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abstract
Induction time data in CaCO3 precipitation were determined by an electrochemical technique. The 
alkaline environment surrounding the cathode surface promotes CaCO3 precipitation. The data 
were measured using simulated sea water solutions without the interfering presence of magnesium 
ions. The effect of current intensity on induction time was successfully correlated by a modified 
form of the classical nucleation equation. Data indicating the inception of precipitation by the first 
detectable decrease in solution concentration were also successfully correlated with a model based 
on population balance crystallization theory.

Keywords: CaCO3 scale; Induction period; Electrochemical precipitation; Steady state nucleation; 
Population balance

1. Introduction

An induction time denotes the extent of the period 
between the creation of a supersaturated state in a salt 
solution and the moment when crystal formation is de-
tected. The induction period phenomenon is of practical 
importance in scale control efforts. The present study 
is related to a problematic feature of the technique for 
minimizing the permeate boron content in sea water 
desalination. The pH level is raised so as to ensure high 
borate ion rejection. The elevated pH induces a high 
scaling potential and measures against scaling have to 
be taken. Induction time data can guide these measures.

Since the evolution of a scaling deposit can be lengthy, 
there is interest in short time tests that enable preliminary 

assessment of the scaling intensity. Electrochemical tech-
niques have been proposed for rapid evaluation of scaling 
propensity. The alkaline scale deposits precipitating on 
the cathode surface have been used for characterizing 
scaling processes and for assessing the effectiveness of 
anti-scalants [1,2]. This paper presents an exploratory 
electrochemical study of induction times in CaCO3 scale 
formation from sea water solutions.

2. Basis of the electrochemical tests

Scale forming species commonly encountered in dif-
ferent raw waters are calcium, magnesium and bicarbon-
ate ions, all of which are prone to precipitation in an alka-
line medium. An electrochemical cell provides an alkaline 
environment on the cathode surface by the hydrogen 
release reaction and the dissolved oxygen reduction [3]:
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2 22H O 2 H 2OHe− −+ → ↑ +  (1)

2 2O 2H O 4 4OHe− −+ + →  (2)

The alkaline environment promotes precipitation of 
the calcium hardness in the form of CaCO3 and of the 
magnesium hardness in the form of Mg(OH)2:

2
3 3 2Ca HCO OH CaCO H O+ − −+ + → ↓ +  (3)

( )2
2Mg 2OH Mg OH+ −+ → ↓  (4)

3. Induction time models

An induction period involves two processes — forma-
tion of stable nuclei of critical size and crystal growth of 
the molecular size nuclei to a detectable magnitude. The 
induction time τ is therefore governed by the time tN for 
the formation of critical nuclei and the time tG for the 
growth process [4–6]:

N Gt tt = +  (5)

When tN  tG, the induction period is determined pri-
marily by the kinetics of critical nucleus formation [4]. A 
widely used correlating equation based on this premise 
is derived as follows. Assuming steady state nucleation, 
the nucleation rate J is given by:

3 2

2 3 2

16exp
3 ( ) (ln )

m

B w

J A
v k T S

 s υπ
= −f 

 
 (6)

where A is a frequency factor, σ is the surface energy of 
the nucleating surface, vm is the molar volume of the solid, 
ν the number of ions per molecule (ν = 2 for CaCO3), T is 
absolute temperature, Sw is supersaturation ratio and kB 
is the Boltzmann constant. The parameter f has a limit-
ing value of 1 for homogeneous nucleation (absence of a 
deposition surface) and a value of f < 1 which depends 
on the wetting angle for heterogeneous nucleation. 

The induction period is taken to be inversely propor-
tional to the nucleation rate [6]:

P
J

t =  (7)

where P is a constant. Eqs. (6) and (7) provide an ex-
pression relating the induction period t with the super 
saturation ratio Sw: 
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Eq. (8) has been found to apply in many systems. 
Values of the nucleation surface energy s have been 
determined from the slope of the linear plot of ln t vs. 
1/(ln Sw)2 [7–11].

Söhnel and Mullin [4] proposed several elaborate 
models for the case of tN ~ tG. A rather simple model was 
derived by Hasson and Steinberg on the basis of the popu-
lation balance crystallization theory [12]. The model takes 
into account the simultaneous processes of nucleation and 
crystal growth. The nucleation rate J and the linear crystal 
growth rate G are assumed to be power functions of the 
super saturation driving force (C – Cs), where C and Cs 
are solution and solubility concentrations respectively: 

( )i
N s

dNJ k C C
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= = ⋅ −  (9)

( )a
g s

dLG k C C
dt

= = ⋅ −  (10)

An experimental induction period depends on the 
measurement method since the inception of precipitation 
is determined from the first detectable change in some 
property such as solution conductivity, solution turbidity 
or solute concentration. For both plug flow and mixed 
flow conditions, the population balance model yields a 
simple expression relating induction time t and initial 
precipitation rate (–dC/dt)t = τ with the first detectable 
concentration change ΔCD:
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 (11)

The first detectable concentration change ΔCD is essen-
tially the precision of the measurement method. Eq. (11) 
predicts that a plot of log t vs. log (–dC/dt)t = τ should yield 
a straight line having a negative slope of unity and y axis 
intercept of log [4·ΔCD].

4. Experimental

Induction time data were measured in the electro-
chemical system shown in Fig. 1. The electrolytic cell 
consisted of a tubular anode (30 mm internal diameter, 
100 mm long) and a central cylindrical cathode rod 
(16 mm diameter, 123 mm long). This configuration 
enabled clear observation of the scale depositing on the 
cathode. Both electrodes were made of a corrosion resis-
tant titanium alloy. These so-called “dimensionally stable 
electrodes” (DSA) were supplied by Whizzo Science & 
Technology Co., China.

The test solution held in a 10 L feed vessel  entered 
the bottom of the electrochemical cell and flowed in the 
7 mm wide annular space between the electrodes. The 
flow rate of the solution was 5.5 L/min in all runs. Solution 
temperature was held constant at about 25°C.

The tests were carried out with artificial solutions of 
Pacific sea water having the composition listed in Table 1. 
Magnesium was omitted from the solutions in order 
to characterize induction times of CaCO3 without the 
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interfering influence of Mg ions. The experiments were 
performed at various current intensities in the range 
of 0.1–0.5 A, corresponding to current densities of 16– 
81 A/m2. Each test was repeated at least twice. 

Induction time data were derived from the periodic 
measurement of Ca2+ concentration in the recycling solu-
tion. Calcium concentrations were measured by EDTA 
titrations. The onset of precipitation was determined by 
the first detectable change in calcium concentration. The 
titrations were performed using a burette of 0.05 ml pre-
cision and an EDTA concentration of 0.002 M. Two sets 
of experiments were carried out differing in the sample 
volume taken for analysis from the recycling solution. 
The sample volume was 2 mL in the first experimental 
set and 4mL in the second experimental set. These data 
show that the precision in the first experimental set was 
ΔCa = 2 ppm and in the second, ΔCa = 1 ppm.

Fig. 2 shows a typical plot of calcium concentration 
vs. time used for determining the induction time and the 
initial slope. 

Table 1
Pacific seawater composition

Component ppm

Ca2+ 356
Na+ 10669
Cl– 18700
HCO3

– 133
SO4

2– 2500
pH 8.0
SI calcite 0.46

Fig. 1. Electrochemical precipitation system.

5. Analysis of induction time data

5.1. Current density correlation

Fig. 3 displays measurements of induction time and 
of average CaCO3 precipitation rates obtained at different 
current densities. The experimental data show the ex-
pected trends of shortened induction times and enhanced 
precipitation rates at increasing current densities. The 
increase in current density induces a higher evolution of 
OH– on the cathode surface according to Faraday’s law: 

OH

iJ
F

− =  (12)

where JOH– is the flux of hydroxyl ions, i is the current 
density and F is the Faraday constant. Higher alkaline 

Fig. 2. Typical plot of the change in time in the Ca2+ content of 
the recycling solution (current density of 16.2 A/m2).
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levels on the cathode surface augment the super satura-
tion ratio of CaCO3 and act to reduce the induction time

The induction time correlation described by Eq. (8) 
was tested by assuming that the supersaturation ratio Sw 
is proportional to the current intensity i: 
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Eq. (13) predicts a linear correlation between ln τ and 
1/(ln i)2. The data plotted in Fig. 4 show that the expected 
linear correlation is observed. This suggests that Eq. (13) 
can serve to correlate electrochemical induction time 
measurements. 

5.2. Induction time and initial precipitation rate correlation

As described in Section 4, Eq. (11) was tested by data 
measured in two sets of experiments, one performed with 

Fig. 3. Effect of current density on the induction time and 
precipitation rate of CaCO3.

Fig. 4. Linear correlation of induction time with current density.

a precision of 2 ppm Ca2+ and the other with a precision of 
1 ppm Ca2+. Fig. 5 shows that for both experimental sets, 
the linearity in the plots of log t vs. log (–dC/dt)t = τ predicted 
by the model is observed. Analysis of the experimental 
relations, shown in Table 2, indicates that they conform 
closely to model predictions. The slopes of the lines are 
near the anticipated value of unity and the experimental 
values of [ΔCD] of 1.7 and 0.87 ppm are close to the pre-
dicted values of 2 and 1 ppm respectively.

5. Concluding remarks

Results of this exploratory study indicate that electro-
chemically determined CaCO3 induction time data can 
be successfully analyzed according to two models. The 
relation between induction time and current intensity 
may be correlated using a modified form of the classical 
nucleation model. Detection of the inception of pre-
cipitation from the change in solution properties can be 
correlated by the population balance model which takes 
into account both the process of nucleation and of crystal 
growth. Further work is being undertaken with different 

Fig. 5. Plots of induction time vs. initial precipitation rate.
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Table 2
Comparison of experimental results with predicted values

Set 1: 2 ml sample for EDTA titration Set 2: 4 ml sample for EDTA titration

log( ) 1.0314 log 0.833
dC
dt

t + ⋅ − =  
 


1.0314

4 1.7
Dt C

dC
x

dt =t ∆

t ⋅ − =  
 

( )log 1.0767 log 0.5427
dC
dt

t + ⋅ − =  
 


0

1.0767

4 0.87
Dt t C

dC
x

dt = ∆

t ⋅ − =  
 

1.7 2 ppm CaDC∆ = ≈ 0.87 1ppm CaDC∆ = ≈

precipitation systems in order to verify the applicability 
of the exploratory results to other systems. 
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