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ABSTRACT

The cooling circuits used in power plants are subject to mineral crystallization which can cause scaling on
the surfaces of equipment and construction materials reducing their heat exchange efficiency.
Precipitated calcium carbonate is the predominant mineral scale commonly observed in cooling systems.
Supersaturation is the key parameter controlling the nucleation and growth of calcite in these systems.
The present work focuses on the precipitation of calcite using the constant composition method at con-
stant supersaturation, through controlled addition of reactants to a semi-batch crystallizer, in order to
maintain constant solution pH. The determination of the thermodynamic driving force (supersaturation)
was based on the relevant chemical equilibria, total alkalinity and calculation of the activity coefficients.
Calcite crystallization rates were derived from the experiments performed at supersaturation levels sim-
ilar to those found in industrial station cooling circuits. Several types of seeds particles were added into
the aqueous solution to mimic natural river water conditions in terms of suspended particulate matters
content, typically: calcite, silica or illite particles. The effect of citric and copolycarboxylic additive inhi-
bitors added to the aqueous solution was studied. The calcium carbonate growth rate was reduced by
38.6% in the presence of the citric additive and a reduction of 92.7% was observed when the copolycar-
boxylic additive was used under identical experimental conditions. These results are explained by the
location of the adsorbed inhibitor at the crystal surface and by the degree of chemical bonding to the
surface.

1. Introduction

dissolved salts (especially calcium and bicarbonate) and also of
suspended matters. Increases in these concentrations alter chemi-

Mineral crystallization fouling and deposition of mineral parti-
cles such as calcium carbonate (CaCOs), associated with the pres-
ence of suspended matters in cooling water, occur on the
surfaces of cooling circuits and can lead to the formation of hard
scale layers, which increase heat transfer resistance, and conse-
quently reduce heat exchange efficiency. This is a major issue in
industrial production, particularly in energy-intensive operations,
such as thermal and nuclear power plants cooling systems [1,2],
membrane desalination and reverse osmosis [3,4], distillation
[5,6] and oilfield production processes [7]. In these processes,
CaCOs precipitation and/or deposition is due to the evaporation
of water in cooling towers resulting in higher concentrations of
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cal equilibria, inducing the crystallization of dissolved substances
and scale deposition on heat exchange equipment surfaces.
Furthermore, increases in water temperature promote calcium car-
bonate precipitation both kinetically (increase of reaction kinetics)
and thermodynamically (decreased solubility).

Fouling and/or scale deposition can cause technical problems,
such as reduced heat transfer efficiency and partial or total clog-
ging of condenser tubes and pipes. Economically, the preventive
and control actions necessitated by these technical problems can
also increase operational costs. In addition, structures are weak-
ened, requiring considerable maintenance, hence reducing the
lifespan of equipment. The non-productive expense associated
with scaling is estimated at 1.5 billion Euros per year in France,
the equivalent of around 0.8 billion $ US in Great Britain, 3 billion
$US in Japan and 9 billion $ in the USA [8].



Numerous studies on fundamental phenomena involved in pre-
cipitation [9], crystallization [10], crystal growth [11,12] and cal-
cium carbonate aggregation [13] have demonstrated the
significance of the supersaturation level [14,15]. The solution com-
position [16,17], pH [18,19], temperature [20], as well as the pres-
ence of seeds [21,22] and foreign substances such as dissolved
organic matter [23,24], Mg?* ions [25,26] or Cu®** and Zn?* ions
[27,28] have been previously studied and shown to affect these
phenomena.

The constant composition method is suitable for the study of
crystallization processes at constant supersaturation [29,24]. To
our knowledge, very few studies have been carried out with the
use of constant composition for calcium carbonate crystallization
in a large capacity reactor.

In this study, the emphasis is placed on the transposition of the
constant composition method for crystallization of calcium
carbonate to the precipitation of calcite, in order to replicate exper-
imentally the operating conditions of recirculating cooling water
systems, especially with respect to the supersaturation range,
presence of suspended matters (such as illite, silica, calcite) and
temperature range encountered, as well as the polymeric scale
inhibitors used in these circuits.

2. Theoretical calculations
2.1. Chemical equilibria

2.1.1. Equilibrium constants

In this work, calcium carbonate seed crystals are grown in
supersaturated solution. In order to compensate the depletion of
calcium and carbonate in the reactor resulting from the calcium
carbonate crystal growth, two reactants are added progressively
in the reactor: calcium chloride CaCl, solution (reactant 1) and
sodium carbonate Na,COs3 solution (reactant 2). A preliminary cal-
culation of the supersaturation ratio is performed based on the
chemical equilibria and activity coefficients of the species involved.

The relation between the activity a; and the free concentration
¢j (mol/L) is given by Eq. (1):

aj =G (1)

with y; the activity coefficient, where y; tends to 1 when the solute
concentration ¢; tends to zero (infinite dilution), and Yater tends to
1 when the mole fraction of water tends to one (asymmetric con-
vention). The activity (effective free concentrations) of compounds
present in a system at equilibrium conditions are related together
by the thermodynamic equilibrium constants K; which are temper-
ature dependent. The equilibrium constant for the autoprotolysis of
water, Ky, is given by the product of the activity of the hydroxide
ions, apy-, and the protons (H" ions), ay::

Kwater = don-ay+ (2)

and the pH of the solution by:

PH = —log(ay-) 3)
The HCO35 < CO3~ + H* equilibrium is described by:

Are2- A+
Co: H
KHCOE - ‘JI;T @
3

The equilibrium constant Kco, determines the extent of the
reactions between HCOs3, H*, dissolved CO, and H,O in the
solution:

chog dy+

COz(aq) + Hzo <~ HCO; + H* (5)

KCO -
2 a
C03(aq)

The activity of CO, (aq) shown in Eq. (5) is given by Henry’s Law
which describes the thermodynamic equilibrium between atmo-
spheric (gaseous) CO, and dissolved CO, (6):

dco,,
COz(g) A aad COz(aq) —200

(6)

Heo, = Pco
2

where Hcq; is the Henry’s Law constant, expressed in mol/(L atm)
and the term pco, represents the partial pressure of the CO, above
the solution expressed in atm. The value of the Henry’s constant
depends on the temperature. The partial ion-pair association of cal-
cium, bicarbonate and carbonate ions in the aqueous phase leads to
the formation of CaC0Y(aq), and CaHCO3 complexes.

A0

Ca® + CO%’ — CaCOg(aCI) Kcacog = % 7
Ca“"Co3™
q, +

Ca*" + HCO; «= CaHCO; Keanco; = % ®)
Ca*t 3

2.1.2. Total calcium concentration and total alkalinity
The condition of electrical neutrality in the working solution is
given by the following equation:

2%, + Clamcos + G + Gl = 2CCo3 + Cricos + Con + Ca 9

and the total calcium concentration by:

Ceatotal = Cg + CéaHCO3 + CCaCO30(aq) (10)
The expression of the free calcium concentration Ccap+ in

Eq. (10) can be substituted into Eq. (9), which is then rearranged

into pH dependent species (right hand side) and pH independent

species (left hand side) to obtain Eq. (11), assuming that complex-

ation with sodium ions is negligible.

Cra+ — Ca- +2Ccaotal = 2C83 + Cricos + Con — G + Clacos + 2Ca0030(q)

(11)

The right hand side represents the sum of all the titratable bases
and is defined as the total alkalinity of the working solution

Calk,total:

Caik total = 2C203 + Cricos + Con — Chiv + Clamcos + 2Ccc030 (12)

aq)

2.1.3. Ionic strength and activity coefficients of the working solution

The activity coefficient of the ion j can be calculated either from
the Debye-Hiickel model when the ionic strength is [ < 0.1 M or by
using the Davies (13) equation where the ionic strengthis[ < 0.5 M
and is defined by the following law:

i
log y; = —Az <T\ﬂ - O.3l> (13)

wherein z; denotes the valence of ion j, and A is the Debye-Hiickel
constant (a function of temperature, with A =0.509 at 25 °C). The
ionic strength I is expressed in mol-L~! and is defined, for j ions in
the working solution, by:

1
1= Zicjzf (14)
J

The total ionic strength of the solution in the precipitation reac-
tor is expressed in mol/L and is calculated based on the following
concentration ratios:

1
I :i(cm +Con- +4Cco32- +Chcos- +4Cca2+ +Ceancoz+ +Cnar +Cear-)
(15)



2.2. Supersaturation ratio calculation

The values of the equilibrium constants K; and the theoretical
values of the Henry’s Law constant described in Section 2.1 are
reported in Table 1A for the operating temperature range encoun-
tered in industrial recirculating cooling circuits. In this work, we
have calculated the logKs values (Ks is the solubility product,
which is the equilibrium constant for a solid substance dissolving
in an aqueous solution) for calcite at different temperatures (25-
45 °C) using Eq. (16), derived from Plummer and Busenberg [30]
work:

log K = —171.9065 — 0.077993(273.15 + 0)
+2839.319/(273.15 + 0) + 71.59510g(273.15 + 0) (16)

where 0 is the temperature of the working solution expressed in °C.
The supersaturation ratio Q for calcium carbonate is defined by
the classical equation:

e+ 'aco§*
Q- — % (17)

where a.- and a.q;- represent respectively the activity of Ca** and
CO3~ ions and Ks is the calcium carbonate solubility product

Table 1

(calcite, in our case) at the working temperature. The supersatura-
tion €, activity of the Ca?* and CO%™ ions, ionic strength I, total alka-
linity and concentrations of the species present in the solution are
calculated using the PHREEQC software [31] developed by the US
Geological Survey, which also allows to calculate the speciation of
different species as a function of supersaturation for a range of
supersaturation ratios.

For each temperature, the initial composition of the working

. . . . . Qa2+ eo2-
solution is calculated by iteration until log ( ——2- ) reaches

the desired value for the preliminary fixed supersaturation ratio
(log Q). However, in our system, the pH and the ionic strength of
the solution are difficult to maintain constant and vary with
increasing supersaturation ratio. To stabilize these parameters, it
was decided to add sodium chloride (NaCl) into the solution. The
compositions of the initial solution at 25 °C, including the NaCl
concentration for each supersaturation ratio, obtained from
PHREEQC simulations are reported in Table 1B. Identical calcula-
tions (not reported here) were made for the other two working
temperatures (35 °C, 45 °C).

The first step in the experimental work consists in understand-
ing the carbon dioxide exchange with the ambient air above the
thermostated reactor. Indeed, the exchange of CO, present in the

Equilibrium constants [58,30]. (A) and composition of the working solution in the presence of NaCl to maintain stability of pH and ionic strength, simulated with the PHREEQC

software, at 25 °C (B).

Equilibrium constants 25°C 35°C 45 °C
(A)
Kuwater (Mol-L™")? 1.01-107" 2.07-1071 3.94.10°
Kico; (mol-L™") 469-101 5.60-10"1 6.37-10°1
Kco, (mol-L7") 4.45.1077 4.90-1077 5.14-1077
Hco, (mol-L~"-atm) 3.40-1072 2.65-1072 2.14-1072
Keyeop (mol-L7)! 1.66 - 10° 2.11-10° 2.79-10°
Keaticoy (mol-L~1)~! 1.28-10" 1.44 - 10" 1.56 -10"
Q 5 7.6 15 35 50
(B)
logQ 0.7 0.88 1.179 1.546 1.698
Na,CO3 (mol-L™1) 0.00725 0.00725 0.013 0.022 0.0265
CaCl, (mol-L™!) 0.00725 0.00725 0.013 0.022 0.0265
NaCl (mol-L™1) 0.1 0.1 0.08 0.04 0.01
pH 8.06 8.5 8.02 7.999 7.995
I (mol-L™1) 425.1072 426-1072 425.102 4.29.1072 420-10°2
pH
2 4 6 8 10 12 14
0 — —_— — —_————
2 &

-10

Log P or Log C
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Fig. 1. Evolution of the partial pressures and concentrations of the species of interest at 25 °C.



air with the working solution during experiments could lead to
variations in the concentration of carbon species in the reactor. A
new simulation was performed, varying the solution pH in order
to assess its effect on the absorption and desorption of CO, in the
working solution. The interest parameters obtained from PHREEQC
simulation are the partial pressure of CO, above the working solu-
tion, the partial pressure of CO, in the atmosphere, the dissolved
CO, concentration and the concentrations of CO3~ and HCO3 ions.
The values of these parameters for the working solution at 25 °C
containing 0.065 mol of Na,COs3, 0.009 mol of CaCl, and 0.04 mol
of NaCl are shown in Fig. 1. Moreover, the concentrations of the dif-
ferent species of interest calculated using the PHREEQC program
must satisfy both the equation of electrical neutrality (9) and the
equation giving the total concentration of carbon species in the
working solution:

CC,total = CCOZ(aq) + CCO%’ + CHCO; + CCaHCO; + CCaCOQ(aq) (18)

The partial pressure of the CO, above the working solution and
the concentration of dissolved CO, both decrease with increasing
pH. Furthermore, the partial pressure of CO, above the solution
is relatively close to the atmospheric pressure of CO, in the pH
range from 8.0 to 8.5 (Apcoz = —2.1 - 10~ atm at pH = 8.5), which
corresponds to the values typically encountered in recirculating
cooling water systems. As this will be the working pH range for
the experiments, the use of a nitrogen sweep gas in the space
above the solution will not be necessary.

These results enable us to control the process of CO, absorption
into the solution and the associated decrease in the solution pH
which might otherwise interfere with the pH variation due to
precipitation of calcium carbonate and could in turn lead to the
overestimation of the crystal growth rate.

3. Experimental methods
3.1. Experimental set-up

Using the constant composition method, an initial supersatu-
rated solution was prepared by mixing a solution of calcium chlo-
ride dihydrate (purity 99-105% Panreac, ref. 141232.1210) and
anhydrous sodium carbonate (99.95-100.05% purity, Sigma-
Aldrich, ref. 223484) in a stirred reactor. Sodium chloride, analyti-
cal grade, was also added to the solution in order to maintain a
constant ionic strength. The working solution was stable for peri-
ods exceeding 24 h and was supersaturated with respect to all cal-
cium carbonate polymorphs. All experiments were conducted in a
1000 mL double walled jacketed glass reactor equipped with a
PTFE propeller and 4 baffles, working at a stirring rate of
100 rpm. The temperature within the reactor was kept constant
by means of thermostat circulating water. Pre-calibrated calcite
seed crystals (99% pure, Merck, ref. 1.02066) were introduced into
the reactor. Various probes (temperature sensor, pH electrode, con-
ductivity sensor, Ca?* electrode) were immersed in the reactor. The
reactor was tightly sealed during the experiments to minimize an
air-gas exchange with surrounding room air. Two reactant solu-
tions (Ca%* and CO%"), connected to 905 Titrando (Metrohm) bur-
ettes and the Tiamo 2.5 remote control software, were used to
compensate pH decreases resulting from the depletion of Ca®*
and CO%~ in the working solution due to the CaCOs precipitation
reaction. They are added with the same flowrate. The pH was kept
constant in the reactor by simultaneously adding measured vol-
umes of the two reactant solutions. The injected volume of each
reactant solution and the pH in the reactor were recorded over
time to allow determination of the growth kinetics of the calcite
seed crystals introduced into the supersaturated solution. A

schematic illustration of the experimental setup used for all con-
stant composition tests is shown in Fig. 2.

The concentrations of reacting solutions were optimized to 12
times more concentrate than the working solution in the reactor
to avoid excessive increase in the working volume (generally
limited to less than 5%) over the course of the test.

For example, the composition of the working solution at super-
saturation ratio Q=5 is 7.25- 1073 M of Na,COs, 7.25- 10> M of
CaCl, + 0.1 M of NaCl (see Table 1B) and the corresponding compo-
sitions of the reactant solutions are:

Reactant 1: 8.7 - 1072 M of CaCl, + 0.6 M of NaCl.
Reactant 2: 8.7 - 1072 M of Na,CO3 + 0.6 M of NaCl.

In the experiments with inhibitors, the additive is added
directly into the working solution to reach a 0.5 mg-L~! concentra-
tion of active ingredient. The pH of the working solution is adjusted
to 8.5 either with 1M hydrochloric acid or with 1M sodium
hydroxide depending on the value measured in the working solu-
tion. The solution conductivity and Ca®* concentration are contin-
uously monitored. In addition, at the end of each experiment, the
free Ca?* concentration is determined by EDTA titration, after
membrane filtration (Millipore 0.2 um), in order to verify that the
calcium concentration remained constant throughout the crystal-
lization experiment.

3.2. Seed and additive characteristics

Several types of particles are found in river water passing
through cooling systems, mainly calcite, silica and/or illite, all
three of which were used as seed particles in our experiments.
Table 2A reports the average particle size and specific surface area
of each seed type. The characteristics of the two additives used in
the experiments to inhibit calcite growth or aggregation are sum-
marized in Table 2C.

The choice of these three mineral particles as « model » seeds in
all of our experiments is based on the results of mineralogical char-
acterizations of solid deposits collected from heat exchanger sur-
faces and of suspended matters in water collected from a cooling
system presented in previous works. These studies showed that
calcite is the main constituent (72-95% weight percent) followed
by silica (0.3-12%) and illite (2.5-3%).

Fig. 3 presents scanning electron micrographs of the three types
(silica, calcite, illite) of seed particles, enlarged 750 times. The
specific surface area and particle size of each type of seed were pre-
viously measured by Laser Granulometry « in hydro method ». The
calcite seeds shown are seen to have a roughly cubic shape with an
average edge size of about 10 pm. Assuming that the edge length
(a) of our seed calcite crystals is 10 um, and knowing the density
of calcite (0, =2.71-10° kg-m~3) and the mass introduced in
the reactor (ms=0.075g=7.5-10">kg to obtain 100 mg-L~! for
the total volume of working solution), we can calculate the total
surface available for growth:

(St calcite)in M © St catcite = 1.662 - 1072 m?

The specific surface area of the calcite seeds (Sspecific) in m2.g!
is calculated as:

St 1.662-1072 Sy
ms- 0075 0222m°-g

The calculated specific surface area of calcite seeds,
0.222 m?-g~ !, corresponding to a cubic shape of 10 pm edge length
is noticeably similar to that obtained by measurement (0.266
m?2.g~1). This result is in agreement with values reported in a num-
ber of previous studies [32-35] (see Table 2A).

Ssp =
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Fig. 2. Constant composition experimental setup.

Assuming that the edge length (a) of our silica and illite
seed crystals is 10 um, and knowing the densities of silica and
illite (P, =2.22 - 103 kgm 3, pye =2.29 - 10°kg-m3), we can
likewise calculate the total surface available for growth
corresponding to each seed type: St siica = 2.028 -107> m? and

St inite = 1.968 - 1072 m2. The specific surface area calculations for
the silica and illite seeds (Sspecic) in m2g' yield:
Ssp sitica = 0.270m? - g7! and Ssp iniee = 0.262 m? - g~1. The results
of these calculations and the corresponding measurements are
reported in Table 2B.

Several inhibitors of carbonate mineral scale are proposed in
the literature. They include polyphosphates [36-38,32,39],
phosphonates [36,40] and synthetic polymeric inhibitors such as
polyacrylic acids [41,42], polycarboxylic acids [43,44], polymaleic
acids [45,46], polyaspartic acids [47,48] and copolymers containing
acrylic, carboxylic, maleic functional groups [49-51]. Inhibitor
effectiveness depends on numerous factors, including functional
group [52], polymer concentration [36], molecular weight [53,52]
and temperature [36].

Among the many inhibitor studies reported in the literature,
few were conducted with the citric additive molecule as
inhibitor of calcium carbonate growth. There are three carboxylic

functional groups in a citrate molecule (see Table 2C). The citrate
molecule is used in many areas such as food, cosmetics (soaps,
shower gels, shampoos, etc.) and is also used as a natural house-
hold product for purposes such as limestone prevention and as
an antioxidant. It was used as additive in this study. In order
to compare the effects of number of carboxylic functional groups
and molecular mass on the efficiency of calcite growth
inhibition, a copolycarboxylic additive containing a greater num-
ber of carboxylic functional groups was chosen as the second
additive.

4. Results and discussion

All experiments were conducted at supersaturation ratio
Q=7.6 and at pH = 8.5. The precipitation rates in the presence of
seeds (with and without the presence of additives) were deter-
mined from plots of the volume of reactants added as a function
of time, using the Tiamo 2.5 curve-fitting software. The rates of cal-
cium carbonate formation, Ry, in mol-min~!-m~2 were calculated
from the rate of addition of reactants (dV/dt) in L-min~!, of concen-
tration Cr in mol-L™!, normalized by the total surface area A; of
seed crystals in m? [54]:



Table 2
Physico-chemical properties of the seed crystals and additives used in this study - (A) average particle size and specific surface area data reported in the literature and measured
in our experiments; (B) measured and calculated values of specific surface area for the different types of seed crystal; (C) characteristics of the additives used in our experiments.

Seed type Literature Experimental seed crystal data measured by Laser granulometry
(hydro method)
Average particle size (um) Specific surface area (m?g~') Average particle size (um) Specific surface area (m?.g~")
(A)
Silica 0.18 21.5 [59] 31 0.217
1.5-15 0.83 £0.01 [60]
0.053 [34]
0.08 4 0.24 [61]
0.140 20 [62]
Calcite 0.278 [34] 34.7 0.266
10 0.22 [33]
0.22 [32]
10-100 0.29 [35]
Ilite <2 732123 [63] 229 0.712
41 +3 [64]
Seed type St (m?) Measured S, (m?g~1) Calculated S, (m?.g~1) Ssp measured/Ssp calculated
(B)
Silica 2.028-1072 0.217 0.270 0.80
Calcite 1.662-1072 0.266 0.222 1.20
Ilite 1.968 - 1072 0.712 0.262 2.72
Additive Copolycarboxylic Citrate (citric acid)
(9]
Developed formula . Ox-OH
i S,
n(CgHgO4) (CsHs07)
Average molecular weight (g-mol~') 2000 192.12
Density 13 1.66
pH at 25 °C 4 pKar = 3.13 pKyo = 4.76 pK,3 = 6.40
Active matter (%) 55 -
Viscosity at 25 °C (mPa-s) 500 -

lllite x 750

Fig. 3. Seed morphologies obtained by SEM.



_dvV G
~dt A
In our case, the total surface area A; used for R, calculation was
obtained from the measured seed specific surface area values,
reported in Table 2A.

The inhibition of the calcite crystals growth rate with additives,

expressed as a percentage (%), is given by the following equation
[54]:

Rm (19)

Inhibition rate (%) = 100 x <1 - R—“’) (20)

Ro
where Rg and Ry, are the calcite crystal growth rates corresponding
respectively to the absence and the presence of inhibitor additives.

The influence of temperature on crystal growth rate is generally
described by the Arrhenius formulation:

Ry = ke ® 1)

where k is the pre-exponential factor, E, the activation energy in
kJ-mol !, R the universal gas constant (R=8.314]-mol K ') and
T the absolute temperature in Kelvin.

4.1. Effect of calcite seeds amount on the growth kinetics of CaCOs at
25°C

Experiments were performed in the absence or presence of cal-
cite seeds at two different concentrations representative of those
found in rivers (10 mg-L~!' and 100 mg-L~!) under conditions of

10 190
8L ;
; 8,5
b V(t)=0,1925t V(t)=0,0164t V(t)=0,0064t
6F R*=09968  R*=0,9642  R*=0,9852

Titrant (mL)
pH

0 5 10 15 20 25 30
Time (min)
—— Without seeds —e— Calcite seeds 10 mg/L
—=— Calcite seeds 100 mg/L —=—pH
A
10 19,0
8L i e T
= F V() =0,1925t y/(t)=0,1093 t ]
€ 6[ R*=0,9979 R? = 0,9985
= r
c
©
=
=

Time (min)

—o—Silica seeds 100 mg/L
Illite seeds 100 mg/L

C

—+— Calcite seeds 100 mg/L
—x—pH

constant supersaturation and a solution temperature of 25 °C.
Fig. 4A represents the reaction volume vs time curves for the three
cases, illustrating the variation in volume of reactant solutions
added into the solution over time. The experimental results are
reported in Table 3.

In the absence of seeds, for a degree of supersaturation greater
than 10 and at a temperature of 25 °C, a latent time for crystal
growth of around 5 h is estimated using the formula reported by
He et al. [55]. So, under our experimental conditions (supersatura-
tion of 7.6 and at 25 °C), a latent time greater than 5 h could be
expected as is characterized by the slope of the volume vs time
curve of added calcium reactant solution remaining close to zero.
The small deviation from zero value (without seeds) is due to the
thin layer of calcite deposited with time, on the internal surface
of the reactor, when the supersaturation solution is introduced,
and has been taken into account in all the experiments, for growth
rate calculation.

In the presence of seeds at low concentration (10 mg-L™!), cal-
cite crystal growth rate is higher than in the absence of seeds, with
a value of Ry, 10 mgi = 5.36 - 10~* mol-m~-min~"'. When the calcite
seed concentration increases to 100 mg-L~! (increase in the total
surface area introduced), the crystal growth rate increases more
significantly (Ry, 100 mg/ = 6.29 - 107* mol-m~2-min~") and is higher
than for the 10 mg-L~! concentration of calcite seeds. For the same
degree of supersaturation, the increase in the amount of calcite
seeds introduced into the reactor contributes to the increase in
crystal growth rate. These results are in agreement with the work
of Reddy who reported that the rate of crystallization varies
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Table 3

Synthesis of crystal growth kinetic rate values under different experimental conditions.

Supersaturation Q=7.6 dv/dt (mL-min~")

Ri (mol-m~2-min~")

Inhibition rate (%) K, Additive adsorption

affinity constant (L-mol~")

Effects of calcite seed quantity on the growth kinetics of CaCO3 at 25 °C

Without seed 0.0064 -
Calcite seed 10 mg-L™" 0.0164
Calcite seed 100 mg-L~! 0.1925

536-1074
6.29-107*

Effects of solution temperature on the calcite growth kinetics at constant calcite seed concentration (100 mg-L™")

25°C 0.1925
35°C 0.2409
45°C 0.8281

629107
7.88-107%
2.71-1073

Effects of seed type on the calcite growth kinetics at 25 °C and at constant seed concentration (100 mg-L™")

Calcite seed 100 mg-L ™! 0.1925
Silica seed 100 mg-L~! 0.1093
Illite seed 100 mg-L~! 0.0923

6291074
438.107*
1.13.104

Effects of inhibitor additives on calcite growth kinetics at 35 °C and constant calcite seed concentration (100 mg-L~")

Without additive 0.1831
Citric additive 0.1177
Copolycarboxylic additive (PC) 0.0140

6.27-107%
3.85.10°*
458.10°°

Effect of temperature on the additive effectiveness at constant calcite seed concentration (100 mg-L™")

Citrate 25°C 0.1115
35°C 0.1514
45 °C 0.6052
Copolycarboxylate (PC) 25°C 0.0026
35°C 0.0130
45 °C 0.0451

38.6 24-10°

92.7 5.1-107
3.65-107* 432 2.8-10°
495.104 37.6 23.10°
1.98-1073 26.9 14-10°
8.50-10°° 98.6 2.9-10°
425.107° 94.6 7.0-107
1.48.1074 94.4 6.9-107

depending on the amount of seed added into the working solution
[37]. But in our case, no interpretation can be done on growth
mechanism because, for the smallest quantity of seeds (10 mg-L™!)
the limit of the method is probably reached. Given the high level of
supersaturation used, we cannot guarantee that secondary nucle-
ation does not occur. It is why, in the following sections all the
experiments will be performed with 100 mg-L~!.

However, the results show that, considering that the concen-
tration of calcite particles in river water can reach sometimes
300 mg-L~!, this has serious implications for industrial or power
plant cooling systems. A particle concentration of this magnitude
in cooling would lead to a substantial increase in the growth
rate of calcite crystals and, in turn, cause a dramatic increase
in the rate of scale deposition and build-up on heat exchanger
surfaces.

4.2. Effect of solution temperature on calcite growth rate at constant
calcite seed concentration

Constant composition experiments were carried out at
three different temperatures (25°C, 35°C and 45°C) for a
supersaturated solution (Q = 7.6) and a constant concentration of
calcite seeds (100 mg-L™!'). As can be seen from Fig. 4B, the
crystal growth rate differed slightly between 25°C and 35 °C
(Rm 25 -c = 6.29 - 1074 mol-m~2-min~!, Ry 35 -c = 7.88 - 1074 mol-m—2.
min~!) whereas at 45 °C there was a pronounced difference, with
a progressively faster growth rate observed (Ry 45 -c=2.71-
1072 mol-m2-min ! (see Table 3).

The experimental determination of the activation energy term
E, in Eq. (21) is obtained by plotting Ln Ry, as a function of 1/RT.
The value of 56.3 kJ-mol~! obtained under our experimental condi-
tions is in agreement with the E, values of calcite crystallization
reported in the literature, which range from 45 + 4 kj-mol~! [33]
to 66 + 2 kJ-mol~! [56]. This range of activation energies suggests
that the rate-determining step is either the adsorption onto the
crystal surface or integration into the crystal lattice.

Given that the coolant temperature fluctuates from the inlet
side (25 °C) to the outlet side (45 °C) of cooling systems, the calcite

growth rate could vary according, increasing the probability of
more substantial deposition towards the end of the flow circuit.

4.3. Effect of seed type on calcite growth rate at constant seed
concentration

The presence of many different types of particles in river water
used in the cooling system may contribute to the fouling on heat
exchange surfaces in contact with circulating water.

The experiments were performed using three types of seeds at
100 mg-L~! (calcite, illite and silica), the characteristics of which
are reported in Table 2A. The temperature of the supersaturated
solution was maintained at 25 °C for all tests.

Fig. 4C shows that a faster rate of calcium carbonate crystal
growth occurs in the presence of calcite seeds (Ry caicite = 6.29 -
10~* mol-m—2-min) than in the presence of the other seeds (R
silica=4.38-107*mol-m—2min~!, Ry iiee=1.13-10~* mol-m~2.
min~!). The rate of crystal growth on the illite seeds is lower than
on the other seeds although it has the greatest surface area. The
very high reactivity of the calcite seeds observed under the
experimental conditions is consistent with the results of the min-
eralogical characterization.

4.4. Effect of inhibitors on calcite growth rate at 35 °C with constant
calcite seed concentration

To prevent fouling, additives (acids, stoichiometric additives,
threshold inhibition additives, polymeric additives) are often
injected into the water in cooling circuits. The use of acids and
stoichiometric-effect additives like EDTA or citrate is limited due
to their impact on the aquatic environment as well as for economic
reasons (cost-effectiveness ratio). The polymeric additives such as
polycarboxylic additives are increasingly used in many industries.

Tests were conducted with two different additives, one of which
is a citric additive and the other a copolycarboxylic additive (PC).
The characteristics of these additives are presented in Table 2B.
These tests were carried out in a supersaturated solution



(©Q =7.6) at a constant temperature of 35 °C and a constant calcite
seed concentration (100 mg-L™1).

The experimental results are shown in Fig. 4D. The calcium car-
bonate growth rate in the absence of additive is characterized as
high, with a growth rate of 6.27 - 10~* mol-m~2.min~". In presence
of the citric additive, the rate of calcium carbonate growth is reduced
t03.85 - 1074 mol-m~2-min "', corresponding to a 38.6% of inhibition
rate. By contrast, when copolycarboxylic inhibitor is used as the
additive under the same experimental conditions, the calcite growth
rate is drastically reduced to 4.58 - 107> mol-m 2.min~! with an
inhibition rate estimated at 92.7% (see Table 3).

For an equivalent concentration of active matter (0.5 mg-L™1),
the copolycarboxylate additive exhibits higher efficiency in terms
of calcite crystal growth inhibition in these experimental condi-
tions. The first explanation could be that the difference in effi-
ciency between these two additives is due to their different
modes of action on crystal growth: the citrate additive complexes
the calcium ions in the bulk solution leaving less calcium available
for growth on the active sites of seeds whereas the copolycarboxy-
late additive acts by surface adsorption, blocking active growth
sites on the seed surface and preventing further crystal growth.
Furthermore, it is generally recognized that the inhibitory effect
of polymeric additives on calcium carbonate crystal formation is
influenced by both the location of the adsorbed inhibitor molecules
at the crystals surface and the extent of chemical bonding with the
surface. Therefore, the greater the number of carboxyl groups con-
tained in each molecule of copolycarboxylic additive, the stronger
its surface-binding capacity and the higher is the inhibitory effect
under identical conditions [49].

4.5. Effects of temperature on additive efficiency at constant calcite
seeds concentration

All experiments were performed at three different tempera-
tures in order to cover the range of temperatures commonly
encountered in cooling circuits. Tests were run for each of the
two additives (citric and copolycarboxylic additives), with all other
experimental conditions (degree of supersaturation, additive con-
centration, 100 mg-L~! calcite seed concentration) remaining the
same. The experimental results are shown in Fig. 5 and the crystal
growth rate values for these experiments are provided in Table 3. It
should be noted that the crystal growth rate increases with the
working solution temperature while the inhibition rate, on the
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regardless of the type of additive used. Both tendencies are in
agreement with those observed in pilot plant experiments [1].

The increase in growth rate with temperature suggests that the
reaction follows the Arrhenius law and may be characterized by a
change in the activation energy owing to the presence of additives.

The activation energies obtained under these experimental con-
ditions are, respectively, 66.2 kj-mol~! for citric additive and
96.4 k]-mol~! for the copolycarboxylic additive. Comparing these
values to the activation energy obtained during the experiment
without additives (56.3 k]-mol~'), the increase in activation
energies provides an explanation for the inhibition effectiveness
of calcite crystal growth.

For many sparingly soluble salts, the mechanism of crystal
growth rate inhibition can be described as an adsorption of active
molecules at crystal growth sites on the mineral surfaces. The
adsorption process can often be interpreted in terms of a
Langmuir-type isotherm represented by the following equation
[57]:

L:]+ 1

R,_R (22)

KaCadditive

where R and Rq are the respective rates of crystal growth in the
presence and absence of inhibitors.

K, is the affinity constant of the substrate for the inhibitor ion
and C,ggitive is the inhibitor concentration.

The K, values for the citric and copolycarboxylic additives, cor-
responding to the different experiments, are reported in Table 3.

The value of the affinity constant calculated from our experi-
ments in the presence of citric additive ranged from 1.4 -10°
(45 °C) to 2.8 - 10° at 25 °C. Under similar experimental conditions
(Q=4.5, pH=8.55 % 0.02, temperature of 25 °C), Reddy et al. [43]
found affinity constant values ranging from 0.61 to 0.88 - 10° at a
citric additive concentration of 1 mg-L~! whereas in our experi-
mental conditions, the affinity constant is 2.8 - 10> at 25 °C with
an additive concentration of 0.5 mg-L~! of citrate. This difference
is probably related to the amount of calcite seed used.

The corresponding values for copolycarboxylic additive, calcu-
lated under our experimental conditions, are in the 5.1-107 to
2.9 - 108 range (see Table 3). However, we are unable to compare
these results with published data as there is nothing in the litera-
ture, to our knowledge, reporting affinity constants for copolycar-
boxylic additive.

It should be noted that the affinity constant values for the citric
additive are significantly lower, by a 100 to a 1000 times, than the
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values obtained with the copolycarboxylic additive. This significant
difference is a key factor in the relative effectiveness of these two
additives in calcite growth inhibition. Finally, the impacts of both
additives can be analyzed assuming a common adsorption phe-
nomena modulated by the abundance of carboxylic functional
group in the additive.

Moreover, for both additives, the affinity constant decreases
with increasing temperature. This observation suggests adsorption
of the additive molecules on the active growth sites of the calcite
seed crystals.

5. Conclusion

This study provides comprehensive knowledge of the relative
contribution of different components of suspended particulate
matter naturally present in recirculating cooling water to calcite
growth kinetics and the efficiency of two additive inhibitors in
blocking or retarding the growth steps, using the constant compo-
sition method at constant supersaturation.

Fluctuations in the amount or concentration of suspended par-
ticulate matter in industrial cooling systems can lead to a substan-
tial increase in calcite crystal growth rates and consequently to a
drastic increase in fouling or mineral scale on heat exchanger
surfaces.

Given the temperature fluctuations that occur in recirculating
cooling systems from the inlet section (25 °C) to the outlet section
(45 °C), the calcite growth rate can potentially vary along the water
passage with the likelihood of higher deposition rates and buildup
towards the end of the circuit.

Of the three particles used (calcite, silica, illite), representative
of the main components of suspended solids in circulating cooling
water, the calcite particles have greater reactivity than silica and
illite particles in terms of the crystal growth kinetics of crystal
growth of calcium carbonate. The reactivity of calcite particles
observed under our experimental conditions is consistent with
the results of the mineralogical analyses performed in industrial
systems.

Despite the presence of the same carboxylic functional groups
in the two additives tested, the copolycarboxylic additive has a
higher inhibition efficiency against calcium carbonate crystal
growth than the citric additive. This difference can be explained
by the presence of a larger number of carboxylic functional groups
in the copolycarboxylic additive molecule.

It should be noted that, regardless of the type of additive used,
the crystal growth rate increases with the working solution tem-
perature whereas the inhibition rate decreases with increased
solution temperatures. This last tendency is in agreement with
the trend observed in pilot plant experiments [1].
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