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Self-organization in precipitation reactions like silica gardens[l] or Liesegang rings|2]
has been known for centuries, yet recent developments in the newly emerging field of
chemobrionics[3-5] bring attention again to the interaction of transpgtt processes and chemi-
cal reactions leading to the formation of a solid material. A growmgl ber of self-organized
or self-assembled systems have been designed|[6, 7], investiga @ 9], controlled[10], and

modeled[11] up to now because not only they are related to nagurakpnonlinear phenomena

but also they may provide novel pathways[4] in creatin e‘vbn;{ter als[12] and introducing
new technologies[13] unavailable in well-stirred systefns.” Thé'presence of spatial gradients
is the important characteristics of these systems ghat leads )o the corresponding transport
processes. If they are coupled to nonlinear ki etgg er@gent behavior is observed because
of the various instabilities far from therm@dyna 'c‘ﬁquilibrium.[lll, 15]. Even in simple
inorganic reactions, delicate precipitate I;E:%twlay evolve through osmotic effects cou-
pled with buoyancy[16-18], hydrodyna ‘Mility due to viscous fingering[19], density
gradients(3, 20], or surface tension g HTE?‘Q@L -23].

The interaction of a gravity cuwrent with a simple precipitation reaction may give rise to

an unusual spatial distributio\‘d copper oxalate.[24] As a result of the hydrodynamic
instability at the tip of the flow ahd the slow kinetics of the precipitation, equidistantly

spaced thin filaments,riel in precipitate emerge radially from a local source (a pellet or

an inlet). The loc i¥ing at the leading edge of the gravity current, maintained by the
b% t{e two fluids, and the spatially ordered sedimentation yield solid
particles wit m@pholo y different from those obtained from the corresponding well-stirred

density differen

system.[244 25 ith this flow-driven method we have been able to successfully synthesize
calcite crystals seléctively in the calcium-carbonate system, whereas a mixture of calcite and
vateri forrrﬂs in the homogeneous reference case in the absence of gradients.[26] When dense
chlcium ide solution is pumped into sodium oxalate solution, the flow maintained by the
oTavi irrent and the spatially localized nucleation of crystallization favor the formation

f Ahes thermodynamically unstable calcium oxalate dihydrate (COD).[27] Although it is
frequently found in human kidney stones,[28] its synthetic production in the absence of

spatial gradients is generally complicated because it requires various chemical stabilizers|[29,

30] to suppress the formation of the stable monohydrate whewellite (COM).[31]
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Publishingln this detailed experimental work we study the flow-driven precipitate pattern forma-
tion in the calcium—oxalate system by systematic variation of the parameters affecting the
underlying gravity current. By selecting the appropriate descriptors and identifying their
dependence on the physical quantities that determine the flow pattern, we are able to char-

acterize the spatiotemporal pattern formation, which, in this pari?&(ﬂar example, may help

to optimize the production of the various calcium oxalate hydr withQut any stabilizers.

ents of the well-stirred

We complete the study of the spatially extended system with ilibrium calculations to
obtain the concentration distribution of species, referen N

system, and analytical measurements.

—
Q
II. EXPERIMENTAL C
Reagent-grade chemicals and deionized % used to prepare the reactant solutions
N

of 1-4 mol/dm? calcium chloride (Scharla 1-0.1 mol/dm?® sodium oxalate (VWR).
The sodium oxalate solution was alway&@d in situ with its pH set to 9.0. In order to
vary the characteristics of fluid motio hr&materials such as solid sodium chloride (Molar),
solid polyvinyl alcohol (Sigma Aldwsich), 5 m/m% solution of polyacrylamide (Aldrich), and
glycerol (VWR) were also dis in the calcium chloride solution. The density of the
mixtures were then determined with an Anton Paar DMA 500 digital density meter with
107 g/cm? precision gw Mrelative viscosity with respect to water was measured with

he density of the calcium chloride solution was always kept greater

an Ostwald visco ¢
than that of theZ‘e ium oxalate as shown in Table I, which summarizes the density difference
between the w@% solutions without any additional material.

The fl —d}iv experiments were carried out in a horizontally leveled square glass reac-

ith dides of 24 cm) containing 250 cm?® sodium oxalate solution, i.e., the depth

tion vessel
of oxalate so@tion was 4.3 mm. Calcium chloride solution was injected at 2-100 mL/h flow
T te.?ro elow, into the center of the dish through a circular opening created by a needle
wit inm inner diameter sealed around with silicone adhesive. The needle was connected

W

0.57 mm) to allow faster pump rotation and hence to minimize the fluctuations in the flow

peristaltic pump (Ismatec Reglo) with thin Tygon tubes (inner diameter of 0.25 mm or

rate. In addition, for reference investigations, 50 cm?® of one reactant was added dropwise

into a continuously stirred beaker containing 50 cm? of the other one with a rigorous stirring
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g' 3LE I: Density difference in g/cm? between the applied solutions of calcium chloride and sodium

oxalate without any inert materials added to the calcium chloride solution.

c¢(Calcium chloride) / (mol/dm?)

c(Sodium oxalate)| 1.0 | 2.0 | 3.0 4.0Z

0.1 mol/dm3  {{0.0780(0.1483|0.2064| 0. 2%0 ‘\
0.05 mol/dm?®  [0.0833[0.1536/0.2117| _ 0.

8
0.025 mol/dm? |0.0860|0.1563 0.21i)0. 10
033811

0.01 mol/dm?® [0.0861]0.1564|0.21
o

at 1000 rpm.

The evolution of precipitate patterns was mouitoned from above using a digital camera

(Unibrain 1394) and analyzed by a comp@ led imaging system with in-house soft-
ware. The diameters of the inner (d;) av‘d{i\lter circle (d,) associated with the precipitate
re

disc, shown in Figure 1 at t = 4 mi wrs compared for various conditions. For each set of

N
parameters five independent meaxri\m\ﬂts were conducted in order to allow calculating the
101180

average and the standard d ia.t,\ 1ese descriptors. The number of radially growing
thin lines enriched in precipitate, termed filaments in this work, was counted manually from

the grayscale intensity a;awong a 90° circular arc where they were identified as local
maxima in the gray%va :

As a result of tlie substanfial difference in fluid density in the presence of gravity, pressure

equalization i hieved by the formation of a strong flow at the bottom of the fluid, known

as gravity gur or gravity flow. Since the precipitation reaction spatially localized to the
horizonta @rea ing dense liquid layer, the precipitate pattern itself can be considered,

. - . . . . .
in a sense, a; ootprint of the gravity current. Its spatial extent in the horizontal plane

cofresponds to that of the gravity current, from which the average height of the latter (h)
can be obtained. It is defined as the ratio of the liquid volume (V') pumped in to the surface
}?LA) of the precipitate pattern with the following formula:

Vo dwt

A_dgw’ (1)

>

where w is the flow rate at which the calcium chloride solution is pumped into the sodium

oxalate solution, while d, corresponds to the outer diameter of the precipitate at time ¢.

4
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FIG. 1: The image of a calcium oxalate precipi@;?eht t = 4 min with indicating the quan-
nd

titative descriptors: diameter of the inner (d; outer (d,) circle. Experimental conditions
are [CaCly] = 4 mol/dm3, [NagCo04] = 0.0 mi‘, w = 20 mL/h.

After each experiment, the so‘\ir}s\removed without stirring by carefully pipetting
out most of the liquid. The a@the remaining wet particles in it was left at room
temperature for overnight allowing,the complete evaporation of the solvent water. Then
samples were collected@a inner and the outer parts of the precipitate pattern sep-
arately. The micro%e the crystalline solid material was investigated using a field

lec icroscope (Hitachi S-4700). The composition of the precipitate

emission Scanni{ e
was determi@an spectroscopy (Bio-Rad Digilab Division Dedicated FT Raman)

and the indivi particles were analyzed with Raman microscopy (Thermo DXR Raman).
Y.
- V.
III1. QUISI RIUM CALCULATIONS

q
%ﬁyncen’craﬁon distribution of the various species is calculated for pH range 0-14 by

e available solubility products, equilibrium constants for complex formation and

c
W
pretonation.[32] Besides the precipitation reactions leading to insoluble calcium oxalate and
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Ca*™ + (CO0)%™ — Ca(COO0), pK,, = 7.90 (2)
Ca®t +20H™ — Ca(OH), pK, = 5.10 (3)

the complexation reactions with calcium ion,

N

Ca’t + OH™ = CaOH" lgBon = 1.15 (4)
Ca’t 4+ (CO0);~ = Ca(CO0), \ B1 = 1.66 (5)
Ca(CO0), + (CO0); = Ca[(CO0),]3~ _Qﬁ‘“ lgBy = 2.69 (6)
Ca®" + HOOC — COO™ = Ca(HOOC — CQO)* lgfBy, = 1.38 (7)
Ca’t 4+ 2HOOC — COO™ = Ca(HOO(QCOS)g lgfu, = 1.80 (8)
{ -

and the protonation equilibria of oxalate ioﬁs@idered

H' + (CO0);™ = \ 00~ lgKy, = 4.266 (9)

H* + HOOC — COO~ ;&QOE lgKy, = 1.252 (10)

The initial concentrations of tw&qt ons are set to [CaCly] = 4 mol/dm? or 1 mol/dm?
and [NayCy04] = 0.025 mol/de\e}B.l mol/dm?, respectively. The component balance
equations for calcium d&ﬁi’ce are expressed and solved at constant pH with a preset
accuracy of 10714 usilig raim Mathematica.
As illustrated 4 re ,2’, calcium oxalate precipitate is present in the system over the
entire calcula djNge for the above conditions. Only calcium ion exists in significant
)

amount, alk ¢ exes are negligible. Upon increasing the pH to 11, the concentration of

CaOHT fugrefises, while that of the Ca(HOOC — COO)* decreases. In strongly alkaline
mediym (pH 1) the insoluble calcium hydroxide dominates, therefore for obtaining pure
¢ ci.u‘&mzﬂ)te precipitate experimentally, the pH of the solution has to be set below pH
=\l1. InSthis region, the amount of calcium ion and CaOH™ decreases, while the dioxalato
hy?p\lex of calcium increases four magnitude and its quantity becomes comparable to the
foxymer ones.

Upon increasing the excess of calcium used, the amount of calcium oxalate precipitate

decreases with respect to that of calcium ion. Even more than tenfold increase in excess

will only shift the appearance of hydroxide precipitate to slightly lower pH, thus the initial

6
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experimental work.

A ||2+|||

Cal

-2 —c;%‘
(€
L\ =,

= X

FIG. 2: The distribution of GRMd CQOZ_ containing species calculated with
[CaCly] = 1 mol/dm3 (A, C)gor \d.( 3 (B, D), [NagCs04] = 0.1 mol/dm? (A, C) or
0.025 mol/dm? (B, D). \\

IV. RESULT?L §CI%S ION

In the wellfsti mrence system, the mixing of reactants instantaneously results in the
appearangé of thegwhite calcium oxalate precipitate. Immediate precipitation takes place in
the flg _—Qr n syStem as well, as the solution with greater density (i.e., typically the more
conce trated’so ution) sinks to the bottom of the dish leading to the formation of a white

attern spreading around the small inlet where the calcium chloride solution

p egi‘f)it i
is p a)d in. The evolving pattern has two distinct regions: the inner circle around the

ificeshas less precipitate sedimentation, while the outer circular zone contains significantly
more precipitate. In most cases there is a sharp transition between the darker inner and
the brighter outer region (see Fig. 1). An angular variation in the precipitate quantity also

develops in the outer region as radially oriented lines rich in calcium oxalate become visible


http://dx.doi.org/10.1063/1.4947141

! I P | This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishi:'mg1 he form of faint filaments. This is a result of hydrodynamic instability that develops
behind the tip of the gravity current leading to alternating zones of downward and upward
flow transverse to the direction of spreading. In the time scale of our experiments the num-
ber of filaments remains constant for a precipitate pattern, since no merging or splitting is
observed. There is a small fluctuation in the spacing between the ifaments as indicated by
the experimental errors in the tables.

The spatial spreading of the precipitate pattern, quantified b t}e diameter of the inner

and outer circles, depends on the density difference maintai the concentrations of the

reactant solutions. The observed patterns at ¢ = 4 min atidifféerent chemical compositions

—-—

are summarized in Fig. 3 where, in all cases, 20 mL fh ﬂows“a is used and the pH of the

sodium oxalate solution has been initially set to€

At a constant oxalate concentration, the ifigrease Lo:f):alcium ion concentration leads to
ter (s

circular patterns with increasing outer dia Table II), which is attributed to the

\

i.e., a stronger gravity current. On cgntraryykeeping calcium ion concentration constant and

greater density difference between the t%-on hat generates more intense fluid motion,
increasing the oxalate concentration yigld mere compact patterns, since the density change
between the solutions decreasgs z&b& ravity flow weakens. Furthermore, at the highest
sodium oxalate concentrations a\kd\in our experiments, the gravity current is diminished
to the extent that the OWﬂXf precipitate pattern is accompanied by a significant loss of

the circular symmet absence of strong flow at these concentrations also leads to the

disappearance c?@n‘e i f‘gate aments.

Since at pH_= Ns nificant precipitation takes place in the time scale of the experi-
ment, we ha c@cked the effect of pH on the rate of precipitate formation in a separate set
of experi ents. temporal evolution of the characteristic diameters is monitored in the

pH« ’fO with a chemical composition of [CaCly] = 4 mol/dm? and [NayCyO,] =
0'02‘2 1/ drbii. Figure 4 demonstrates that while both diameters vary independently of the

rangef6-<

pH, the %iameter of the inner circle approaches a constant value in time, i.e., it can be used

~t%ch terize the evolving structure, whereas the diameter of the outer circle continually
N

increases according to a square-root relationship of geometric spreading. The latter time-

dependence reveals that the precipitate indeed grows with the gravity current underneath.

To demonstrate the significance of convection in the precipitate formation, we have varied
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FIG. 3: Phase diagram associated with the calcium—oxalate system showing the precipitate pattern

evolved.at time ¢t =4 min with w = 20 mL/h. Field of view: 24 cm X 24 cm.

theflow ¢haracteristics. At first, the pattern descriptors are determined at various flow rates
inereasing from 2 to 100 mL/h. In the absence of sufficient gravity flow, irregularly shaped
precipitate patterns emerge, only above w = 10 mL/h can we observe symmetric patterns.
Upon increasing the flow rate, both the diameters of the precipitate disc and the number
of radially growing filaments in the outer region increases as listed in Table III. In parallel,

the average height of gravity flow also rises from 0.04 mm to 0.28 mm.
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PUbIIShI'IEIgiBLE II: The influence of chemical composition on the characteristics of the precipitate pattern
at time ¢ = 4 min, with experimental errors given in brackets. Also listed in the last column is the

calculated average height of the underlying gravity current.

Concentration Patterly

CaCly (mol/dm?)|NayCy0y4 (mol/dm?)|d; (mm)|d, (mm)x% h (mm)

(1) | 117 ()
1 0.025 40 (1) 3%\\ 0.16
0.050 28 (1) ‘é Qﬂk (4) | 0.22

0.010 58 0.12

0.010 65 ).—..;13\@ 0.10
2 0.025 4 (1) Udé(l) 112 (4)| 0.12
0.050 < f)-jb 100 (1) | 88 (4) | 0.17
0.010 \\ﬁ?)(l) 144 (1) | - | 0.08

3 0.0 \9 :
<N, (1) | 128 (1) [100 (4)| 0.10
Q050 48 (2) | 106 (2) [ 76 (4) | 0.15
o.o\{\‘ 64 (2) | 154 (2) | - 0.07
4 %ﬂi 57 (1) | 138 (1) [156 (8)| 0.09
%050 55 (2) | 121 (1) |84 (8) | 0.12

FIG. 4: Time evolution of the precipitate pattern size at selected pH values.

Another possibility to affect fluid motion is changing the convection by altering the density

10
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ublis l;lg 3LE III: The influence of flow rate (w) on the characteristics of the precipitate pattern at time ¢
= 4 min, with experimental errors given in brackets. Also listed in the last column is the calculated

average height of the underlying gravity current.

w (mL/h)|d; (mm)|d, (mm)| N |h (mr%

- =

8) o@
(8) |40.0 4
10 43

(1)
(1)
(2) (
15| 51(1) | 128 (1) | 12048) 140.08
20 | 57 (1) | 138 (2) 1§0Q30.09
(1) (
(2)

2 22
5 31

f/v/ﬁ\

7
25 63
100 88

To increase the density differenge b ben\the reactants without significantly modifying
solution viscosity, sodium chloride \g% ol is dissolved in the solution with greater density,
i.e., in the calcium chloride solubi s a result, the size of the precipitate circles increases,

while there is a decline n-i.%num er of filaments as the average height of gravity flow

decreases from 0.15 0 mm as shown in Table IV. An increase in the density

of sodium oxalate tfon tesults in a slightly vertically growing precipitate with greater

average height W‘hglia ity current.
When co ec n is affected by raising both the density and the viscosity of calcium
chloride Q\ ith polyvinyl alcohol or polyacrylamide, the viscosity-induced slow down
Vit

of the r{ent with increasing height dominates the pattern formation as illustrated
in Flg %Hular structures are formed when the dissolved amount of polyacrylamide is
increased. First the diameter of the inner circle slightly decreases, then with greater quantity
polyacrylamide added, the growth of the outer circle decelerates, while the radial filaments
‘Qi?ira"y disappear.
canning electron microscopy is used to representatively characterize the microstructure

of the solid calcium oxalate particles. The samples are taken from experiments prepared

with 0.025 mol/dm? sodium oxalate (with pH set to 9) and 4 mol/dm? calcium chloride

11
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TABLE IV: The influence of inert material content added to 1 mol/dm?® calcium chloride solution

on the characteristics of the precipitate pattern at time ¢ = 4 min, with experimental errors given

in brackets. Sodium oxalate concentration is 0.025 mol/dm?. Also listed in the last column is the

calculated average height of the underlying gravity current. y.
Inert substances Solution Pattg;n
—
type C p (g/cmg) Mrel |d; (Mm) doé ) N |h (mm)
reference — 1.0859 | 1.27(40.0 (1) }Q{O 0.16

0.5 mol/dm?| 1.1135 | 1.36|41.9 0.15

—~
H)i—‘
~ | —

NaCl | 1 mol/dm?® | 1.1214 |1.42 |42. 0.12

120.291)|26
Qg 3

2 mol/dm?® | 1.1569 | 1.7343.7 (1)4433.2 (1

(1)

(2)

(2)| 0.10
()| 0.15
(1)

)
3
glycerol | 1 mol/dm 1.1063 1.80\ G‘SFD 105.9 (1)|3
(1)

2 mol/dm? | 1.1249, [925 | 470 (1)|112.3 (1)[39 (1)| 0.13
*&{‘

PVA |5 g/100 cn® | 117725 [508 (1) 98.7 (1) | - | 017

10 g/100 cm® 44\~4\97 53.6 (1) 97.9 (1) | - | 0.18

20 g/100 cm3{ 1.1843" [17. 77.5 (1)
3 -
30 g/100 {IE\L ) .

O

30,311;1 at applied flow rate of 20 mL/h. Comparing the flow-driven and the well-stirred
T er;r\lce systems, the first obvious difference is the size of the crystalline particles, as the
flow leads to the formation of larger particles. Another distinction is the morphology of
the crystalline structures: the reference well-stirred experiments result in rounded and ag-

gregated particles, while samples from the flow-driven patterns contain mostly butterfly or

12
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size of the rose-shaped are approximately 3 pm, while the butterfly-shaped particles are
larger than 5 pm. No spatial variation is found in the structure by scanning various parts
of the precipitate pattern, hence uniform distribution of microstructure is associated with

the entire the pattern.
To distinguish between the two hydrate forms of calcium oxal }bxlan spectra in the
800-1500 cm™! range are compared.[27] The spectrum of ca, igt%alate monohydrate ex-
hibits two peaks at 1463 cm™! and 1490 cm™! belongin ]\t\sy metric C—O bending
$>ébiﬁmn of Table V). An ad-

PR

vibration with the former having greater intensity (see
_—

ditional characteristic peak with smaller intensity i obser‘<5: at 896 cm ™!

corresponding
to the C-C bending vibration. The spectrum of calcium«exalate dihydrate, however, has
only one symmetric C-O bending vibration atl @ I and the C-C bending vibration

is shifted to 911 ecm™' as shown in the secontd, coluthn of Table V. The characteristic peaks

\
oxalate monohydrate is produced lusively in the absence of spatial gradients. In the
flow-driven system at high flow a%ﬂ‘mL/ h) both mono- and dihydrate crystals are

te
identified in the inner circle, hﬂg\\ﬂs\o er circle richer in precipitates consists mainly of

of the well-stirred reference system (3rzd coltapn of Table V) indicate that indeed calcium
&

calcium oxalate dihydrate (cf. artdSth columns of Table V). The observed maximum at

1483 cm~! is a result of verlapping as the sample contains monohydrate as well.

TABLE V: Referenc d éxperimental Raman band positions calcium oxalate hydrates in decreas-

ing intensity.
£ ‘x\
/ Yreference spectra experimental results
4d N .
k\ y. calcium oxalate well stirred|w=100 mL/h|{w=100 mL/h

mon&hy rate (COM)|dihydrate (COD)| system | inner circle | outer circle

o I1463 em ™! 1477 cm™' 1463 cm™!| 1483 cm™! | 1483 cm!
1490 cm ™! 911 cm ™! 1490 cm~!| 1491 cm™! | 911 cm™!

S ~ 896 cm™! 896 cm~! | 1461 cm~! | 1461 cm™!

The individual crystalline particles are also analyzed by Raman microscopy in samples

obtained at moderate flow rate where the mixture of COM and COD can be produced

13
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50

Position (micrometers)
20 30 40

10

10 20 30 40 50

Position (micromgters)

)

FIG. 6: Spatial distribution map obtained from R: g‘migascopic measurement of a sample from
L
an experiment with 20 mL/h flow rate. Red er espond to COD (intensity at 1477 cm™1)

and blue to COM (intensity at 1463 cm~%) in theblack background.

Raman spectra of the individual cr %li.n\e particles are then used to assign the exact
composition. The blue solid curve Fig, 7 prove that the rectangular crystals are calcium

oxalate monohydrate, while the,o cdron and the butterfly-shaped particles (red dashed

curves) are calcium OX&{%@M crystals.
. . .
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ﬁ
}.‘75 Raman spectra of the individual particles. The red dashed line corresponds to COD while
theblue one to COM.
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We have investigated the precipitate pattern formation in a spatially extended flow-driven
system. As calcium chloride solution is pumped into sodium oxalate solution, a thin gravity
current spreading on the bottom evolves as a result of the density difference. Effective
mixing of the reactants, and hence substantial nucleation, onl gli, lace at the leading

edge of the current where a large convection roll develops. Eve h)gh both nucleation and
crystal growth are significantly faster than in the case of cop\u\c alt oxalate, the entire

precipitate pattern formation is determined by the flow %:Kb the dependence of the
he

descriptors on the characteristics of the gravity curreit. table stratification of liquid
layers behind the tip here also results in the for on of ra ally expanding filaments, thin
regions of downward flow rich in precipitate, a t:C.l.gh ﬂ’gey are not as distinct as in the case
of slow precipitate formation of cobalt oxalate. Th x‘}%riments demonstrate that enhancing
the flow by increasing flow rate or the derﬁ‘%ﬁgence between the reactant solutions, we
can control not only the spatial spreadin \tﬁﬁprecipitate pattern but also the composition
of the product. Raman spectroscopic Wr scopic measurements completely confirm the
presence of the thermodynamlca “unstable calcium oxalate dihydrate in the experiments
with significant gravity curre (\\*m contrast to the continuously stirred reference system
where only the stable caleium oxalate monohydrate is formed. This flow system therefore
i '%1: efficient method to maintain the concentration gradients

in order to keez? stém far from equilibrium, which allows the production of a material
0

can be envisioned as

inaccessible un mogelicous conditions, a thermodynamically unstable crystalline form

in this exam 5
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