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Abstract

Electric field imposed on a microchip, when electrokinetic pumping is used, can cause precipitation of electrolyte components and conse-
quential clogging of the microchannels. We have found that the precipitation will occur in much broader range of electrolyte concentrations
than in the case without the imposed electric field. For example, concentrations of the ions in the physiological fluids analyzed in the diag-
nostic microchips can also reach the solubility product when the gradient of the electric potential is used. This follows from the study of the
mathematical model of the electrolyte transport and ionic interactions in microcapillaries.

The studied microsystem consists of two reservoirs containing aqueous electrolytes, a solution of potassium carbonate and a solution of
calcium chloride, separated by a microcapillary containing a hydrogel. As the calcium and the carbonate ions diffuse and/or migrate in electric
field in the microcapillary, calcium carbonate is formed and the risk of clogging increases at the locations where the concentration product of
the calcium and carbonate ions exceeds the Gasbibility product.

Two qualitatively different spatio-temporal concentration patterns in the microcapillary of finite length in dependence on the applied
difference of the electric potential have been found by means of the dynamical analysis. We have observed patterns with one and two maxima
on the spatial profile of reaction rate of the calcium—carbonate interaction. Bifurcation diagram, in which the peak splitting has been clearly
detected, was computed in dependence on the imposed gradient of electric potential. The peak splitting and thus the possibility of more
complex precipitation patterns in the microcapillary follow from the existence of the sigmoidal profile of the electric potential arising in the
presence of electric field. We have also found that the existence of sigmoidal profile strongly modifies the transport times of the chemical
ionic componentsi§ ~ A®~3in a broad range of applied gradient of electric potentidi// € (0.02, 20) kV m=1).

As the mathematical description of the model system is spatially one-dimensional, the obtained results are applicable especially in capillary
microsystems with a large length/diameter ratio (e.g., separation microchannels or microchannels for isoelectrical focusing).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction when electroosmotic dosing of liquids is used. Effects of the
electric field on the course of an interaction between precip-
A microcapillary system with initially separated ionic itating ions are studied in this paper.
components that can form a solid precipitate is an impor-  Spatially one-dimensional electrolyte systems with var-
tant model system for studies of the clogging of micropores ious chemical interactions on an infinitely large domain
or microcapillaries used in microdevices. Electric field either were often studied1-5]. The initial separation of the re-
arises naturally in the capillaries due to varying concentra- action components is usually considered to be in a sin-
tions of ionic species or is imposed on the microcapillary gle point on the infinite domain. Sinder et §l,2] dealt
with a system of two competing reactions. The authors de-
* Corresponding author. Tel.: +420 2 2435 3168; fax: +420 2 3333 7335, "Ved the time characteristics of the reaction zone. They ob-
E-mail addressmichal.pribyl@vscht.cz (M. foyl). served that the spatial profile of the reaction rate can have
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two maxima. Sinder and Pell¢8] also studied a reversible  operations as a side product of the heavy metals precipitation
reaction—diffusion system with a non-diffusing product. The by lime[13].
authors explained the observed splitting of the reaction zone  Many research groups use the formation of the solid phase
as an effect of the immobile component. Taitelbaum et al. from liquids in microchips to produce well-defined nano- and
[4] and Yen et al[5] theoretically and experimentally stud- micro-particles. Chan et gl14] exploited a microfluidic re-
ied the competing reactions of €rions with xylenol orange  actor for production CdSe nanocrystals. Takagi ef{&3]
and the corresponding pH dependences of the distributionused a microcapillary device to produce Figarticles. They
of the reaction product. Reaction front splitting and tempo- avoided clogging by means of the two-phase flow when one
rary nonmonotonic behavior of the global reaction rate was liquid phase did not allow adhesion of the forming nanoparti-
observed. cles on the microcapillary walls. Wagner et[d6] observed
The interest in microtechnology and nanotechnology in adsorption of the gold particles on the microchannels walls
the last decade has evoked an intensive research on the eledn the process of gold particle generation by citrate reduc-
trokinetic phenomena in microstructures particularly on the tion. The operation parameters of the microdevice had to
effects of the electric field on processes inside microcapil- be precisely controlled in order to avoid the microchannel
laries and more complex microstructur€s-9]. An exter- fouling. Schenk et al[17] studied an organic synthesis ac-
nal electric field can evoke electroosmotic flow inside the companied by the precipitation of an ammonium salt in a
microreactor and thus the electroosmotic transport of elec- microdevice. They found that small deviation in the volume
trolytes is widely used for dosing, pumping, and mixing flow in their chip can result in the microchannel clogging.
in microchannels. Electroosmosis together with the electro- Guillemet-Fritsch et al[18] and Schenk et a[19] use the
migration can strongly affect the reaction rates in hetero- segmented flow tubular microreactor for production of the
geneous systems due to elimination of mass transfer resismnickel manganese oxalate powder and the calcite powder,
tance[10]. The authors looked for the regimes accelerating respectively. This reactor contains large number of moving
a bioaffinity reaction in the capillary microreactor. The em- microreaction volumes in series separated by an immiscible
ployment of the Poisson equation enabled dynamical study of fluid. Although this arrangement enables production of high
the processes near the phase interfaces within the microsyseguality powders, the risk of clogging is relatively high.
tem. Extensive research has been focused on the modeling and
In this work, we have chosen an electrolyte microsystem experimental studies of clogging but the reports on the effects
(seeFig. 1) with initially separated ionic components that can  of an electric field on clogging are rare. Magnj26] theoret-
form a solid precipitate. A water solution of calcium chloride ically studied the evolution of clogging in a one-dimensional
as one electrolyte and a water solution of potassium carbonatesystem by the deposition of a single chemical species. He
as the other one is the chosen example. The solid precipitateanalyzed qualitatively the coupling between the fluid trans-
of calcium carbonate can be formed in the connecting mi- port, pressure gradients and chemical interactions. Hampton
crocapillary when the solubility product is exceeded. In the and Savag¢?1] investigated the evolution of clogging in a
diagnostic microchips, samples of the physiological liquids random pore network. Their results showed that permeability
can be analyzed. For example, physiological concentrationsof the porous media depends on both the pore size distribu-
of calcium and bicarbonate ions in the blood plasma are usu-tion and the average pore size. Stole-Har{22hdeveloped
ally about 2.5< 10~3 and 2.5x 10~2 kmol m—23[11], respec- a dynamical model of the precipitation and dissolution pro-
tively. Effects of similar concentrations of the ions and the cesses in an electrolyte in a plug flow reactor. The precip-
intensity of an external electric field on the risk of microchan- itation processes can be used for the removal of impurities
nel clogging are studied in this work. Further, the formation from an aqueous electrolyte. Stole-Han$2B] considered
of the solid calcium carbonate can play an important role the precipitation of NiC@, Ni(OH)3, and PbQ and infinitely
in water treatment filters where the clogging of micropores fast rate of the water and carbonic acid protolysis. He found
can result in a substantial decrease of efficiefi@]. Pre- that the precipitation in such type of reactor can be success-
cipitation of calcite is also observed in the water treatment fully controlled via pH level. Yu and Neretniek83] mod-
eled transport and reaction processes including precipitation,
AD electro-migration, and electroosmosis in a porous medium
under the influence of an external electric field. They studied
the removal of copper from sand by means of an external
electric field in a case study. They found that the electrode
reactions together with the reactions far away from the elec-
trodes and the transport processes can form a steep pH jump
somewhere in the porous medium. This jump constrains cop-
per accumulation at this location. The insertion of a conduc-
Fig. 1. Scheme of the reaction microsystem. The microcapillary connects tive solution next to th_e tube W_Ith sand resulted in a shift of
two well-stirred reservoirs with constant values of concentrations and electric the copper concentration maxima outwards. Hence, the ex-
potential. ternal electric field can be used to remove some components
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of the electrolyte out of the system and to avoid clogging of cesses inside the microcapillary system. These assumptions
the system by a precipitate. can be satisfied in typical microsystems.

The chemical system with initially separated components  The distribution of concentration of thth component in
leading to the precipitation can exhibit nonlinear behavior and the microcapillary connecting both reservoirs is described by

form periodic spatial structures—Liesegang pattg2#. the molar balance
The formation of periodic patterns of the solid precipitate n
is a result of several complex processes such as diffusion of i - V.J+ Z vijrj, i=1,...,m, 1)

the precipitating components, nucleation of the crystal cen- 9
ters, redissolution of the precipitate, kinetics of the particle _
growth, etc. The spatial distribution of the solid precipitate where the total flux of thigh componeny; is given by the sum
depends on the initial concentration of the reacting compo- of the diffusion and the electro-migration fluxes according to
nents, on distribution of the internal gradients of concentra- Nernst—Planck equation
tions and temperature, on the presence of the gravitational

field, etc.[25]. The effects of an external electric field onthe  J; = jP + JF = —D;V¢; —
structure of the Liesegang patterns and the speed of the front

propagation were described in many papers, R6-29] Some components of the electrolyte can interact with other
Sultan and Halabie26] and Lagz{27] experimentally stud-  components im chemical reactions (see Hd.)). The rate of

ied the propagating patterns of precipitation. They found that formation of theith component in th¢th chemical reaction

the dependence of the propagation velocity on the electricis given by the product of the stoichiometric coefficient and
field strength can be nonlinear. An external electric field can the expression for the reaction ratgr;. The symbolv®

also cause other nonlinear phenomena such as reaction wavim Nernst—Planck equation denotes the gradient of electric
splitting, stopping, symmetry breaking, etc., ¢30,31] potential.

In our paper, we do not deal with the processes of precip-  In our system, the longitudinal dimensidrof the mi-
itation occurring after the saturation limit has been reached crosystem is dominant and the effects of the fixed electric
(the nucleation or the crystal growth). We study the effects charge on the internal microcapillary walls are neglected. The
of an imposed electric field on the transport of ionic compo- lateral dimensions of the microcapillary are usually of the or-
nents, on the chemical interactions and on the attainability of der of several microns, whereas the considered range of the
the limit of solubility in the microreactor containing the aque- microcapillary length i$0.5, 50 mm. Hence we expect that a
ous electrolyte. We focus on the location of regimes that have long-microcapillary system will be effectively spatially one-

a potential to establish the conditions that can lead to clog- dimensional. After the application of the fin approximation
ging of the microstructure. The microcapillaries with initially ~ [34] on the model equations, we receive the one-dimensional
separated components in electric field are a typical arrange-model that was analyzed in this study.

ment used in the dosing via electroosmosis in microchips.  The distribution of electric potential is given by the solu-
We will demonstrate that the imposed electric field can sub- tion of Poisson equation

stantially increase the risk of clogging and create complex
concentration profiles of the precipitating ions. V- (VD) =

j=1

.D;F
ol Vo, )

—q
&ré0’

®3)

_ wheregreg denotes the permitivity of the solution. Here we
2. Mathematical model consider a constant value of the permitivity in the entire sys-

tem. The charge densitydepends on the local composition
We consider the reaction microsystem depicteBim 1 of the electrolyte according to E(#)

The system consists of two reservoirs and one connecting mi-

crocapillary. The L and the R reservoirs contain electrolytes =

of a particular composition: a solution of calcium chloride 4~ Fzzici’
and a solution of potassium carbonate, respectively. These
electrolytes are separated by a microcapillary containing awherez is the charge number of thiéh component of the

gel with no bound electric charge. As the calcium and the car- electrolyte, and- is the Faraday’s constant.

bonate ions diffuse or migrate (under the influence of electric ~ Yu et al.[23] eliminated the Poisson equation from the
field) in the microcapillary, calcium carbonate is formed. The mathematical description of precipitating reactions using the
dissociation reactions of the carbonic acid, bicarbonate andassumption of electroneutrality in the whole system. Lindner
water can also occur in the connecting microcapillary. et al.[32] andSnita et al[33] proved that simple ionic sys-

Let us consider that the reservoirs are well-stirred and the tems can be far away from the electroneutrality under specific
ionic composition of the reservoir solutions is approximately conditions (inthe case of existence of phase—phase interfaces,
constant in time. A difference of electric potential can be fixed electric charge and/or steep concentration gradients).
imposed on the microsystem. Further, we assume that theHence we do not use the local electroneutrality assumption
electrode reactions and their products do not affect the pro-in the description of the system.

(4)

i=1
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The composition of the reservoir solutions and the im- the precipitation of CaCgcan cause microreactor clogging,
posed electric potentials define the boundary conditions of we have to consider that any region of the microstructure,
the system. The Dirichlet boundary conditions with the con- where the solubility product is exceeded, has a potential for
stant vector of concentrations and constant value of electricthe crystal formation. The kinetics expressed by @j.is
potential are considered thus suitable for dynamical analysis on the time interval be-
tween the introduction of the CagCand KoCO;3 electrolytes
into the contact and the time when the solubility product is
Ply— =Pr, i=1,...,m. (5) exceeded for the first time. Hence the processes occurring in
the supersaturated solution need not be considered for this
type of computation because no solid Cad® present in

Cilx=0 = Ci L, Cily=L = CiR, Ply—0 = DL,

In dynamical simulations, we consider a microcapillary filled

with a hydrogel at pH=7 as the initial condition of the mi-  yhe microreactor. The dynamical analysis can give us good

crosystem. . indication of both the time and the position of the appearance
Temperature changes arising from the released Joule heabf the first precipitate

and chemical reactions are usually negligible in such systems
due to high ratio of internal surface and volume of the mi-
crocapillary. Therefore, the energy balance is not included in
the mathematical model.

If K2,CQOs is dissolved in water, carbonate exists in three
forms depending on the pH value of the solution. Two disso-
ciation/association interactions occur in such electrolytes

The interactions between the solutions of calcium chloride Ka _
and potassium carbonate are the subject of this study. TheH2C0s = H™ + HCOs ™, ©)
calcium and the carbonate ions form calcium carbonate that Kao
can precipitate HCO3~ = H 4+ CO3%". (10)
Ce +COz%” — CaCQ. (6) The reaction rates of these interactions are described by Egs.

The solid precipitate of CaC{xan be stable if the value of (11) and (12)

the solubility producKs is exceeded in the solution r2 = ka(cr+chco,- — KaicH,cos): (11)

Ks = _ ) 7
s = Ccoz2-Ceat (7) r3 = k3(CH+Cco32— _ KachCOg,*)' (12)
Let us assume that the reaction rate of Cg@dPmation can

be described by the second-order kinetic equation Moreover, the recombination/dissociation reaction of water

occurs
r1 = kicco2-Cog+- (8) K

Nancollas and Redd5] and Chond36] studied the ki- HY + OH™ = H,0, (13)
netics of calcium carbonate precipitation. They found that and the expression for its reaction rate can be written as
the rate of the crystal growth can be expressed by the second-
order kinetics. In this paper, we have assumed that the forma-, = k4(ciy+copy- — Kw). (14)
tion of calcium carbonate (both the dissolved and the solid
one) is controlled by the same kinetics. The rate of the back- The values of the equilibrium and the kinetic constants used
ward dissociation of CaC§is neglected. This assumption in our simulation are summarized Table 1
should be valid if the concentration of the dissolved CaCO The fast dissociation processes (9), (10), and (13) in the
is low. Because the solubility of CaGQs very low (given microsystem are often considered to be in equilibrium. How-
by the solubility producKs), the above-mentioned assump- ever, the presence of a sharp gradient of the electric poten-
tion is usually satisfied. Here, we do not study the processestial can lead to a deviation from the equilibrium because the
of precipitation and the crystal growth in the supersaturated electro-migration transport processes can be faster in such
electrolyte. We only want to detect such regimes in the para- Systems. As we are not definitely able to exclude the forma-
metric space where the formation of Cag£i® possible be-  tion of such gradients in the microsystem, finite rates of the
cause the product of calcium and carbonate concentrations idast dissociation interactions are considered.
higher than the value of the solubility produ&t. More gen- The electrolyte solutionsin the reservoirs are considered to
eral description of steady state distributions of concentrations be in the reaction equilibrium and satisfy the condition of lo-
and electric potential can also consider the backward dissoci-cal electroneutrality. The following values of concentrations
ation of calcium carbonate, the dissolution of the solid form are chosen in the L reservoirg- | = 2 x 10~*kmolm~3,
of CaCQ, the CaCQ crystal formation and the changes of cx+ | = cH,co3L = CHco,-,L = Cco2-,L = 0 kmol 3,
transport parameters of all components if the microcapillary pH_ =8.5. The concentrations of hydroxyl and calcium ions
clogging occurs. The steady state analysis of our simplified are computed from the definitions of the water ionic product
model can indicate possible supersaturation of the electrolyteand local electroneutrality
inthe microreactor and the existence of the possibility of crys-
tal formation. Because we are looking for the regimes where Kw = cy+con-» (15)
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Table 1
Model parameters
Parameter Description Value Units
pHL pH value on the L boundary 8.5 1
Coar L Concentrations of calcium ions on the L boundary 1.00163 kmolm—3
cor- L Concentrations of chloride ions on the L boundary x 2073 kmol m—3
CK+ L Concentrations of potassium ions on the L boundary 0 kmoi m
CH,COg,L Concentrations of carbonic acid on the L boundary 0 kmotm
CHCO3~ L Concentrations of bicarbonate ions on the L boundary 0 kmdlm
Ccog- L Concentrations of carbonate ions on the L boundary 0 kmdlim
pHR pH value on the R boundary 8.5 1
Cc@+ R Concentrations of calcium ions on the R boundary 0 krof m
cc- R Concentrations of chloride ions on the R boundary 0 kmotm
Ck+ R Considered range of concentrations of potassium ions on the R boundary x11828 t0 10.08 kmol nr3
CH,CO3,R Considered range of concentrations of carbonic acid on the R boundary 61068 to 6.960x 102 kmol m—3
CHCOs~ R Considered range of concentrations of bicarbonate ions on the R boundary xa1088 to 9.785 kmol nm3
Ccos?- R Considered range of concentrations of carbonate ions on the R boundary x11851 to 0.1451 kmol 3
Dy+ Diffusion coefficient of protons 9.3 10°° m?st
Doy~ Diffusion coefficient of hydroxyl ions 5.2810°° m?s1
Dg- Diffusion coefficient of chloride ions 2.0410°° m? st
Dcar Diffusion coefficient of calcium ions 7010710 m?st
Dy+ Diffusion coefficient of potassium ions 1.9610°° m?st
Dhi,cos Diffusion coefficient of carbonic acid 8010710 m?s~1
Dyico,- Diffusion coefficient of bicarbonate ions 8010710 m? st
Deoy2- Diffusion coefficient of carbonate ions 8010710 m?st
Zpt Charge number of protons 1 1
Z0H- Charge number of hydroxyl ions -1 1
Zc- Charge number of chloride ions -1 1
e+ Charge number of calcium ions 2 1
K+ Charge number of potassium ions 1 1
ZH,COs Charge number of carbonic acid 0 1
ZHCOs~ Charge number of bicarbonate ions -1 1
20042 Charge number of carbonate ions -2 1
F Faraday constant 9.6487107 Ckmol1
R Molar gas constant 8.31410° Jkmol 1K1
T Temperature 310 K
€0 Vacuum permittivity 8.854% 1012 Fm!
er Relative permittivity of water 7.85 10! 1
Ky Kinetic constant of CaC@formation 3.333 mkmol~1s1
ko Kinetic constant of carbonic acid formation 31010 m3kmol-1s1
ks Kinetic constant of bicarbonate formation 300 m3kmol~1s-1
Kinetic constant of water recombination 30t mékmol~ts1
Kw lonic product of water k1014 kmol2 m—6
Ka1 Carbonic acid dissociation constant 4.4460°7 kmol m—3
Kaz Bicarbonate dissociation constant 4.68801! kmol m—3
Ks Solubility product of CaC@ 8.7x 1079 kmol2 m—6
vy Convective velocity 0 mst
(16) CCO3,R = Ccou2- R T CHCO3~,R T CH2CO3R- (19)

Z Zi¢i = 0.
i

In the R reservoir, we choosecq- r =ccprr=

Okmolm3 and ptk=8.5. The total concentration of

carbonaterco, r is one of the investigated parameters and

3. Numerical analysis

The mathematical model consists of the molar balances

its value is specified in the figure captions. Concentrations (1), Poisson equation of electrostatics (3), and the initial

of the other ions are computed by means of E&S)—(19)

CH+ RCHCO;,R
Kyg= ——7—,
CH,CO3,R

17

(18)

and boundary conditions (5). The number of molar balances
(1) describing the microcapillary system is=8: i =H*,
OH—, C&*, K*, CI~, H,CO3, HCO3~, CO32~. The model
contains four interactionsnE4 in Eq. (1)) with kinetics
given by Egs.(8), (11), (12) and (14)Analysis of steady
state and dynamical analysis of the system with the in-
teraction between precipitating ions is carried out in this
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study. The developed numerical software is based on the4. Results and discussion

Matlab/Femlab platform that uses the method of finite ele-

ments for the solution of partial differential equations (PDE). The external electric field is an important tool for the

The requirements on the accuracy of solution demanded thedosage and manipulation of the electrolyte solutions in mi-

use of spatial discretization of the model equations into 800 croreactors. Hence our analysis is mostly focused on the ef-

elements. fects of the imposed potential gradient and on the develop-
The time derivatives in Eq(1) are equal to zero in the  ment of spatio-temporal patterns of ionic concentrations in

steady state analysis. The resulting set of ordinary differ- the reservoirs. We assume that all phenomena studied in this

ential equations of the second-order was solved. The ex-paperoccur far fromthe electrodes. Hence the local processes

tremely low value of the water permittivity and high values on the electrode surface do not affect the processes in the mi-

of the reaction rate constants induce stiffness of the solvedcrocapillary. The gradients of the electric potential used in

equations. Hence we used imbedding approach, starting withthe simulations usually range from 0 to 100V per 1 mm. It

such values of the parameters, for which we can get a so-corresponds to values of electric field intensity in the interval

lution of the model system. Further, we computed an er- from 0 to 100 kV nt? that represents a typical situation in a

ror function depending on the gradients of concentrations microfluidic system (cf., e.d38]).

and electric potential from the received solution. The distri-

bution of the mesh elements was adapted according to the4.1. Steady state analysis

shape of the error function. Required values of the model

parameters were used in the next round of computation. The analysis of steady states gives us only partial infor-
This procedure was repeated several times to receive the acmation about the effect of model parameters on the global
curate steady state solution for the chosen model paramebehavior of the system because all dynamical and stability
ters. information are lost. However, the steady state analysis is
An efficient algorithm had to be developed for the dy- a good indicator of the possibility of existence of local su-
namical analysis. The set of parabolic PDEs (the molar bal- persaturation and clogging in the microsystem. Hence the
ances) and one elliptic equation (Poisson equation) are solvec:onstruction of the parametric dependencies of the global
numerically in this case. Sharp gradients in the concentra- quantities, e.g., the maximum of the reaction rate between
tion and potential profiles are observed particularly at the the calcium and the carbonate ions, has been carried out.
start of dynamical simulations. Further, these gradients move  The dependence of the position of the maximum reac-
due to diffusion and migration of the electrolyte compo- tion rate of the reaction between the calcium and the car-
nents. Hence the algorithm for dynamical simulations re- honate ions on the total concentration of the carbonate in the
builds the adaptive spatial mesh according to the chosenr compartment is depicted ifig. 2A. The solid line cor-
error function in specific time intervals that are estimated responds to the case without the imposed electric field. If
from the transport properties of ions. The distribution of the c¢co, g€ (102, 1072) kmol m3, the position of the maxi-
spatial mesh is also corrected in order to cover the migra- mum rate of CaCe@ formation is located in the middle of
tion length of ions with a dense mesh of elements in the the microcapillary. The steady state spatial profiles of con-
next time interval. The implicit solver dasj87] based on  centrations are almost linear because of the dominance of
the backward differentiation formulae is used for time inte- the diffusion transport. When the total concentration of car-
gration of the discretized set of model equations. A single ponate increases, the global behavior of the microcapillary
dynamical simulation from the initial condition until the sol-  system becomes strongly dependent on the total carbonate
ubility limit is reached takes approximately 1h on the PC concentration. The spatial distribution of carbonate is still
2.4 GHz. linear while the calcium ions are quickly consumed by the

[kmol m™)] (B)

[kmol m™¥] (©) [kmol m™

°co3,R cc03,|a cCOS,R
Fig. 2. Dependence of the steady state characteristics on the total concentration of carbonate in the R reservoir: (A) position of the maxirhameeattawf t
between the calcium and the carbonate ions; (B) concentration product of the carbonate and calcium ions at the position of the maximum re&gtion rate; (
concentration of carbonate ions at the position of the maximum reaction rate. The parameter vdladsrare A® =0V (solid line), A®=0.1V (dashed

line), A®=1V (dotted line). The dash-dotted line in (B) depicts the solubility product of CaCO3. The subscript ‘p’ denotes a concentration at the position of
the maximum reaction rate.
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precipitation and higher G4 concentration is observed only  and the lower electric conductivity close to the R compart-
nearthe L reservoir. Itresults in the shift of the peak of CgCO ment, a locally higher potential of the electric field is found
formation to the L reservoir. in this region in order to preserve the constant flow of the
As we can see ifrig. 2A, the dependence of the position nonreacting ions in the steady state. A concave shape of the
of the maximum rate of CaC{formation is more complex electric potential profile is then observeeid. 3D). Let us
when the potential difference of an external electric field po- note that the above-described behavior of the microsystem
tential is applied. Let us focus on the casé =1V (the dot- follows from the electro-migration flow of the ionic com-
ted line). We can recognize a steep shift in the position of the ponents and cannot be observed in the systems without the
peak of the CaC@formation rate at the carbonate concen- imposed gradient of the electric potential.
tration valuecco, r ~ 103 kmol m~3. This sharp change is Entirely opposite effects are identified when®O;3 in
caused by the switch of the electrolyte dominance, which the R reservoir is the dominant electrolyte (edqso,r =
can be explained by meansfeify. 3 where the steady state  10~!kmol m~3), see the dash-dotted line fifig. 3A—F. The
profiles of pH value, concentrations (normalized by charac- positively charged potassium ions are kept in the R reser-
teristic boundary concentrations) and electric potential are voir (Fig. 3B) and the concentration of calcium ions in the
shown. microcapillary is much higher than the corresponding con-
If the CaCp electrolyte in the L reservoir is dominant (e.g. centration in the reservoiF{g. 3E). The carbonate ions are
CCOsR = 10~*kmolm=3), i.e., its concentration is higher quickly consumed due to the formation of Cag @hen car-
than the concentration of thesfR O3 solution in the R reser-  bonic acid and the bicarbonate ions dissociate and the mean
voir, we can observe a number of interesting phenomena (thepH value decreasesig. 3A). A convex spatial profile of
solid line inFig. 3A—F). The chloride ions are concentrated by electric potential is reached due to low electric conductivity
the electric force near the L compartmehigy. 3C) whereas  close to the L reservoilFg. 3D).
the calcium ions are pulled to the R compartment. The posi- When the total concentration of electrolytes in both
tive charge of calciumions at higher distance from the L reser- reservoirs is approximately the same (e.gco,Rr =
voir has to be compensated by the negative electric charge ofLl0~2 kmol m~3), one can observe a linear spatial profile of
the carbonate and the bicarbonate ions. Hence, their concenelectric potential and the pH value almost constant along the
tration inside the microreactor is much higher than in the R entire profile (the dashed and the dotted curves of pH and
reservoir Fig. 3F). The position of the peak on the rate pro- electric potential irFig. 3A and D). The increase of the con-
file of the CaCQ@ formation coincides with the concentration centrations of ions above their boundary concentrations is
profile of the carbonate and the bicarbonate ions—the peak isnegligible.
observed near the L reservoir. Further, a high concentration  The application of an external electric field has important
of the carbonate and the bicarbonate ions accelerates theieffects on the global behavior of the system. The microreactor
association reactions with the hydrogen ions, which results clogging can occur if the concentration product of calcium
in an increase of the mean pH value in the microcapillary and carbonate ions locally exceeds the value of the solubility
system Fig. 3A). Because of the lower concentration ofions productKs. The dependence of the maximum of the concen-
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Fig. 3. Steady state distributions of the model variables for various total concentrations of carbonate in the R reservoir: (A) pH value; (B)litrednorma
concentration of potassium ions; (C) the normalized concentration of chloride ions; (D) electric potential; (E) the normalized concentratiomof ca
ions; (F) the normalized concentration of carbonate ions. Soliddiftgr = 1 x 10~*kmol m=3, dashed linecco, r = 1 % 103 kmol m=3, dotted line
ccosR = 2 x 10~3kmol m~3, dash-dotted lineco, r = 1 x 10~ kmol m~3. The parameter values drelmm,A® =1V,
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tration product in the spatial profile on the total concentration 200 1000 —

of carbonate is plotted iRig. 2B. As expected in the case of 150 750

zero difference of the electric potential, the solubility prod- - T

uct is not exceeded when the total carbonate concentration = "% <%

drops below a critical value (for our set of model parameters 501, 250
ccosR < 5 x 10~3kmol m~3). If an electric field is imposed 0 N

on the microcapillary £ @ = 1 V), the concentration product 10 10° 107 10" 10°
of the precipitating ions never decreases below the value of A) %o, R [kmol m™®] B) %o R [kmol m~]

the solubility product in the studied interval of the total car-

bonate concentration. It means that the precipitation in the rig. 4. Dependence of the dynamical characteristics on the total concentra-
reaction microsystems with the imposed electric field can tion of carbonate in the R reservoir: (A) time when the value of the solubility
begin even if the concentration product of the calcium and Droguct is rﬁacheq”(cri%:)al Ttirr]ﬂﬁs); B) Positiorl1 of t;e rleached Solli)b\i/"ty
carbonate ions in the reservoitg-f+ | - cen.2- ) is much ~ Productinthe capillary)). The parameter values are 1 mm, A=

lower than the solubility prodtij%tgzahl_d thcéﬁ thRe clogging of (solidfine), A=0.1V (dashed lineja® =1V (dotted line).

the microsystem can occur. The existence of the described

phenomenon can be explained by meankigf 2C, where

the concentration of carbonate ions at the position of maxi- and the imposed difference of the electric potential. A single
mum rate of formation of CaC£Js plotted. Atgiven electric  peak and low sensitivity with respect to the total carbonate
field strength and orientation, the concentration dominance concentration are observed in the systems with=0 or

of the electrolyte in one reservoir results in an increase intheg.1 v,

concentration of the precipitating counterion from the other  The example of dynamical evolution of spatial profiles
reservoir above its boundary concentration in order to balanceof the selected model variables far@ =0V is plotted in

the electric charge in the capillary microreactor. Fig. 5A-D. Even if the diffusion mechanism of transport
dominates, the electro-migration is also present especially
4.2. Dynamical analysis at the start. This effect results from different mobilities of

ions in the electrolytes and strongly nonlinear distribution of

The main aim of the dynamical analysis is to determine at the mobile electric charge in the microreactor (see(B}).
what time and position in the microstructure the precipitation As the components of the both reservoir solutions are dif-
of CaCQ; can start. fusing and migrating in the microcapillary, the distribution

The effects of both the total concentration of the carbonate of electric potential is becoming a constant function of the
in the R reservoir and the imposed potential gradient on the spatial variable. The electro-migration transport is vanishing
critical timety, at which the solubility productis reached, are with the increasing time. The solubility product is reached
depicted inFig. 4A. The imposed potential gradient of given att=105s for the given set of model parameters. The con-
polarity accelerates the CaG@@rmation. We can observe centration profiles of the calcium, carbonate, and the other
that t; does not exceed 50s on the studied interval of the ions remain monotonous in the studied time interval. When
total carbonate concentration fa® =1V. WhenA® =0V, the solubility product is attained, no sharp gradients of ion
tp grows to infinity with the decreasing carbonate concentra- concentrations arise. Let us note that the position of the spa-
tion. The growing total concentration of the carbonate thus tial maximum of the rate of CaC{J¥ormation at the timey
accelerates the attainment of the solubility product, which is substantially different from its steady state position (com-
follows from the combined effect of higher intensity of both  pareFigs. 2A and 4B. From the experimental point of view,
the diffusion and the electro-migration transport (seg £))- Fig. 4B is much more important because it shows that the for-

The spatial position of the maximum rate of Cagfor- mation of CaC@ should be observed first around the position
mationx, depends on both the total carbonate concentration of the earliest supersaturation.
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Fig. 5. Dynamical evolution of the distributions of the model variables in the microreactor: (A) concentration of calcium ions; (B) concentatimonate
ions; (C) the concentration product of calcium and carbonate ions; (D) electric potential. Sotid Urkes, dashed line= 30 s, dash-dotted line= 105 s. The
parameter values ate 1 mm,A®=0V, cco;r = 1 x 102 kmol m3.
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Fig. 6. Dynamical evolution of the distributions of the model variables in the microreactor: (A) concentration of calcium ions; (B) concentatimmate
ions; (C) the concentration product of calcium and carbonate ions; (D) electric potential. Sotid Orfes, dashed line=13.1 s, dash-dotted lirne=22.5s.

The parameter values drelmm,A® =1V, cco,r =1 x 102 kmol m™3.

Two maxima on the spatial profile of the product of 100
calcium and carbonate ion concentrations are observed, if 50
A®=1V (see two dotted lines ifig. 4B and the concen- = 20
tration profiles inFig. 6A—C). Two peak pattern formation = 10
can be explained on the exampleRiy. 6A—D. At the start 5
of the system evolution, the precipitating ions are intensively 5
transported from the reservoirs to the microcapillary due to 10"
(A) AD V] (B) AD V]

higher electrostatic force. Thus the region close to the reser-
voirs is characterized by high electric conductivity. The local _ _ , , ,
gracient of eectrc potentia is 0w in these regions and the £, BT snass fects o e mposed dfereree of olcri
potential profile is assuming a sigmoidal shape fggetD). electric potentialdco, r = 1 x 107t kmolm~3, 1= 1 mm); (B)dependence
The electrostatic force is much higher in the central part of the of the relative position of reaction maximg/l of the calcium—carbonate
microcapillary than in the peripheral regions. Due to the men- interaction on the imposed difference of electric potential at the critical time
tioned distribution of the electrostatic force, the calcium and t (ccosr = 1 x 10~* kmolm2, I=1 mm). The solid line—the main peak,
carbonate ions are intensely pulled through the central part® dashed line—the lower peak.

of the microstructure with low electric conductivity. Hence L -

the precipitating ions accumulate in the opposite peripheral (20) canno_t be used for the estimation of the critical and/or
parts of the microreactor (e.g., the calcium ions from the L transport time.

compartment close to the R reservoir) where they balance The solubility product is attained _at the c_rl_tlcal time. The
computed dependence of the relative position of the reac-

the local electric charge, sédg. 6A and B. The observed . . : .
accumulation of these ions results in the two peak pattern tion -rate peak 9f the calcmm—carbonate |_nte_r acb(gwh on -
formation the imposed difference of electric potential is depicted in
The dependencies of the critical timg on principal F'g,' 7B The.peak ,Sp"F“”Q takes plgce Whm_>l(T V.
model parameters have also been studied. If we consider! his bifurcation point lies in the region of dominance of the
a linear distribution of the electric potential, the combined E/ECtro-migration transport (séég. 7A). As discussed ear-
diffusion—electro-migration transport time of the chemical !1er. the reaction peak splitting follows from the formation of
component (e.g., of the hydrogen ions) can be then expressea?he steep gradient of electric potential within the microcapil-
ary (strongly sigmoidal profile of electric potential). When

as the imposed difference of electric potential growths, a smaller
Dy+  FDy+|A®| -1 peak is disengaged and the spatial distance between this new
r= ( 12 RTI2 ) (20) peak and the original one swiftly increases (see the courses
of the solid and the dashed lineskig. 7B).

As the electric potential difference growths, the electro-  The effects of another model parameter, the length of the
migration term becomes dominant and the transport time microcapillaryl, are shown irFig. 8 Although the two peak
should be proportional to th&® according to relationship  pattern was observed, we have plotted here only the global
t~ A®~1. The computed dependence of the critical time on maximum of the rate of CaC{ormation in the microreactor.
the imposed potential difference is plottedkig. 7A. The The dependence of the critical timigon the length of the
logarithmic plot confirms that the critical time does not de- microcapillary in the logarithmic scale is plottedkig. 8A.

pend on the imposed potential difference fio® <102V This dependence is approximately linear and its slope is about
when the molecular diffusion is dominant. X € (0.02, 2 on the studied interval of the microcapillary length and Eq.
20) V, the critical time is then proportional to the imposed (20) holds.

potential gradient according tev A®~ 13, The slope of the We have found that the increasing length of the microcap-

described dependence is steeperAap >20V. Hence Eq. illary does not affect the observed number of peaks on the
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Fig. 8. Dynamical analysis, effects of the microcapillary length: (A) dependence of the criticaltiomethe length of the microcapillarydo, r = 1 x
10~ kmolm=3, A@ =1V); (B) dependence of the critical tinig on the total concentration of carbonate in the R reservoir, solid Imé& (nm, A® =1V),
dashed line (I=10 mma® =1V); (C) dependence of the relative position of the solubility limit in the reaction microsysémn the total concentration of
carbonate in the R reservoir, solid line=(L mm, A® =1V), dashed line (I=10mmA®=1V).

profile of the product of the calcium and the carbonate ions. Wildenschild[39]. They studied an electroosmotic flow in a

It corresponds with the existence of only single decrease of clay bed containing micropores. The authors found that the
the electric potential on its sigmoidal spatial profile in the electrokinetic phenomena can induce carbonate precipitation
case ofA®=1V. at a specific position in the clay bed.

The dependences of the critical tirtyeon the total car- The dependences of the critical time, at which the solubil-
bonate concentration in the R reservoir for two microreactor ity product of CaCQis exceeded, and the position of the first
lengths are depicted iRig. 8B. The course of these depen- appearance of the saturation in the microcapillary on several
dences has a similar shape for both microreactors. As ex-model parameters are studied in the dynamical analysis. In
pected, the critical time is higher by several orders of magni- this work, we assume that the risk of clogging is likely at any
tude for the longer capillary. The microsystem with the given point where the solubility product is exceeded. We have ob-
set of parameters is sensitive with respect to the concentratiorserved two different spatio-temporal patterns in the microre-
of electrolyte in both reservoirs. The relative position of the actor in dependence on the applied difference of the elec-
peak on the reaction rate profitg/l almost does not depend  tric potential. A single peak on the reaction rate profile was
on the microcapillary length (sé&g. 8C). Small differences  detected for low potential differencag/l <0.1V/1 mm. A
result from the used boundary conditions at the ends of thetwo peak pattern was observed for higher valueg\df/l.
microcapillary. This follows from the existence of the sigmoidal profile of

the electric potential in the microstructure. Due to the sig-

moidal distribution of the electrostatic force, the calcium and
5. Conclusions carbonate ions are intensely pulled through the central part of

the microcapillary characterized by low electric conductivity

In the steady states analysis of the studied microcapillary and the precipitating ions accumulate in the opposite periph-
system, we have found that the position of the maximum eral parts, which leads to the two peak pattern formation.
reaction rate of the interaction between the calcium and the = The development of the two peak spatio-temporal pattern
carbonate ions strongly depends on the electrolyte dominances not based on the same principle as in the case of Liesegang
(the dominant electrolyte is characterized by a higher concen-patterns. The description of periodic Liesegang patterns is
tration than the other one). This effect is increased under anbased on the reaction—diffusion principles in a supersaturated
applied electric field of a specific orientation. Some compo- solution. The precipitate formation starts at the position of the
nents of the electrolyte with a lower concentration are forced local supersaturation and the free reactants from the vicinity
by the electrostatic force to increase their concentration over of this zone are consumed, which results in the alternation of
their boundary (reservoir) concentrations. This increase canthe zones with and without the solid precipitate. In our case,
cause that the solubility limit is exceeded. It means that the the splitting of the zone with possible precipitation is caused
precipitation in the reaction microsystems with an imposed by the existence of the sigmoidal distribution of the electric
electric field can occur for much lower concentration of the potential. We expectthatthe formation of spatial patterns with
electrolytes in the reservoirs than in the system without an even higher degree of complexity is possible in the micro-
imposed electric field. Hence the possibility of the microre- capillary. These patterns can result both from the sigmoidal
actor clogging increases. An imposed electric field can also profile of the electric potential and the Oswald’s principles.
induce large changes of the pH value inside the microstruc- Then the final pattern can be formed within two separate re-
ture. These changes can finally result in the precipitation of gions containing the Liesegang periodic structures. As we did
calcium carbonate in the system. The experimental obser-not describe the processes in the supersaturated solution, we
vation of the precipitation caused by the electrokinetic phe- cannot definitely conclude that the precipitation in the two
nomena and pH shift were recently reported by Cherepy andseparate regions will occur.
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We have found that the dependence of the critical time,

when the solubility product is attained, on the imposed dif-

ference of electric potential in the region of dominant electro-
migration transport can be expresses by a simple relationshipt

t~ A®~13 It means that the decrease of the critical time
for the sigmoidal profile is much slower than for the linear
profile.
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