find that the plumes’ morphology and
geometric scaling are similar to that of laminar starting plumes in nonreactive systems. The characterization of dried tubes by X-
ray diffraction indicates the presence of greigite and lepidocrocite.

■ INTRODUCTION

When two solutions containing reactive species come in
contact, complex reaction-transport mechanisms unfold in
space and time. These nonequilibrium processes can create
surprising spatiotemporal patterns and materials that differ
from those obtained in conventional mixing experiments.1,2

Liesegang rings are a classic example of this scenario.3 They
result from the reaction of inorganic ions or charged
nanoparticles and consist of bandlike precipitation patterns.4,5

Recent studies demonstrated that these structures can extend
down to length scales of tens of nanometers. They are
controllable using wet-stamping techniques and allow the
production of structures such as Fresnel lenses.6−8 All of these
advances suggest great potential for the production of
microdevices based on reaction−diffusion processes.
Another classic example is a family of tubular precipitation

structures which are often referred to as chemical gardens.9

These tubes are the focus of our investigation. Their thin-
walled structures typically form from metal ions and oxoanions
such as silicates, carbonates, borates, and phosphates.10 Cronin
et al. also demonstrated the production of microtubes from
polyoxometalates and organic cations.11 Very similar tube
structures are found in corrosion systems and in setting
cement.12,13 Moreover, Cartwright et al. discussed striking
similarities between chemical gardens and hollow ice tubes
(brinicles) that form under floating sea ice.14

Depending on the choice of reactants and reaction
conditions, the length of precipitation tubes in chemical
gardens can easily exceed several centimeters whereas their

outer diameter is typically in the micro- to millimeter range.10

In the case of the classic silica tubes, the wall consists of
amorphous silica and metal hydroxides (and/or oxides) that
follow opposing compositional gradients in the radial
direction.9,15,16 Recent studies also reported the synthesis of
superparamagnetic silica−magnetite tubes, tubes with trapped
quantum dots, photocatalytically active structures, and
postsynthetic modifications.17−20

While many studies in this field initiate tube growth from a
small seed particle,21,22 other approaches involve the steady
injection of one reactant solution (e.g., CuSO4(aq)) into a large
reservoir of another reactant (e.g., sodium silicate).23−27 Using
the latter technique, four distinct growth regimes were
identified: (i) jetting, for which the open tube forms around
a buoyant jet of reactant solution, (ii) popping, for which the
tube is capped by a thin balloonlike membrane that expands
and detaches periodically, (iii) budding, which is similar to (ii)
but involves rupturing rather than the detachment of the
expanding membrane, and (iv) fracturing, which is also similar
to (ii) but involves the detachment of longer and more rigid
tube segments.23,26 During the past decade, several aspects of
these different growth modes have been studied quantitatively
and some were described successfully by mathematical models.
Examples include the tube radius under jetting growth, the
detachment period of popping tubes, and pressure oscillations
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within closed tube structures.23−28 Nonetheless, many
important questions remain unanswered, and the fundamental
goal of predicting whether a certain precipitation reaction can
produce tubular structures has remained elusive.
There is also increasing interest in the role that similar

structures and materials might have played in the emergence of
life.29−32 Russell et al. suggested that prebiotic chemistry started
in the walls of chimney structures formed at off-axis alkaline
vents on the ocean floor.33,34 These precipitates possibly
offered the needed combination of porosity and catalytic
activity as well as geochemically sustained gradients in pH and
temperature. The catalytic activity likely resulted from iron−
nickel sulfides that formed when the warm hydrothermal fluid
surged into the acidic, anoxic, and ferrous ion-containing
Hadean ocean.35 The hydrothermal fluid is seawater altered by
underground serpentization and most likely contained hydro-
gen sulfide ions, hydrogen gas, methane, carbon monoxide, and
other species.34

In this Article, we employ two of the reactants discussed in
the context of the origin-of-life theories proposed by Russell,
Wac̈htershaüser, and others.33−35 By analogy to off-axis alkaline
vents, we inject sodium sulfide solution into a large water
reservoir containing ferrous ions. We specifically investigate the
parameter-dependent onset of tube formation and determine
the concentration threshold below which tube formation does
not occur. Our results show that tube growth is closely related
to the aggregation of precipitate particles and their mechanical
cohesion. Below the threshold, striking hydrodynamic plumes
are observed that display scaling laws expected for starting
plumes in nonreactive fluids.

■ EXPERIMENTAL SECTION
All solutions are prepared using nanopure water (18 MΩ cm,
Barnstead Easypure UV), FeCl2·4H2O (J. T. Baker), and Na2S (Sigma-
Aldrich). In the typical experiment, sodium sulfide solution is pumped
at a constant rate through a glass capillary (inner diameter 0.6 mm)
into a cylindrical glass chamber (diameter 3 cm) containing 50 mL of
the ferrous solution. The ratio between the concentrations of iron and
sulfide ions is kept constant at 1.0. The two reactant concentrations c

and the pump rate Q are varied in the range of 3.17 mmol/L to 1.0
mol/L and 1 mL/h to 40 mL/h, respectively. We investigate the
resulting two-dimensional parameter space at 54 different points. For
each of these experimental conditions, we record image sequences of
the reaction system with a monochrome charge-coupled device camera
(COHU 2122) connected to a personal computer via a frame-grabber
board (Data Translation DT3155, 640 pixels × 480 pixels at 8 bit/
pixel). These images are captured at a rate of 2 frames/s and analyzed
using in-house software.

The materials characterization of the solid tubes is carried out
according to the following procedure. We synthesize precipitation
tubes at equal reactant concentrations of c = 1.0 mol/L and for a flow
rate of Q = 8.0 mL/h. After a given tube has reached a vertical length
of 5 cm, it is collected with a glass tube and transferred to a beaker
containing water. During this procedure, the tubes always break into
several segments. After the collection of ten samples, the resulting
material is filtered, washed again, and then dried under ambient
conditions unless noted otherwise. The resulting solids are then
ground and analyzed by powder X-ray diffraction (PANanalytical
X’Pert PRO) operating at the Cu Kα emission line (wavelength 1.5418
Å).

■ RESULTS AND DISCUSSION

Figure 1(a-l) illustrates three distinct growth modes that are
observed when sodium sulfide solution is injected into a large
reservoir of ferrous chloride solution. At low reactant
concentration (a−d), a striking plume structure forms that
rises to the top of the reactant container. Notice that the
umbrella-like plume head is followed by a smooth cylindrical
conduit. Both the head and the conduit consist of small, black
particles that form when the two solutions come in contact.
While we did not attempt to characterize these reaction-
induced colloidal particles, other reports36 strongly suggest that
they consist of mackinawite, which is a form of iron sulfide.
Plume structures are observed up to a concentration of 0.1

mol/L, beyond which they give way to the formation of hollow
tubes. At the transition concentration, we observe the growth
behavior shown in Figure 1(e−h). Initially, a thin dark conduit
forms, featuring an enlarged top end that is reminiscent of the
umbrella-shaped plume head observed at lower concentrations.

Figure 1. Overview of different growth regimes and structures. (a−d) Image sequence of a plume (c = 0.01 M). (e−h) Image sequence of a plume
templating the subsequent growth of a tube (c = 0.1 M). (i−l) Image sequence of a growing tube (c = 0.317 M). The photographs in (m−o)
illustrate different plume morphologies and (p) shows an example of noncontinuous tube growth. Pump rate Q in mL/h: 8 (a−d, m, p), 16 (e−h), 8
(i−l), and 32 (n, o). The image sequences starting with (a), (e), and (i) span 40, 120, and 110 s, respectively. Field of view: 6.3 mm × 3.4 mm (a−l,
n−p) and 2.5 mm × 1.3 mm (m).
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This structure can be easily disrupted by stirring. Once it
reaches the top of the reaction vessel, it starts to accumulate
buoyant material (g). Subsequently a thickening of its base
occurs that slowly grows in the upward direction. The latter
step creates a mechanically connected hollow tube. This
structure is very fragile and does not allow the collection of
fragments for further characterization.
At higher concentrations, this jet-templated tube growth is

replaced by the dynamics shown in image sequence (i−l). In
this third growth regime, the tubes start to form immediately
when the sulfide solution is injected, and they do not show any
noticeable thickening in the outside direction. The structures
show erratic deviations from a smooth cylindrical shape, which
clearly distinguishes them from the plume conduits at lower
concentrations. In addition, they are sturdier than the tubes
formed at the transition point. At concentrations greater than
or equal to 0.1 mol/L, we always observe the formation of
single tubes although some local branching is observed at high
flow rates.
Figure 1(m−o) show three examples of different plume

morphologies observed in our experiments. Image (m) is a
magnification of the structure shown in (d). The head is
compact and tightly confined to a cone. The plume structures
in Figure 1(n,o) are found at high flow rates and feature a
longer skirtlike head. Notice the spatially periodic pattern along
the conduit in (o) (and (n)). It is not clear whether this pattern
is caused by hydrodynamics or a weak interaction between the
colloidal particles. However, elastic deformations of a
membranelike skin can be ruled out. We note that this
crinkling of the plume conduit is observed only at high pump
rates.
A visual inspection of the video data shows that the tightly

confined heads involve a ring-shaped vortex while such
convection structures seem to be absent in the skirtlike
heads. Lastly, Figure 1(p) illustrates a variant of the simple tube
growth shown in (i−l). Here several millimeter-long tube
segments detach from the main structure and rise toward the
top of the reaction vessel. This behavior is found around a
reactant concentration of 0.3 mol/L and typically affects early
tube structures with lengths below 3 to 4 cm. We note that the
latter dynamics is very similar to the fracturing behavior
discussed by Pagano et al. for tube growth caused by the
injection of sodium silicate solution into a large volume of
copper sulfate solution.26

The differences between tube growth and plume dynamics
also manifest themselves in quantitative aspects. Figure 2a
shows the growth velocity of these structures for 54 different
pump rates (Q) and reactant concentrations (c). Notice that
the latter quantity is plotted on a logarithmic scale. The growth
rate is measured as the vertical speed of the plume head or the
top of the tube. Whereas the velocity of the tubes shows no
measurable dependence on the height, the plume heads initially
accelerate during their ascent.37 We therefore measure the
average plume speed from the upper half of the vessel where
the velocity is nearly constant. In addition, we use different
colors to distinguish between data from plumes (blue, labeled
p) and tubes (red, labeled t). This assignment is made based on
the visual differences shown in Figure 1.
Our measurements of the growth rates reveal two distinct

surfaces. Below the transition concentration, plume growth is
characterized by high growth speeds that increase with
increasing concentration. Tube growth, however, is much
slower and shows no clear dependence on the reactant

concentration. Moreover, we find that the transition concen-
tration does not change over the range of the investigated
pump rates (1−40 mL/h). At the transition, we observe, as
stated before, the initial ascent of a plumelike structure followed
by tube growth around the plume conduit (Figure 1(e−h)).
Accordingly, we plot both speeds, which results in an overlap of
the plume and tube surfaces.
Figure 2b characterizes the width of the observed structures

for the same range of pump rates and reactant concentrations.
These widths describe the average, outer diameter of the hollow
tubes and the diameter of the plume conduits. The width of the
umbrella-shaped plume head is not considered for this specific
analysis. The figure is organized in the same way as Figure 2a
and uses blue and red shades for plume and tube data,
respectively. We find that for plumes, the width decreases with
increasing concentration of the reactants; the tube data,
however, show the opposite dependence. Moreover, the

Figure 2. (a) Velocity of the rising plumes (p, blue) and upward-
growing tubes (t, red) as a function of the pump rate Q and the
reactant concentration c. (b) Average width of the plume conduits (p,
blue) and the tube structures (t, red) as a function of Q and c.
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width increases with increasing pump rates for both the plume
conduits and the precipitation tubes. Notice the discontinuity at
the transition concentration, which corresponds to the unusual
growth around a very thin reactant jet. The jump in width is
approximately 1.5 mm, which suggests 0.75 mm as a good
estimate for the thickness of the forming cylindrical envelope.
We reemphasize that these structures are mechanically weak
and cannot be extracted. Even at the highest reactant
concentration investigated (1.0 mol/L), we could extract only
tube fragments for further characterization.
The value of 0.75 mm can be compared to the wall thickness

measured from injection experiments that use other tube-
forming precipitation reactions but similar pump rates and
concentrations. Pagano and Steinbock, for instance, studied a
silica/copper(II) system and found that the dried tubes had a
wall thickness of about 10 μm, which appears to be typical for
macroscopic tubes formed by injection experiments.15 How-
ever, even if we assume that the wall shrinks by a factor of 10
during drying, the resulting value is about 7 times smaller than
the thickness of the thick cylindrical envelopes at the transition
concentration (Figure 1(h)). This finding shows that these
structures are qualitatively different from solid tubes and hence
suggests an interpretation of the wall as dense particle
aggregates. At higher ionic strengths and higher concentrations
of iron and sulfide ions, we successfully extracted tube
fragments and found wall thicknesses around the expected
value of 10−20 μm (Figure S1).
Figure 3 combines the data from Figure 2 into a single plot of

growth rates and widths. It encompasses the entire range of

pump rates and reactant concentrations studied here. We find
that tube formation is characterized by growth rates below
approximately 0.1 cm/s and can give rise to a wide range of
outer diameters. The plume conduits, however, are mainly
constrained to diameters below 0.2 cm and have a wide range

of velocities. We highlight this grouping qualitatively by the two
elliptical areas in Figure 3. The overlap between these areas
does not correspond to results obtained at the transition
concentration because the latter involve fast plume growth
(Figure 2(a)).
The special nature of the system dynamics at the transition

concentration extends to other characteristics such as the
structures’ average rate of volume increase. For a closed
structure the increase in volume should essentially match the
volume of the injected solution, whereas an open structure
shows a much lower rate of volume increase. Examples for
these two distinct dynamic regimes were first clearly described
in ref 23 for the example of silica−copper−hydroxide tubes and
are usually associated with jetting and popping/budding
growth, respectively.
Figure 4 shows the rate of the increasing tube volume as a

function of the employed pump rate for our iron sulfide system.

Circular, triangular, and square markers correspond to reactant
concentrations of 0.1 (the transition point), 0.317, and 1.0
mol/L, respectively. The tube volume ΔV is measured from
video images as πA2/(4h) where A and h denote the image area
enclosed by the tube’s outer contour and its height,
respectively. This method tends to overestimate the volume
due to deviations of the tubes from a perfect cylindrical shape.
The results in Figure 4 show that tubes formed at high

concentrations conserve the volume of the injected solution.
The actual proportionality factors are 1.7 and 1.3 for 1.0 and
0.317 mol/L, respectively. These factors are both larger than
the expected value of 1.0 for closed tubes. We attribute this
deviation to the aforementioned limitation of the employed
method. Notice that it is not reasonable to interpret these
values as reaction-induced volume contributions because the
solid phase is minute compared to the enclosed liquid. The
results for 0.1 mol/L yield a proportionality factor of 0.11
which reemphasizes that these tubelike structures are open and

Figure 3. Velocity v and width w of the rising plumes (blue circles)
and upward-growing tubes (red squares) as measured over a wide
range of reactant concentrations and pump rates. The blue and red
areas are meant as a guide to the eye and encompass most of the
plume and tube data, respectively.

Figure 4. Rate of increase in the volume of tubes as a function of the
pump rate. The reactant concentrations are 0.1 (circles), 0.317
(triangles), and 1.0 mol/L (squares). The continuous lines are
obtained by linear regression analysis of the three corresponding data
sets.
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grow around a buoyant jet of reactant solution. Since this jet
must induce convection in the surrounding iron solution, we
interpret this finding as additional evidence for mechanical
cohesion within the aggregate-like wall.
All of these observations suggest strongly that the tube

growth at the transition concentration is very similar to the jet-
templated growth described by Stone et al. for the reaction of
aqueous NH3 and NH4

+ species injected into a large reservoir
containing iron(II) sulfate solution.38 In addition, we
emphasize that the closed tube structures at higher
concentrations are a qualitatively new growth regime that
differs from the ones described by Thouvenel-Romans and
Steinbock.23 In the latter study, closed growth was always
associated with oscillatory (or at least rhythmic) events in
which either balloonlike tube segments detached from the
tube’s top or new tube segments formed in a budding process.
As mentioned earlier, tubes formed at higher concentration

can be extracted from the reactor but break into small,
macroscopic fragments during transfer. These fragments, as
obtained from about 10 individual tubes (total length of
approximately 40 cm), are washed in water to remove
unreacted solution and then dried under ambient conditions.
To obtain insights into the chemical composition of the tube
wall, we perform X-ray diffraction (XRD) measurements on the
resulting powder samples. The diffraction pattern is shown in
Figure 5 and cannot be explained in terms of a single species.

The main constituents are Fe3S4 (greigite) and FeOOH
(lepidocrocite).31 In addition, there is evidence for the presence
of FeS·H2O (melkovite) and elemental sulfur.
The chemistry of iron sulfides is particularly rich.39 For

conventional mixing experiments with aqueous ferrous and
sulfide ions and for concentrations comparable to the ones
explored here, mackinawite (FeS) nanoparticles are known to
be the dominant product.36 When this material is exposed to
molecular oxygen, it easily converts to the mixed-valence
compound greigite and elemental sulfur.40 Furthermore,
greigite is not stable and reacts to form iron oxides and iron
oxyhydroxides.41 This reaction sequence is in good agreement
with our assignments of the XRD pattern.
Since molecular oxygen plays a significant role in defining the

chemical nature of the tubes, we prepared additional samples
under an inert gas (N2) atmosphere. Once the dried material is
exposed to air, one notices spontaneous heat production caused
by hydration and/or oxidation reactions. Moreover, we
observed an interesting color change for tubes produced
under aerobic conditions that can be interpreted in the same
context. If the tube is left in the reaction solution for several
hours, then it changes color from black to orange. This process
is accelerated by increasing the concentration of dissolved

oxygen in the solution. All of these findings suggest that
oxidation processes produce lepidocrocite FeOOH, which is
known to be an orange compound, thus further supporting our
XRD assignment.
Lastly, we analyze the structure of the hydrodynamic plumes

observed at low reactant concentrations. Such structures form
when a fluid discharges from a single submerged orifice. Most
authors distinguish between the limiting cases of jets, which are
driven by their initial momentum, and plumes, which are driven
by buoyancy.42 The relative strength of these two factors is
expressed by the Richardson number, Ri, which is defined as

ρ ρ ρ= −Ri g d v( ) /( )o i o h
2

where g, d, and vh denote the acceleration due to earth’s gravity,
the diameter of the orifice, and the ascent velocity of the plume
head, respectively. The densities ρo and ρi correspond to the
outer, ambient fluid and the injected solution, respectively. The
second dimensionless number often used for the description of
plumes is the Reynolds number, Re, given by

πν=Re Q d4 / i

where νi is the kinematic viscosity of the injected solution. Here
we are using the standard Reynolds number for the flow in the
injection tube,42 which is based on the capillary’s inner
diameter and averaged flow velocity. The concentration-
dependent densities and the kinematic viscosity are specified
in the Supporting Information.
Figure 6(a) shows a double-logarithmic plot of Ri versus Re

for the plumes observed in our experiments. The range of
measured Ri values (0.3−3) shows that our plumes are affected
by both buoyancy and initial momentum, whereas the small
values of the Reynolds numbers indicate laminar flow rather
than turbulence. In addition, we find that the experimental data
are described by a power law of the form Ri ∝ Rek. Linear fitting
yields a power law exponent of k = −0.62 ± 0.09 for the entire
set of data shown (straight line in Figure 6(a)). This finding is
qualitatively similar to results by Rogers and Morris for
nonreactive plumes.42 Their experiments employed simple
glycerol−water solutions and visualized the plumes by a
shadowgraph technique or added dyes. Notice that the power
law exponent in their study is k = −0.96. Despite this small
difference, our measurements show that the plumes in our
system are dominated by fluid dynamics rather than chemical
processes.43,44

Rogers and Morris also distinguished between tightly
confined and dispersed plume heads.42 The latter plumes
feature a skirtlike structure similar to those shown in our Figure
1(m,n) whereas the confined plume heads are similar to the
pattern in our Figure 1(o). The dynamics of the head are
reflected in the relative growth rates of its width wh and length
lh. The associated Reynolds numbers are

ν ν= =Re w v Re l v/ and /hw h h i hl h h i

Figure 6b shows the scaling behavior of Rehw as a function of
Rehl obtained from experiments at six different pump rates
between 4 and 40 mL/h. Each data set follows an initially linear
dependence but later decreases in slope to saturate at a nearly
constant Rehw. The linear portions of the six data sets fall on
one master curve described by Rehw = 1.4Rehl. Also note that the
width is always larger than the height of the plumes. Again
these findings are at least qualitatively similar to the results
reported by Rogers and Morris42 for nonreactive plumes.

Figure 5. X-ray diffraction pattern of precipitation tubes dried under
ambient conditions. The red circles indicate peak positions. The
samples were produced for reactant concentrations of 1.0 mol/L and a
pump rate of 8.0 mL/h.
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■ CONCLUSIONS
This study establishes that tube growth occurs only above a
critical concentration threshold that is widely independent of
the employed flow rate. It is reasonable to conclude that this
result qualitatively applies to all tube-forming reactions. The

specific threshold concentration (0.1 mol/L) is orders of
magnitude higher than the solubility of iron sulfide. This result
shows that active precipitation reactions are necessary but not
sufficient for tube formation. As shown by our results (e.g.,
Figure 1), it is rather the aggregation of the precipitate particles
in the moving solution that determines whether a mechanically
connected tube can form. In this context, future studies must
aim to characterize the concentration-dependent ζ-potential of
the particles. In addition, it should be insightful to evaluate
injection nozzles made of different materials to better
understand the role of adhesion at the tube’s base.
At higher concentrations, we observed a transition from open

to closed tube growth. The latter dynamics differ from earlier
reported, closed growth modes by the absence of periodic
events such as popping or budding. Perhaps more importantly,
our results strongly suggest that these hydrated structures
contain mackinawite that reacts to greigite and lepidocrocite if
exposed to molecular oxygen. Future studies on the role of such
precipitates as active host materials for prebiotic processes must
hence clearly exclude oxygen. Such materials could then be
employed to investigate simple building blocks of prebiotic
chemistry such as the formation of peptide bonds. Lastly, we
note that our study also contributes to the knowledge base of
hydrodynamic plumes. At low concentrations, these structures
reveal themselves through particles formed at the reactive
interface, which differs qualitatively from the use of dyes or
measurements of the refractive index. This feature not only
could be a technical advantage for specific measurements but
also could give rise to interesting deviations from plumes in
nonreactive systems.
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