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Enhancing calcium
carbonate precipitation 
by heterogeneous nucleation
during chemical softening

Heterogeneous nucleation refers to precipitation on the surface of nucleating agents such

as seed crystals, whereas homogeneous nucleation is precipitation in the absence of available

nucleating surfaces. Unlike homogeneous nucleation, heterogeneous nucleation lowers the

free energy of crystallization in precipitative water softening processes. To determine the

importance of the amount of surface area provided by the nucleating agent, different-sized

calcium carbonate seed crystals were added to various hard waters during precipitative

softening with caustic soda. Synthetic hard waters (with and without natural organic material)

and naturally occurring hard waters were softened to remove dissolved calcium through

homogeneous nucleation and heterogeneous nucleation using calcite seed crystals of two

sizes. The naturally occurring hard waters were also softened in the presence of softening

sludge from selected water softening treatment plants. Study results demonstrated that

calcite seed crystals improved the removal of dissolved calcium during precipitative softening

and that the optimal seed dose depended on the surface area available for nucleation.
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ater hardness is defined as the sum of all polyvalent cations present
in water (AWWA, 1999), although the hardness of most natural
waters is attributable primarily to dissolved calcium and magne-
sium. Hard water is undesirable for several reasons. Aesthetically,
hard water does not lather well and leaves a residue caused by the

precipitation reaction between calcium and fatty acids in soap. Similarly, the
presence of hardness ions in water can inhibit detergents from interacting with
dirt and stains on clothing, thereby hindering laundering processes. Finally, hard
water produces scale in hot water pipes and heaters, which reduces the carrying
capacity and flow rate in pipes as well as the thermal efficiency of heating elements.
To alleviate these problems, water is commonly softened (i.e., calcium and mag-
nesium ions are removed).

BACKGROUND
Hardness in water can be removed by several water treatment processes includ-

ing ion exchange, membrane separation, and chemical precipitation. Chemical pre-
cipitation—the most widely used softening treatment and the focus of this arti-
cle—involves raising the pH of the water so that the solubility products of calcium
carbonate [CaCO3(s)] and often magnesium hydroxide [Mg(OH)2(s)] are exceeded.

W
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This is usually accomplished by adding a base such as
caustic soda (NaOH), soda ash (Na2CO3), or most com-
monly lime (CaO).

Nucleation. The crystallization of CaCO3 involves the
transition of dissolved calcium and carbonate ions in over-
saturated solutions into a solid phase through the process
of nucleation. Nucleation corresponds to the formation of
centers from which spontaneous precipitation and crystal
growth can occur (Zettlemoyer, 1969). Nucleation can be
homogenous or heterogeneous, depending on the absence
or presence of any solid substrates that can act as seeds to
provide surfaces for crystal growth. Lime sludge is often
recycled back into the precipitation process in order to pro-
vide seed crystals for nucleation (Lawrence, 1963).

Seed size and surface area. The use of return sludge as
seed material has been studied previously, and it has been
found that the dosage of crystal seed is important in the
seeding process (Judkins & Wynne, 1972). Another study
found that the addition of seed particles increased the
removal of dissolved calcium (Chao & Westerhoff, 2002).
However, neither of these studies specifically explored
the size or surface area of the crystal seeds. The impor-
tance of the surface area of seed crystals has been studied
with respect to growth rates of CaCO3 crystals; it was
found that the reaction rate of crystal formation was
affected by changes in seed crystal surface area (Nancol-
las & Reddy, 1976).

The composition of water softening sludge (and there-
fore potential seed crystals) is determined by the raw
water characteristics but is mostly CaCO3 (80–90%;

Singer, 1974; Lawrence, 1963). CaCO3 exists in a num-
ber of crystalline forms, but the most stable form is cal-
cite (Smallwood, 1977). Softening sludge can also con-
tain several oxides, including magnesium, calcium, silica,
iron, and aluminum. Natural organic material (NOM)
can also be incorporated into CaCO3 sludge if it copre-
cipitates with CaCO3 and Mg (OH)2 or adsorbs to solid
surfaces. If phosphate is present in the water, the pre-
cipitate may also contain calcium hydoxylapatite (Stam-
berg et al, 1970).

Study focus. The focus of this study was to explore the
effect of the surface area of nucleating agents during the
precipitative softening process for the removal of dis-
solved calcium. To meet the objectives of this study, caus-
tic soda was used because it is fully dissolved and there-
fore does not contribute any surface area for nucleation.
Softening with caustic soda is not an uncommon practice,
although softening with lime is far more prevalent in the
United States. Caustic soda can be added with lime to
reduce the amount of sludge produced during the soft-
ening process (Lawrence, 1963). In addition, crystalliza-
tion of CaCO3 with caustic soda has been successfully
used in fluidized-bed pellet reactors or fixed-bed reac-
tors that employ CaCO3 grains (Oren et. al, 2001; Gilron
et al, 2000; Kedem & Zalmon, 1997; van Der Veen &
Graveland, 1988; Graveland et al, 1983). Caustic soda is
used in these reactors because compared with lime soft-
ening, it reduces the production of sludge, which is an
important consideration for subsequent sludge dewater-
ing and disposal. Seeded reactors are also incorporated

into membrane concentrate treat-
ment systems that involve precip-
itation (Bond, 2004).

CHEMICAL BASIS OF SOFTENING
In order for CaCO3 to precip-

itate from solution, the solution
must be oversaturated with respect
to its dissolved constituents. This
is usually accomplished by raising
the pH to convert bicarbonate to
carbonate so that the CaCO3 sol-
ubility product is exceeded. The
solubility expression and corre-

Total Hardness Calcium Hardness Total Alkalinity TOC
Source mg/L as CaCO3 mg/L as CaCO3 mg/L as CaCO3 mg/L pH

Simulated hard water 185–195 185–195 185–195 0 or 5 7.9–8.2

Parsons Avenue WTP, Columbus, Ohio 465 324 270 1.4 7.3

Hialeah WTP, Miami, Fla. 232 207 227 13 7.3

CaCO3—calcium carbonate, TOC—total organic carbon, WTP—water treatment plant

TABLE 1 Raw water characteristics

Equivalent
BET Spherical

Surface Area Diameter TOC Mg+2

Seed Crystal m2/g µm mg/g mg/g

Calcite seed 1 0.278 3.98

Calcite seed 2 2.572 0.43

Columbus, Ohio, sludge solids 4.316 0.26 0.17 14.1

Miami, Fla., sludge solids 1.679 0.66 5.6 11.1

BET—Brunauer-Emmet-Teller, Mg+2—magnesium ion, TOC—total organic carbon

TABLE 2 Seed crystal characteristics
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sponding solubility product for CaCO3 (calcite) are as fol-
lows (Snoeyink & Jenkins, 1980):

CaCO3(s) ⇔ Ca+2 + CO3
–2 Kso = 10–8.3 (25oC) (1)

The solubility constant of calcite (Kso) is used to determine
the level of saturation (�) based on the free energy of
dissolution. Assuming that the activities of these species
are approximately equal to their molar concentrations
gives the following expression for free energy (�G):

�G = RT ln � � = RT ln ��
I

K

A

s

P

o
�� = RT ln � (2)

in which R is the ideal gas constant; T is the absolute
temperature; [Ca+2]act and [CO3

–2]act are the actual molar
concentrations of calcium and carbonate ions in solu-
tion, respectively, whose product is the ion activity prod-
uct, IAP. [Ca+2]eq and [CO3

–2]eq are the equilibrium molar
concentrations of calcium and carbonate ions, respec-
tively; and their product is the solubility product Kso.

Rossum and Merrill (1983) provided a useful sum-
mary of the many descriptions of CaCO3 saturation, and
other review articles applied saturation concepts to prac-
tical applications in water treatments (Merrill & Sanks,
1978; 1977). These descriptions use the ratio of the IAP
to the solubility product to determine the degree of super-
saturation (�), which is the driving force index govern-
ing the kinetics and extent of CaCO3 precipitation.

For IAP > Kso, � >1, the solution is oversaturated,
and precipitation is thermodynamically favored. This
means that for the dissolution reaction (as written in Eq
1) �G > 0, whereas for the reverse (precipitation) reaction

�G < 0. For IAP < Kso � < 1, the
solution is undersaturated, and dis-
solution of the solid in accordance
with Eq 1 is thermodynamically
favored. If IAP = Kso, � = 1 and the
system is at equilibrium (�G = 0).

Supersaturation and precipitation.
Although precipitation will occur
only for oversaturated solutions,
supersaturation does not guarantee
spontaneous precipitation. A cer-
tain degree of supersaturation must
be achieved before crystal nucle-
ation will occur (Joint Task Group
on Calcium Carbonate Saturation,
1990). Supersaturation conditions
indicate that precipitation is ther-
modynamically favored, not that
precipitation is imminent. Because
of the inherent dependence of pre-
cipitation kinetics on the degree of
supersaturation, homogenous nucle-
ation does not occur extensively,

even over very long time spans, for supersaturation val-
ues (�) �10 (Chang, 1990). This does not necessarily
mean that the rate of precipitation for a solution with a
supersaturation value (�) �10 will be fast on the time
scales of treatment and distribution. However, the pres-
ence of nucleating agents or seed crystals lowers the
energy barrier for the precipitation reaction and allows
the reaction to proceed rapidly, even at � < 10.

Because nucleation and crystal growth occur at the
interface between dissolved species and solid surfaces,
dissolved constituents that adsorb at these interfaces
can prevent such encounters and may interfere with the
precipitation process. Because of the site-specific nature
of crystal growth interference, the molecular size and
stereochemistry of foreign constituents are important
factors (Chang, 1990). The presence of dissolved organic
matter (Hoch et al, 2000; Lebron & Suarez, 1996;
Inskeep & Bloom, 1986; Berner et al, 1978; Reynolds,
1978), phosphates (Burton & Walter, 1990; Mucci,
1986; Reddy & Nancollas, 1973), or magnesium
(Meyer, 1984; Reddy & Wang, 1980) can inhibit CaCO3
precipitation. These constituents can act as “crystal
poisons” in the nucleation process and in the subse-
quent growth of calcite by becoming adsorbed on active
growth sites.

To explore the effects of crystal growth inhibitors on the
heterogeneous precipitative softening process, NOM was
incorporated into precipitation experiments. Synthetic
hard waters (with and without aquatic extracts of NOM)
were first softened by homogeneous nucleation with caus-
tic soda. The pH was raised high enough to precipitate
CaCO3 but was maintained below the level at which
Mg(OH)2 would be expected to significantly precipitate

[Ca+2]act [CO3
–2]act

���
[Ca+2]eq [CO3

–2]eq
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Error bars represent the range of values for duplicate tests

FIGURE 1  Total and dissolved calcium concentrations and degree 
 of supersaturation resulting from precipitative softening  
 of model water with NaOH
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(~pH 11). These waters were then
softened by heterogeneous nucle-
ation using calcite seed crystals of
two sizes. Two naturally occurring
hard waters—one with a low total
organic carbon (TOC) concentra-
tion and one with a high TOC con-
centration—were also softened in
this fashion. In addition, the natu-
rally occurring hard waters were
softened using dried sludge solids
obtained from the softening plants.

EXPERIMENTAL METHODS
Materials. Table 1 lists the water

quality characteristics of interest for
each of the waters used in this
study. The natural waters were
selected to ensure that different ini-
tial hardness and TOC concentra-
tions were represented. Raw water
from Columbus, Ohio, was ob-
tained from the Parsons Water
Treatment Plant, which draws its
source water from the Griggs and
O’Shaugnessy Reservoirs. Raw wa-
ter from Miami, Fla., was obtained
from the Hialeah Water Treatment
Plant, whose source water is the Bis-
cayne Aquifer. Waters were shipped
from the respective utilities in 50-gal
(190-L) drums and refrigerated at
4.4oC (40oF) in a walk-in cooler
immediately upon arrival. Before
testing, an appropriate amount of
the test water was withdrawn and
placed in a sealed flask and allowed
to come to room temperature 22oC
(72oF) over a 24-h period.

The simulated hard water was
made with reagent-grade calcium
chloride (CaCl2) and sodium bicar-
bonate (NaHCO3) in organic-free
deionized water. Stoichiometric
amounts of CaCl2 and NaHCO3
were added to the water to achieve
a calcium concentration of ~200
mg/L as CaCO3 and a bicarbonate
concentration of ~200 mg/L as CaCO3. The actual mea-
sured initial concentration of calcium ranged from 185 to
195 mg/L as CaCO3, and the actual measured initial con-
centration of bicarbonate ranged from 185 to 195 mg/L
as CaCO3. The initial pH of the model water ranged
from 7.9 to 8.2.

In some cases, NOM was added to the model water
at a concentration of 5 mg/L as carbon (C). The NOM

consisted of an aquatic fulvic acid, originally isolated
from Lake Drummond, Va. (Chang, 1990). The model
water was prepared 24 h before testing and allowed to
come to room temperature in a sealed flask.

Different sizes of calcite crystals were explored as seeds
for heterogeneous precipitation, as well as the dried sludge
solids collected from the treatment plants of the utilities
that provided the waters. The calcite seeds were reagent-
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FIGURE 3  Total and dissolved calcium concentrations resulting from 
 precipitative softening of model water with NaOH both with 
 and without seed crystals

Ca+2—calcium ion, CaCO3—calcium carbonate, NaOH—caustic soda

Parenthetical values indicate surface area.
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FIGURE 2  Total and dissolved calcium concentrations resulting from 
 precipitative softening of model water with 100 mg/L of NaOH, 
 and various calcite seed doses

Ca+2—calcium ion, CaCO3—calcium carbonate, NaOH—caustic soda

Error bars represent the range of values for duplicate tests; parenthetical values
indicate surface area.
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grade calcite1 and crushed calcite.2

X-ray diffraction analysis confirmed
the calcite crystals to be pure calcite
and the dried sludge solids to be pri-
marily calcite. The characteristics of
the seed crystals used in this study
are summarized in Table 2.

The seed crystals of dried sludge
solids were prepared by allowing a
500-mL sample of the sludge to set-
tle for 24 h. After settling, the super-
natant water was decanted carefully
so as not to disturb the solids. The
solid portion was dried in an oven
at 50oC for 24 h. The dried sludge
was then crushed by mortar and pes-
tle until it was a fine powder. The
Brunauer-Emmet-Teller (BET) sur-
face areas listed in Table 2 were
determined by a BET surface area
analyzer.3 The equivalent spherical
diameter of each seed material was
also calculated based on the BET sur-
face area and an assumed calcite den-
sity of 2.71 g/cm3 (CRC, 1990).

Procedures. Softening experiments
were conducted with a six-place gang
stirrer with stainless-steel blades (2.5
× 5 cm [0.98 × 1.97 in.]).4 The jars
were 600-mL glass beakers equipped
with sampling ports ~5 cm (1.97 in.)
from the bottom of each beaker.
Solutions of caustic soda were made
from reagent-grade NaOH and
stored for no longer than two weeks
in a sealed vessel.

The pH, calcium hardness, total
hardness (if applicable), and alkalinity
of the raw waters were determined as
described in Standard Methods
(1998). These values were used to
model the chemistry of the water soft-
ening process (described subsequently)
and to determine the range of doses of
base used for softening.

Up to six jars, each with 500 mL
of water, were placed on the gang-
stirring apparatus. Stirring com-
menced at 100 rpm. If a crystal seed
was being tested, it was dispensed in
solid form to each jar an immediately
followed by the addition of base. The
jars were mixed at 100 rpm for 3 min
following the addition of base. After
rapid mixing, the jars were mixed at
55 rpm for 30 min and then allowed
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FIGURE 4  Total and dissolved calcium concentrations resulting from 
 softening of model water with caustic soda in the presence 
 and absence of NOM with and without calcite seed

Ca+2—calcium ion, CaCO3—calcium carbonate, NaOH—caustic soda, 
NOM—natural organic matter

NOM = 5 mg/L carbon; parenthetical values indicate surface area.

Total calcium with no seed, with NOM
Dissolved calcium with no seed, with NOM
Total calcium w/ 500 mg/L of calcite seed 1 (0.278 m2/g), with NOM
Dissolved calcium w/ 500 mg/L of calcite seed 1 (0.278 m2/g), with NOM
Total calcium w/ 500 mg/L of calcite seed 1 (0.278 m2/g), without NOM
Dissolved calcium w/ 500 mg/L of calcite seed 1 (0.278 m2/g), without NOM
Predicted equilibrium dissolved calcium concentration
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FIGURE 5  Total and dissolved calcium concentrations resulting from 
 precipitative softening of Ohio water with 150 mg/L NaOH 
 and various seed crystal doses

Ca+2—calcium ion, CaCO3—calcium carbonate, NaOH—caustic soda

Parenthetical values indicate surface area.

Total calcium with calcite seed 2 (2.75 m2g)
Total calcium with calcite seed 1 (0.278 m2/g)

Total calcium with Columbus, Ohio, dried sludge seed (4.32 m2/g)
Dissolved calcium with calcite seed 1 (0.278 m2/g)

Dissolved calcium with Columbus, Ohio dried sludge seed (4.32 m2/g)
Dissolved calcium with calcite seed 2 (2.75 m2/g)

Predicted equilibrium dissolved calcium
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to settle quiescently for 10 min. This
settling time provided an overflow
rate of ~13 m3/m2/d (~0.25 gpm/sq
ft); typical lime softening overflow
rates are around 50 m3/m2/d (~1
gpm/sq ft) (AWWA, 1998).

After settling, ~50 mL of the
supernatant was wasted to wash out
any solids that might have accu-
mulated in the sampling port. A
250-mL sample of the supernatant
was then drawn from the sampling
port for analysis of dissolved and
total calcium, total hardness, and
pH as described later. Samples for
dissolved calcium were immediately
filtered through a 0.2-µm nylon
membrane.5 The dissolved calcium
concentration was determined
according to the standard titration
method for calcium (Standard
Methods, 1998), using a standard 0.01-M EDTA solu-
tion1 and murexide indicator.6 The titration was always
completed in <5 min.

To measure the total calcium and total hardness con-
centrations, 150 mL of the supernatant was poured into
a 250-mL flask. A total of 20 mL of 0.1 N sulfuric acid
was added to the sample to completely dissolve any
CaCO3(s) and Mg(OH)2(s) suspended in solution. The
flasks were then shaken for 24 h. The total calcium con-
centration was determined according to the standard titra-
tion method for calcium (Standard Methods, 1998), using
a standard 0.01-M EDTA solution and murexide indica-
tor as described previously. Total hardness was determined
according to the standard titration method for hardness
(Standard Methods, 1998), using 0.01-M EDTA1 and eri-
ochrome black T.6 Because the end point was sharp, no
other complexing agents were required to bind interfering
metals. Both titrations were always completed in <5 min.

Assumptions. Several assumptions were made in order
to chemically model precipitative softening. The first
assumption was that the system was closed, meaning
there was no carbon dioxide (CO2) exchange with the
atmosphere that would affect the carbonate content of the
water. This was a reasonable assumption because the
softening reactions were fast, and atmospheric CO2
exchange in these experiments was believed to be rela-
tively slow. A second assumption was that an equilib-
rium condition between the solid and dissolved species
was reached, regardless of the degree of supersaturation,
the presence of a seed crystal, or contact time. This may
or may not be completely true, depending on the degree
of supersaturation and the kinetics of precipitation. These
assumptions, along with the electroneutrality condition,
allowed for the calculation of the residual dissolved cal-
cium concentration, the equilibrium pH, and the degree

of supersaturation as a function of the amount of added
NaOH using fundamental equilibrium concepts (Stumm
& Morgan, 1996).

RESULTS AND DISCUSSION
Softening model water with NaOH. Figure 1 shows the

total and dissolved calcium concentration and the degree
of supersaturation resulting from softening the model
water with NaOH. At the highest dose of NaOH, the
pH was ~10.

The measured dissolved calcium concentration
decreased with increasing NaOH but did not achieve the
equilibrium values predicted by the equilibrium model.
Although the system may have been oversaturated with
respect to CaCO3, only a fraction of the ion clusters appar-
ently had reached a size capable of surpassing the energy
barrier against nucleation at the time measurements were
taken. The total calcium concentration was always greater
than the corresponding dissolved calcium concentration by
~30 mg/L as CaCO3. This difference was the result of
precipitated CaCO3 that did not settle out of the solution
after a 30-min settling period. The degree of supersatu-
ration increased at higher doses of base, yet complete pre-
cipitation did not occur, and equilibrium was not reached
in the time span of this experiment.

Because the precipitation of dissolved calcium was
incomplete, the effect of adding seed crystals was explored.
In order to determine the most efficient seed dose, the
model water was softened with 100 mg/L of NaOH using
different doses of the two pure calcite seeds. Figure 2
shows the dissolved and total calcium concentrations
resulting from various seed doses.

The addition of calcite seed crystals 1 or 2 brought
the dissolved calcium concentration closer to equilibrium,
but the smaller seed crystals (seed 2) were more effective
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FIGURE 6  Dissolved calcium concentrations resulting from precipitative 
 softening of Ohio water with NaOH in the presence 
 and absence of seed crystals

Ca+2—calcium ion, CaCO3—calcium carbonate, NaOH—caustic soda

Parenthetical values indicate surface area.
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than the larger ones, i.e., the optimal dose for seed 2 was
approximately one tenth of the optimal dose for seed 1.
This demonstrated the importance of the available surface
area for precipitation because the surface area of the
smaller seed crystals (2.75 m2/g) was roughly 10 times
greater than that of the larger seed crystals (0.278 m2/g).

On an equivalent area basis, the two seeds performed
similarly. However, the total calcium concentration was
found to be greater when higher doses of the smaller seed
crystals were used. This most likely resulted because the
finer seed crystals and the calcite precipitated on their
surfaces did not settle as readily as the larger seed crystals
when more of them were initially present, despite the
additional CaCO3 precipitated on their surfaces. There
appeared to be a threshold at which presenting more sur-
face area (by using larger doses of the smaller seed crys-
tals) resulted in the development of a seed/precipitate that
did not settle as readily as when lower doses were used.
This indicated that more precipitation occurred on indi-
vidual seed crystals when there was less overall surface
area available for nucleation and likewise that less pre-
cipitation occurred on individual seed crystals when there
was more surface area available.

On the basis of the results shown in Figure 2, the opti-
mal seed dose for calcite seed 2 was 50 mg/L (with an
associated surface area of 0.138 m2/L) and the optimal
seed dose for calcite seed 1 was 500 mg/L (with an asso-
ciated surface area of 0.139 m2/L). Using these seed doses,
the model water was again softened with various doses of
caustic soda (Figure 3). As the figure indicates, the addi-
tion of seed crystals greatly enhanced the removal of dis-
solved calcium, producing dissolved calcium concentra-
tions closer to those predicted by the equilibrium model.

The seed crystals provided the sur-
face area necessary to overcome the
barrier against nucleation and crys-
tal growth, and more effective pre-
cipitation of dissolved calcium was
observed. Little difference was
observed in the results obtained
using either seed, which was con-
sistent with the fact that they have
approximately the same surface area
and both consist of crystalline cal-
cite. Error bars have been omitted in
Figure 3 but were of the same mag-
nitude as in the previous figures.

Figure 3 also shows that both
seed crystals provided much better
removal of total calcium than if no
seed was used. With the addition of
these seed crystals at their respec-
tive optimal doses, the total calcium
concentration approached the dis-
solved calcium levels predicted by
the equilibrium model. This indi-

cated that the CaCO3 that was precipitated settled well in
the time allowed. Despite their different sizes and corre-
sponding different settling rates, little difference was seen
in the performance of the two seed crystal sizes at the
chosen doses with regard to total calcium removal (again
because they provided the same surface area for the respec-
tive doses chosen).

Effects of NOM. In order to determine the effects of
NOM during softening, the model water was spiked with
5 mg/L of fulvic acid as C and softened with NaOH.
Tests were conducted both with and without calcite seed.

As shown in Figure 4, although the presence of calcite
seed crystals again improved removal of dissolved cal-
cium over the entire range of caustic soda doses investi-
gated, NOM inhibited the removal of dissolved calcium
to some degree, compared with the results without NOM.

The inhibition of CaCO3 precipitation by NOM was
noticeably less in the presence of the calcite seed crystals.
The seed provided a much greater surface area (and there-
fore a greater number of potential nucleation sites) than
the newly precipitated crystals in the absence of any seed.
If NOM binds to the solid CaCO3 surface, then it would
appear that the effects of NOM are minimized in the pres-
ence of the seed crystals because there are more nucleation
sites available for precipitation. NOM and dissolved cal-
cium may, in effect, compete for sites on the solid CaCO3
surface. A greater number of nucleation sites would mean
that a lower percentage of them are blocked because of
binding with NOM, and therefore more precipitation can
occur when seed crystals are present.

Figure 4 shows a similar effect for the total calcium
concentrations that result when softening with NaOH in
the presence of NOM, with and without calcite seed crys-

0

50

100

150

200

250

300

350

400

No seed

100 mg/L Columbus, Ohio, dried sludge seed (0.432 m2/L)

500 mg/L calcite seed 1 (0.139 m2/L)
100 mg/L calcite seed 2 (0.275 m2/L)

Predicted equilibrium dissolved calcium concentration

0 30 60 90 120 150 180

NaOH—mg/L

T
o

ta
l C

a+
2 —

m
g

/L
 a

s 
C

aC
O

3
FIGURE 7  Total calcium concentrations resulting from precipitative 
 softening of Ohio water with NaOH in the presence 
 and absence of seed crystals

Ca+2—calcium ion, CaCO3—calcium carbonate, NaOH—caustic soda

Parenthetical values indicate surface area.
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tals. The inhibition by NOM was
apparent at the lower degrees of
supersaturation (lower NaOH
doses). It is believed that NOM
inhibits the removal of calcium to
some degree, most likely because of
blockage of potential nucleation sites
(Hoch et al, 2000; Lebron & Suarez,
1996; Inskeep, 1986; Berner, 1978;
Reynolds, 1978).

Softening natural waters. Colum-
bus (Ohio) water was softened with
an NaOH dose of 150 mg/L and
varying doses of the three seed crys-
tals: calcite seeds 1 and 2, with spe-
cific surface areas of 0.278 m2/g and
2.78 m2/g, respectively, and the dried
sludge seed from the softening plant
in Columbus with a specific surface
area of 4.32 m2/g (Table 2). Results
(Figure 5) indicated that increasing
the seed dose increased the removal of
dissolved calcium in all cases. The
smaller calcite seed 2 appeared to per-
form best over the range of NaOH
doses tested, despite the fact that the
dried sludge had a higher specific sur-
face area. This was most likely attrib-
utable to the fact that the dried sludge
seed was not pure CaCO3 but con-
tained some magnesium and NOM
(as indicated in Table 2), which likely
made it a less effective nucleating
agent for CaCO3 crystallization than
pure crystalline calcite.

Figure 5 also shows that none of
the seeding agents appreciably
helped to reduce the total calcium
concentration at the given NaOH
dose (150 mg/L, pH ~9.3). For the
smaller calcite seed 2, a slight
improvement was seen at 100 mg/L,
but at higher doses the total calcium
concentration worsened because of
the fine nature of these seed crystals, which resulted in
ineffective settling. The other seed crystals lowered the
total calcium concentration but only to a limited degree.
These results indicated the optimal seed doses were 100
mg/L for calcite seed 2, 500 mg/L for calcite seed 1, and
100 mg/L for the dried sludge seed.

The Ohio water was softened with the optimal seed
doses; results of these tests are shown in Figures 6 and 7.
Without any seed crystal, the system was further from
equilibrium (as predicted by the model) at low doses of
NaOH than at higher doses. In addition, at higher NaOH
doses, the dissolved and total calcium concentrations con-

verged. This convergence likely resulted from more effec-
tive crystal formation because of the increased levels of
supersaturation achieved at the higher base doses. Super-
saturation levels were between 40 and 60 for the NaOH
doses explored; the pH rose from approximately 8.5 to 9.3
for this range of doses.

All seed crystals caused the dissolved calcium concen-
trations (Figure 6) to approach the values predicted by the
equilibrium model. The resulting dissolved calcium con-
centrations were lowest for calcite seed 2, followed by
calcite seed 1, and then the dried sludge seed. At a dose
of 100 mg/L NaOH, the results tended to converge. At the
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FIGURE 8  Dissolved calcium concentrations resulting from precipitative 
 softening of Florida water with NaOH in the presence 
 and absence of seed crystals
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seed doses used, both of the pure calcite seed crystal seeds
appeared to perform better than the dried sludge seed,
which was composed primarily of CaCO3 but also con-
tained various impurities (e.g., magnesium and NOM)
that made it a less effective nucleating agent for CaCO3
precipitation.

Figure 7 shows the results for the total calcium concen-
trations after softening in the presence and absence of var-
ious seed crystals. The total calcium concentrations tended
to be lower in the presence of the seeds, except for the dried
sludge seed, presumably because of its small particle size.
The total calcium concentrations were lowest when the
larger calcite seed 1 was used, indicating that the precipitate
formed during softening with this seed crystal settled most
effectively. The residual total calcium concentrations for
all of the systems examined tended to converge at a sodium
hydroxide dose of 120–150 mg/L (pH 9.3).

Raw water from the Hialeah treatment plant in Miami,
Fla., was treated in a similar fashion as the water obtained
from Ohio. On the basis of seeding test results (not
shown), the optimal seed doses selected were 100 mg/L for
calcite seed 2, 1,000 mg/L for calcite seed 1, and 1,000
mg/L for the dried sludge seed from the Hialeah facility.

Figures 8 and 9 show the results for dissolved and total
calcium concentrations, respectively, after softening the
Florida water with caustic soda in the presence and absence
of any seed crystals. Figure 8 shows that the dissolved cal-
cium concentrations achieved without seeding did not fol-
low the equilibrium predictions at lower NaOH doses but
began to approach the predicted values after a dose of 50
mg/L NaOH. At this dose, the pH was 8.8, and the degree
of supersaturation was calculated to be ~50. The deviation
from equilibrium at the lower doses may be due to the rel-

atively high concentration of TOC in this water. It is likely
that the NOM making up the TOC bound dissolved cal-
cium and/or blocked nucleation sites on the newly formed
calcium carbonate crystals at lower NaOH doses.

The dissolved and total calcium concentrations did
not converge as they did with the Ohio water. The total
calcium concentrations without seeding (Figure 9)
remained appreciably higher than the corresponding dis-
solved calcium concentrations without seed crystals (Fig-
ure 8). This was most likely attributable to the high con-
centration of NOM that blocked nucleation sites and
prevented the crystal growth necessary to create parti-
cles that will settle out of solution.

Figure 8 shows that the seed crystals lowered the final
dissolved calcium concentration for NaOH doses up to 50
mg/L (at pH 8.6–8.7), bringing them closer to the equi-
librium predictions. All seed crystals performed approx-
imately the same. The presence of NOM found in this
water did not appear to appreciably influence the effec-
tiveness of any of the seed crystals in allowing the dis-
solved calcium concentrations to approach the predic-
tions of the equilibrium model. The presence of this NOM
in the dried sludge seed also did not appreciably impede
its ability to aid in calcium removal.

Figure 9 shows that the total calcium concentration
was lowered in the presence of all three of the seed crys-
tals. The total calcium concentration was lowest for cal-
cite seed 1, the larger of the calcite seed crystals. The pre-
cipitate formed with the smaller calcite seed crystals settled
least effectively, most likely because of the finer nature of
these crystals. In all cases, the seeds had a greater effect
on the total calcium concentrations than on dissolved
calcium concentrations.
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CONCLUSIONS
The results of this study demonstrated that calcite seed

crystals improved the removal of dissolved calcium dur-
ing precipitative softening with caustic soda. The opti-
mal seed doses depended on the surface area available
for nucleation; no significant differences were observed
between the performances of the different sizes of calcite
seed crystals in removing dissolved calcium hardness
when the doses were normalized by surface area. How-
ever, the total calcium removed was higher with the larger
seed crystals, most likely because of the better settling
characteristics of these larger crystals. It was also found
that pure calcium carbonate crystals removed dissolved
calcium better than did the dried softening sludge, even
when the latter presented a larger surface area. It is
thought that impurities in the dried sludge (e.g., magne-
sium and NOM) inhibited calcium carbonate crystal
growth in comparison with the pure calcium carbonate
seed crystals.

In tests with natural waters, the presence of seed crys-
tals increased the precipitation of dissolved calcium when
softening with caustic soda. The presence of NOM did not
significantly affect the removal of dissolved calcium but
did inhibit settling of the resultant CaCO3 precipitate.
Addition of calcite seed crystals improved solid–liquid
separation and overall total calcium removal, even in the
presence of NOM.
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