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Heterogeneous reactions taking place in the aqueous phase bear significant importance both in applied
and fundamental research. Among others, producing solid catalysts, crystallizing biomorphs or pharma-
ceutically relevant polymorphs, and yielding bottom-up synthesised precipitate structures are prominent
examples. To achieve a better control on product properties, reaction kinetics and mechanisms must be
taken into account especially in dynamic systems where transport processes are coupled to chemistry.
Since the characteristic time scale of numerous precipitation reactions falls below 1 s within the relevant
concentration range, unique experimental protocols are needed. Herein we present a high-speed
camera supported experimental procedure capable of determining such characteristic time scales in the
range of 10 ms to 1 s. The method is validated both experimentally and by performing 3D hydrodynamic

rsc.li/pcecp simulations.

1 Introduction

Chemical precipitation reactions bear relevance in synthesising
nanomaterials"”> and catalyst precursors,>® in crystallizing
biomorphs®” and polymorphs®® even in the case of pharma-
ceutically important compounds,'®'! in nanoparticle-based
self-assembly,’® and also in growing delicate precipitation
patterns such as chemical gardens.”® In order to enhance
productivity, one may make an effort to maintain the most
appropriate conditions during reactions. In addition, when
intricate structures with tailored properties are targeted via
bottom-up synthesis methods, spatial gradients (e.g., pH,
concentration, electric field, etc.) and hence transport processes
are coupled to chemical reactions.™*

Recently, numerous studies focusing on individual para-
meters of such complex systems have been published. Although
even simple reaction-diffusion systems can produce precipitate
structures with hierarchy," flow chemistry may provide even
more tempting possibilities.’®® Precipitation reactions per-
formed under different flow conditions have been thoroughly
investigated, and therefore the effect of different reactants'®>"
and enhanced buoyancy®* and the role of physical parameters,
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such as oscillatory pressure change during injection®
and permeability differences of membrane structures,>* are
understood. Also, the ion-mobility-dependent unidirectional
thickening of 1D precipitate membranes is explained on the
basis of the coupling of transport processes and precipitation
reactions in a microfluidic channel.>®?® Maintaining precise
control of the formation of such precipitate structures is
relevant to corrosion, cement degradation, and inorganic
membrane engineering, to name a few."?

In this context, the role of reaction kinetics becomes
pronounced because successful matching of the time scale
with transport processes is required to enhance product proper-
ties. Recently, we have elaborated an experimental method for
the kinetic characterization of precipitation reactions.>” Our
procedure is based on the determination of induction periods,
tina”®7° - the time elapsed between the physical contact of
reactants and the onset of precipitation on the macroscale - for
slow reactions, where the precipitate appears in tens of seconds
or even later after bringing the reactants into contact. However,
the time scale for most chemical precipitation reactions is
significantly shorter than one second under general conditions
maintained in order to produce a macroscopic amount of
precipitate. In addition, many possible applications corres-
ponding to microfluidic channels (e.g., membrane and crystal
growth'®2%) require fast streams and short contact times which
calls for precise control over reactions in flow. Since solid
particles are produced by chemical precipitation, the traditional
stopped-flow technique cannot be applied for kinetic character-
isation. A power law has been introduced to describe the depen-
dence of #,q on reactant concentration.’®*' The parameters
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within can play an important role in experimental design because
the apparent exponent reflects the changes in the mechanism of
crystallization, i.e., crystallization takes place via a mono or poly-
nuclear mechanism. It has also been proven that the characteristic
features of precipitation structures obtained by coupling slow
precipitation and flow can be tuned via ¢,q by adjusting reactant
concentrations according to the power law revealed.>”

Therefore, there is a need to develop an experimental
method to determine induction periods for short (ting < 1 s)
time scales. Here we apply a high-speed camera (HSC) which
has already been proven to be efficient in tracking diversified
dynamic phenomena such as combustion flames,**** animals’
locomotion,®® planetary milling,> and aerosol formation.*®
Also, the growth of single crystals upon reaching supersaturation
by physical effects, e.g., cooling or evaporation, was followed both
during levitation and in microfluidic channels.’”*® However - to
the best of our knowledge - it has never been used to measure
induction times for the kinetic characterization of fast chemical
precipitation reactions on the macroscale. We test and validate
our method using the formation of calcium oxalate, a biologically
relevant molecule.

2 Experimental

Our kinetic study is based on a high-speed camera (Phantom
Miro 110 equipped with a Nikon AF-S 105 mm /2.8 IF ED VR
micro objective) which enables the high temporal resolution
monitoring of reaction dynamics. In the experiments, a standard
spectrophotometric quartz cuvette containing sodium oxalate
solution was placed in front of the camera (Fig. 1a). The other
reactant was supplied from above by a syringe pump (KDS Legato
210) equipped with a Hamilton gas tight syringe. Upon injection,
one drop (13 = 2 pL volume) of calcium chloride solution was
forced to fall from the tip of a needle placed at a constant distance
(~4 mm) above the pool of oxalate solution. Reactant solutions
started to mix immediately after the impact. The dynamics
within the field of view (12 x 9 mm) were captured by the HSC
(14000 fps, 320 x 240 px spatial resolution) as shown in Fig. 1b
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Fig. 1 Part a: Sketch of the experimental setup. Part b: Typical moments
of dynamics at selected times after the impact of a falling drop. The dark
color corresponds to the evolving precipitate. Initial concentration is
40 mM for both reactants.
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(see also ESIt for the movie). The stock solution concentration for
both reactants was varied and was 17.5, 20.0, 22.5, 25.0, 30.0, 35.0,
and 40.0 mM. Each experiment was reproduced 10 times to
provide reliable results.

The instant when the falling drop forces the meniscus of the
underlying oxalate pool to move is considered as the beginning
of the experiment. Due to the momentum of the drop and the
density difference of the reactant solutions, the drop sinks and
mixes in the liquid. In the initial stage of the experiment only
Schlieren patterns®® are visible and no precipitate is observed.
When precipitation starts, the convection pattern becomes
more distinct because of the presence of solid particles
(Fig. 1b). To determine induction periods, we followed the light
intensity change of the black and white experimental images
over time. When precipitation takes place, the gray scale steeply
decreases because of the light scattering on solid particles. The
induction period, tiq, is defined as the time difference between
the impact of the drop and the appearance of the precipitate.
Further details about the experiments and the evaluation
procedure are in the ESL{

To validate the HSC method, the Kkinetics of the same
model reaction can also be investigated photometrically with
the reactant concentrations sufficiently decreased where ¢nq
lengthens to the order of ~10 s. It must be highlighted here
that not every precipitation reaction could be used as a model
system since the amount of precipitate must be sufficiently
large to be detectable even at low concentrations when t,q is
sufficiently long. This is the reason why the HSC method is
complementary to the photometric one; most of the reactions
cannot be equivalently followed by the two methods. During the
photometric experiments, the turbidity (7) change over time (¢)
can be readily recorded with a spectrophotometer if the amount
of product is sufficiently high.>” In the present study we
monitored the turbidity change at a wavelength of 340 nm
(VWR UV-2100 PC Spectrophotometer) with a 0.5 s time resolu-
tion. Unlike during HSC experiments, reactants were premixed
with equal volume (1-1 mL) and stock solution concentration
(1.000, 1.125, 1.250, 1.375, 1.500, and 1.750 mM) and were
continuously stirred (700 rpm) during the photometric mea-
surements. The constructed 7-t curves are characterized by a
sigmoid shape where t;,4, the steepness of the curve, and also
the turbidity at the plateau vary with reactant concentration.
Further information about the curves and mixture composition
are in the ESL.}

3 Results and discussion
3.1 Determination of local concentrations

The goal of the present study is to elaborate an experimental
protocol for the kinetic investigation of fast precipitation reac-
tions with the aid of the calcium-oxalate model reaction by
revealing the parameters within the induction period-reactant
concentration power law.>”””® During the photometric experi-
ments, vigorous stirring is maintained to provide a homo-
geneous reactant mixture before precipitation can take place.

This journal is © the Owner Societies 2019
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In the HSC experiments however tj,q < 1 s which does not
allow the assumption of the presence of a homogeneous
mixture in terms of concentration distribution even in the
vicinity of the sinking drop of CaCl, solution. One can estimate
local concentrations and the efficiency of mixing by either
using light intensity-particle concentration calibrations or
performing 3D hydrodynamic simulations.

During our measurements (both HSC and well-stirred photo-
metric ones), the change of light intensity is caused by light
scattering on solid particles. Precipitate particles become more
numerous and may grow in size as the reaction advances. Both
of these effects contribute to the measured signal thus it is not
trivial that a measured signal-product concentration calibra-
tion can be achieved. Therefore, we have performed calibration
experiments similar to those described earlier.”” The only
difference is that now the plateau of the sigmoid curves, i.e.
maximum turbidity Tax, obtained for different initial reactant
concentrations is sought instead of ¢,q. It is found that Tpax
changes linearly with the concentration of solid particles for
both methods. Hence, an analogue of the Beer-Lambert law
can be validly applied to our precipitation system even though
the light intensity change is caused by solid particles and not
dissolved species. In addition, such a behaviour suggests that
the kinetics and mechanism of precipitation reactions may be
studied by using the entire T-t curves since they provide
information about product concentration over time. After
achieving the appropriate concentration calibration curves,
we estimated the local reactant concentration for the HSC
experiment carried out with 40 mM initial reactant concentra-
tions (in stock solution) shown in Fig. 1b. Substituting the gray
scale corresponding to the end of the induction period in the
HSC calibration curve, it is found that the product concen-
tration is similar to that which would have been produced by
homogeneously mixing ~ 0.5 mM reactant solutions (instead of
40 mM). This result suggests that reactant solutions barely mix
due to the short induction period. Further information about
the calibration curves and local concentration estimations are
found in the ESL{

In parallel we have also performed 3D hydrodynamic
simulations to investigate the mixing of fluids. To mimic our
experimental conditions, interMixingFoam solver of OpenFOAM
is used which models the mixing of two miscible incompres-
sible liquids in the presence of a gas phase. The interface
calculation is based on the volume of fluid method while
mixing is driven by the Navier-Stokes equation. Since neither
the precipitation reaction nor the interaction between solid
particles and fluid flow are taken into account by the solver, in
principle the results are valid until the onset of precipitate
formation. Therefore we can consider the simulated results
valid within a 0.1-0.2 s interval after impact because the
amount of the product is negligible in the beginning of the
reaction and the particles are tiny as seen in Fig. 1b.
The parameters used for the simulations (e.g., density, viscos-
ity, drop size, etc.) are set in accordance with the experiments
and listed in the ESL.f The schematic of the initial stage of the
simulations is illustrated in Fig. 2a. A drop of CaCl, solution is
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Fig. 2 Part a: Schematic representation of the initial stage of the simula-
tions with a CaCl, drop (orange) in the air (white) above the Nay(COO),
pool (cyan). Part b: Colour code for the relative concentration of CaCl,
shown in Part c. Part c: Mixing dynamics at selected times after the impact
of the falling drop; reactant concentration is 20 mM (c1-6). Part d: Spatial
distribution of the product of the reactant concentrations (P). The cross
section is composed of vertical slices taken at the middle and a horizontal
slice taken at the bottom of the cuvette. The time corresponds to picture c6.

placed in the air above the underlying pool of Na,(COO),
solution. To aid the visualization of mixing, the relative mixture
composition is shown only for the CaCl, reactant (Fig. 2b
and c1-6). Upon impact the drop sinks and mixes by forming
a well-visible convection plume close to the bottom of the
reactor. Such a calculated flow field coincides with that seen
in experiments performed with a 20 mM reactant concentration
where a precipitate is observed at a time corresponding to
Fig. 2c6. Simulations are carried out with various density
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distributions corresponding to different reactant concentra-
tions to investigate how the mixing efficiency relies on such a
parameter. It is found - within the experimentally relevant
concentration range - that the flow field is essentially indepen-
dent of the initial density distribution (see Fig. S5, ESIt). The
formation of similar flow fields allows us to assume that the
change of local reactant concentrations caused by dilution
upon mixing is independent of reactant concentration.

Although our model does not take the precipitation reaction
into account, it can still provide information about the location
of precipitate formation. To verify that the flow fields seen in
Fig. 2c are the same as those visualized by precipitate particles
in Fig. 1b, one may search for positions where the product of
the reactant concentrations (P) has a maximum, since this is
where the chemical reaction takes place at the highest rate. The
spatial distribution of the product quantifying the extent of
supersaturation is illustrated in Fig. 2d at an instance corres-
ponding to Fig. 2c6. The precipitate will appear in the reddish
and greenish regions which form a 3D pattern resembling a
typical plume shape. The side view of the pattern depicts a pair
of convection rolls as observed in our experiments (Fig. 1b)
which are also known from the work of J. J. Thomson on
nonreactive liquids back in the 19th century.*®*' To investigate
the contribution of macroscopic convection in the mixing
during the time scale of the HSC experiments, the product of
the reactant concentrations was calculated and integrated over
the entire cuvette volume for different initial density distribu-
tions (see Fig. S6, ESIT). The time evolution of this integrated
value showed the same trend independently of reactant concen-
tration. This suggests that microscale mixing advances via
diffusion, while macroscale convection plays a role only in
shaping the spatial distribution of the precipitate during the
time scale of the HSC experiments. Furthermore, since the
reactants were used in equal concentrations in the experi-
ments, and simulations revealed that the precipitate appears
at a thin contact zone of the two reactant solutions, the local
concentration is the half of the initial one because of cross
diffusion.

3.2 Scaling laws and comparison of the methods

The aim of our study was to elaborate and validate an experi-
mental method for the kinetic characterization of fast precipi-
tation reactions by determining induction periods and their
dependence on reactant concentration. Induction periods
determined from the two methods are plotted as a function
of reactant concentration in Fig. 3. A power law function®® is
fitted to both data series: tina/s = (310 + 73) (¢/mMm)~>1*01
with regression coefficient R* = 0.998 (solid line in Fig. 3) and
tina/s = (6.3 £ 0.3) (¢/mM) >°*%! with regression coefficient
R? =0.996 (dashed line in Fig. 3) are obtained for the HSC and
photometric experiments, respectively. The fitted curves are
graphically extrapolated to lead the eyes and provide an easier
comparison of the results obtained. In our study, induction
periods were determined via two different methods by measur-
ing two different physical properties. Turbidity is measured in
the UV-Vis experiments, while image gray scale was used for the

11348 | Phys. Chem. Chem. Phys., 2019, 21, 11345-11350

View Article Online

PCCP

10 L§
\
\,
) \\
~ \,
g1 N
-
0.1
7 T — T T
1 10

c/ mM

Fig. 3 Log-log representation of induction period as a function of
reactant concentration for HSC (circle) and well-stirred photometric
(square) experiments. Error bars are smaller than the symbols.

evaluation of the HSC experiments. This directly means that,
although there is a relation between the two properties mea-
sured, a shift in the absolute values is present when comparing
the results which leads to fitted curves with different intercepts.
Even though the absolute value of the induction periods cannot
be directly compared, the exponents of the power laws fitted are
equal within experimental error. These results prove that the
HSC method is suitable for the kinetic study of fast precipita-
tion reactions. For a successful HSC experiment, the drop must
sink into the underlying pool and leave the vicinity of the
meniscus because the latter appears black in the recorded
images, thus no light intensity change can be detected. There-
fore induction periods greater than 10 ms can be determined.
Also, ting should not exceed ~1 s otherwise advection becomes
less negligible, for which time scale well-stirred photometric
measurement becomes available.

Both methods, either supported with a UV-Vis spectrophoto-
meter or with a HSC, are based on the interaction of solid
particles and UV-Vis light. In the experiments, when the two
reactants are mixed together, nucleation and crystal growth
take place thus the initially homogeneous solution transforms
to a very fine colloid dispersion which goes through coarsening
via further crystal growth and aggregation. Nucleation and the
initial stage of crystal growth cannot be tracked by such visual
methods. Also, a dilute solution of nanoparticles with size
below ~40 nm would appear transparent. In the concentration
range of our experiments, however, precipitate particles are
produced in a sufficiently large amount and the process is fast
thus light scattering on solid particles becomes detectable due
to the Tyndall effect in the early stage of the reaction, i.e., when
the particles reach a size of ~50-100 nm. The induction period
is determined when colloid dispersion evolves thus it provides
no direct information about nucleation. However, t;,q4 can be
reproducibly measured and it is considered as a characteristic
time for precipitation reactions. The exponent of the fitted
power law function is the most important parameter in order to
achieve a successful time scale matching between precipitation
and coupled transport phenomena since exact particle size—
reaction time scaling must be achieved separately for different
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reactions. In addition, such exponents refer to the mechanism
of crystallization, ie., crystallization takes place via a mono
or polynuclear mechanism,*®*' which directly influences the
product properties. Therefore, being able to determine power
laws corresponding to precipitation reactions characterised by
significantly different time scales is crucial. In this context, the
HSC method is complementary to the photometric one since
most of the reactions cannot be equivalently followed by the
two methods.

4 Conclusion

We have shown that an analogue of the Beer-Lambert law can
be established for the concentration dependence of turbidity in
well-stirred photometric experiments for slow precipitation
reactions which may pave the way to investigating the kinetics
and mechanisms of such reactions. An experimental method
has also been elaborated to determine induction periods in the
case of fast precipitation reactions. The method is validated by
investigating the same model reaction on significantly different
time scales. The HSC experiment presented is a handy method
for the kinetic characterization of fast events (induction periods
in the range of 10 ms to 1 s) accompanied by a liquid-solid
phase transition; only a few steps have to be performed: (1) force
a drop of reactant A to fall into the pool of reactant B; (2) record
the gray scale over time at a high time resolution and determine
the induction period; and (3) reveal the induction period-
reactant concentration relation. The method is illustrated
based on the example of calcium oxalate formation which is
biologically relevant for the growth of kidney stones. The initial
stage of blood coagulation and clarifying-agent-driven floccula-
tion in water treatment can be mentioned as practical applica-
tions. Also, we consider our HSC system useful in achieving
precise time scale matching between fast reactions and fluid
flow relevant in microfluidic reactors (e.g., continuous nano-
particle synthesis).
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