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for prevention or methods for re-
moval. Chemical treatment tech-
niques have been widely accepted in
removal processes such as acid
cleaning treatments or calcium bind-
ing with ethylenediamine tetraacetic
acid (EDTA) (2, 3). Mechanical meth-
ods of cleaning such as steam shocks
and hydroblasts have also been used
effectively to remove mineral de-
posits (4). Generally, these removal
methods create additional costs and
interrupt normal digester operation.
In contrast, scale prevention strate-
gies are attractive because they mini-
mize the costs associated with down-
time.

Chemical treatments for scale
prevention were reported thirty
years ago (5). Despite this early suc-
cess, process control is generally the
favored means for scale prevention
(6). Control of temperature, soap
separation efficiency (7), and
process flows has been shown to
minimize scaling tendencies. Ther-
mal deactivation is another process
used to prevent deposits from form-
ing on the critical surfaces of a heat
exchanger (8). Filtration of calcium
salts has also been reported as a
method of scale prevention (9). In
all these cases, however, the term
“prevention” really refers to a reduc-
tion in scaling rates rather than a
complete elimination of scale-form-
ing pathways.

Clearly, any method that reduces
shutdowns/acid cleanings can be a
cost-effective option for running a
continuous digester. Moreover, the
use of process-control prevention
techniques does not preclude the

use of chemical treatment strategies.
Indeed, combining chemical and
process control strategies should
provide the best overall protection
from scale deposits.

Antiscalent chemistries are well
known to impede scale formation in
a wide variety of industrial applica-
tions (10). Pulp mill liquors repre-
sent a unique set of harsh solution
conditions, including elevated tem-
peratures, pressures, and solids con-
centrations. Therefore, an effective
chemical treatment program must
provide antiscalent activity while
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of digesters and black-
liquor evaporators is the
most frequently identified

inorganic deposit problem in the
kraft cycle. Scale buildup on heat ex-
changers leads to increased steam
usage in the digester and reduces
production of strong black liquor at
the evaporators. Digester scaling also
reduces liquor flow rates,which gen-
erates fluctuating kappa numbers
and increases carryover of pulping
chemicals (the result of poor di-
gester washing efficiencies). How-
ever, the greatest costs of scaling are
associated with acid cleaning to re-
move scale. In addition to the cost of
chemicals, personnel, and effluent
disposal, acid cleaning wears and
corrodes equipment and often re-
quires unscheduled downtime, re-
sulting in lost production.

Unfortunately, the kraft cycle pro-
vides an ideal environment for the
formation of CaCO

3
scale deposits.

The calcium content of wood chips
entering the digester and the high al-
kalinity and carbonate levels of the
cooking liquor produce supersatura-
tion conditions throughout the kraft
process (1). Moreover, the high tem-
peratures necessary for delignifica-
tion and evaporation produce a high
driving force for CaCO

3
precipita-

tion. Indeed, heavy scaling and fre-
quent acid cleanings are typical in
the digester because of the continu-
ously supersaturated environment of
the process water.

Strategies for handling scale
problems have traditionally been di-
vided into two categories: methods

ABSTRACT
Buildup of scale in the kraft digester
and black-liquor evaporators is a
major contributor to lost pulp mill
productivity. Scale deposition occurs in
areas such as the heaters and extrac-
tion screens of continuous digesters
and the liquor side of heat-transfer
surfaces in the evaporators. This re-
duces the efficiency and control of
pulping and evaporation processes
and eventually forces the costly clean-
ing of equipment. Since kraft pulping
conditions require high temperatures
and a high concentration of calcium
and carbonate in alkaline liquors, the
precipitation of CaCO3 is inevitable.
Traditionally, scaling tendencies have
been managed using process control
methods to reduce deposition rates.
This paper examines the thermody-
namic principals behind such process
modifications while introducing the ki-
netic steps of the overall deposition
pathway. Chemical additives that in-
terfere with and retard the individual
steps of the overall scaling mecha-
nism can help to further reduce depo-
sition rates.

Application:

Antiscalent chemistries can be used to
impede the development of calcium
carbonate scale deposits throughout a
kraft mill.
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maintaining sufficient stability and
chemical compatibility in these envi-
ronments. Clearly, an efficient chem-
ical treatment strategy must couple
the correct additive with its appro-
priate application (i.e., feed point,
dosage, etc.)

This paper examines the mecha-
nisms responsible for pulp mill scal-
ing and explores the effects of chem-
ical additives on the various scaling
pathways. There are many types of
scale deposits that can occur in the
pulp mill (11). However, the follow-
ing discussion focuses on the mecha-
nisms important for disrupting the
growth and deposition of calcium
carbonate solids. Mechanisms such
as:

• Precipitation threshold inhibition
• Dispersion
• Crystal habit modification

provide a rational basis for under-
standing how chemical treatments
can slow the overall scaling rate.Typ-
ically, the appropriate application of
antiscalents leads to a decrease in
the frequency of acid cleanings.

The traditional thermodynamic
view of the critical factors influenc-
ing scale formation is presented.This
is followed by a discussion of the ki-
netics of scale formation. The ther-
modynamic perspective is useful for
both chemical and nonchemical
process modifications, while the ki-
netic perspective is useful in identi-
fying scale prevention strategies.

SCALING THERMODYNAMICS
One simple explanation for scaling
in the kraft process is that changes in
conditions of process liquors—tem-
perature, pH, and chemical composi-
tion—push CaCO

3
past its solubility

limit (i.e., the liquors become super-
saturated), resulting in precipitation
and scaling.This explanation alone is
insufficient, since the process liquors
of the kraft cycle tend to contain cal-
cium carbonate at concentrations
above its solubility limit throughout
the entire kraft cycle, while scaling
only occurs at certain locations.
Clearly, a more detailed description
of crystallization from solution is re-
quired to understand why deposi-
tion occurs at some sites within the
digester and not at others.

What is often lost in discussions
of scaling is the importance of ki-
netic variables. A sparingly soluble
salt like CaCO

3
can remain in an

aqueous solution to levels well above
its solubility limit in a metastable
state. Previous work has clearly
demonstrated regions of metastabil-
ity for calcium carbonate solutions in
kraft liquors (12). This means that
scale prevention strategies must in-
clude the factors that control the
rate of precipitation rather than
those that solely control its equilib-
rium solubility. This is not to say that
solubility is unimportant. Knowl-
edge of when the system is supersat-
urated indicates where the potential
for scaling exists, and the level of this
supersaturation plays a role in deter-
mining the rate of scaling. Thus, a
comparative discussion of thermody-
namic solubility principals and ki-
netic models is appropriate for a
more accurate understanding of scal-
ing phenomena in the kraft process.

CaCO3 solubility
The solubility of calcium carbonate
is described, in part, by its solubility
product K

sp
, which is simply the

product of the equilibrium Ca2+ and
CO

3
2– activities, i.e.,

K
sp

= γ
Ca

[Ca2+] γ
CO3

[CO
3
2–] (1)

The activities of the ions are
given as their equilibrium concentra-
tion multiplied by an aqueous ionic
activity coefficient γ. For dilute solu-
tions, these activity coefficients are
close to unity, and K

sp
is approxi-

mated as the product of equilibrium
ion concentrations. The K

sp
for

CaCO
3

in pure water at 77°F is 4.8 ×
10–9M2 which means that about 6.9
mg of CaCO

3
will dissolve in 1 L of

pure water (13). Solubility products
are strongly dependent on tempera-
ture (14), and for CaCO

3
there is an

inverse relationship between tem-
perature and solubility (i.e., solubility
decreases with increasing tempera-
ture). One reported relationship for
this temperature dependency, empir-
ically determined between 32°F and
180°F, is given as:

log 
K

sp, f

K
sp, i

= 6.57×10–3(T
i
–T

f
) (2)

where K
sp, i

and K
sp, f

are the solubility
products at the two temperatures, T

i

and T
f
. So, at 180°F, the estimated sol-

ubility of CaCO
3

drops to about 3 mg
for 1 L of pure water (a K

sp
of 1.0 ×

10–9M2). What is missing from this
calculation is the dependency of sol-
ubility on pH.Although pH has no di-
rect impact on K

sp
, it does affect sol-

ubility by controlling the level of
CO

3
2– present. This can be seen by

studying the chemical equations for
the system (Eqs. 3–5).

CaCO
3

↔ Ca2+ + CO
3
2– (3)

CO
3
2–+H

3
O+↔HCO

3
–(bicarbonate)+H

2
O

(4)

HCO
3
–+H

3
O+↔H

2
CO

3
(carbonicacid)+H

2
O

(5)

Because both the carbonate and
bicarbonate ions are conjugate bases
of weak acids, they are involved in
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function of pH



equilibrium with the hydronium ion
(H

3
O+), and their concentrations will

be fixed by pH. The effect of this de-
pendency is shown in FFiigg..  11 (15).
Over the full pH range, this depen-
dency is dramatic. Although less dra-
matic between pH 7 and 14, there is
still a drop of about two orders of
magnitude in solubility. This solubil-
ity decrease essentially ends above a
pH of 10.5, where most of the added
CO

3
2– remains as CO

3
2– because of the

high alkalinity of the solution.
Another important example of

how the composition of an aqueous
solution will affect the solubility of
CaCO

3
is the common-ion effect.

Adding a soluble salt, Na
2
CO

3
, to a

simple solution (CaCO
3

in deionized
water) sets up the equilibria de-
picted by Eqs.3–5,as well as Eq.6 for
the dissociation of Na

2
CO

3
:

Na
2
CO

3
↔ 2Na+ + CO

3
2– (6)

At pH 11, the effect of the hydro-
nium ion (Eqs. 4 and 5) can be ne-
glected, and the amount of CaCO

3

that dissolves can be expressed by
rewriting Eq. 1 as:

K
sp
= [Ca2+] ([CO

3
2–]

CaCO3
+ [CO

3
2–]

Na2CO3
)

(7)

where the subscripts indicate the in-
troduction of the carbonate ion from
either CaCO

3
or Na

2
CO

3
. Because

[Na
2
CO

3
] > [CaCO

3
], the following

expression applies:

[Ca2+] =
K

sp

[Na
2
CO

3
]

(8)

Equation 8 means that the
amount of CaCO

3
that will dissolve in

an aqueous solution is strongly de-
pendent on the amount of Na

2
CO

3

present. For example, the solubility
of CaCO

3
at 77°F in a 10 g/L

(0.094M) solution of Na
2
CO

3
is less

than 0.1% of its solubility in pure
water! In other words, the addition

of Na
2
CO

3
to a system dramatically

decreases the solubility of CaCO
3
,

and it should be noted that any other
source of carbonate would have the
same common-ion effect on solubil-
ity. The decarboxylation of uronic
acid groups of hemicelluloses during
the cook is another potential source
of carbonate to consider (12). Fur-
thermore, any additional sources of
calcium would have the analogous
reduction in CaCO

3
solubility based

on the same common-ion principal.
These examples demonstrate

how the constituents of an aqueous
solution can strongly affect the equi-
librium solubility of a salt. Quantify-
ing the solubility limits for the sim-
ple, pure water system is not easily
extended to more complex solutions
such as kraft process liquors. White
and black liquors have a high ionic
strength (high ion concentration)
produced from an array of different
ions. Under these conditions, activity
coefficients for calcium and carbon-

ate will decrease in an unpredictable
manner from unity. All of the ions in
solution are affected by the interplay
of temperature, pH, common-ion ef-
fects, and ion–ion interactions such
as ion pairing and complexation
(16). In the absence of all the stan-
dard-state equilibria involved in kraft
liquors, the thermodynamic CaCO

3

solubility limits in kraft liquors re-
mains undetermined. However, we
can outline some generalizations that
will help explain some of the ther-
modynamic effects on scaling in the
kraft cycle:

• CaCO
3

solubility decreases with in-
creasing temperature (Eq.2) (2, 3).

• At pH < 6, increasing pH strongly
reduces CaCO

3
solubility.

• At pH > 10.5, there is little
change in CaCO

3
solubility with

increasing pH.
• The presence of additional cal-

cium or carbonate sources re-
duces CaCO

3
solubility.
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2. Schematic representation of the most important steps in the pathway from soluble
ions to a macroscopic calcium carbonate scale deposit. Ion pairing, aggregation, nucle-
ation, crystal growth, adsorption, and agglomeration contribute to the overall kinetics
of scale formation.



• Increasing ionic strength reduces
the activity coefficients for the
calcium and carbonate ions,
which increases CaCO

3
solubility

(Eq. 1).
• The complexity of the solution

species present in a kraft liquor
precludes the quantitative deter-
mination of the equilibrium
CaCO

3
solubility limits.

A thermodynamic viewpoint is
instructive for demonstrating the
strong driving forces for precipitat-
ing calcium carbonate in the kraft
process, but it offers little to predict
desirable prevention strategies. Ther-
modynamic considerations ignore
differences in collisional frequencies
dictated by process flow conditions
and preexisting particle concentra-
tions.A kinetic approach to scaling is
a separate, equally valid viewpoint
that has some useful predictions for
exploring solutions to scale deposi-
tion problems.

SCALING KINETICS
The overall process of forming
CaCO

3
crystals and crystalline de-

posits can be described by a series of
steps, as seen in FFiigg..  22, with each
step possessing its own rate constant
(17). In the first, calcium and car-
bonate ions collide to form ion pairs.
These pairs then coalesce to form
aggregates, and some of these aggre-
gates grow further to nucleate cal-
cium carbonate particulates. In scal-
ing, the calcium carbonate particu-
lates formed in solution can adsorb
to surfaces, agglomerate, and eventu-
ally fuse to form a deposit. Thus, in
addition to the rate of crystal nucle-
ation and growth in solution, scaling
rates must take into account the rate
of adsorption and surface agglomera-
tion. Because the models describing
these processes are beyond the
scope of this discussion, no attempt
will be made at a comprehensive re-
view of CaCO

3
crystallization litera-

ture. Instead, this section will pro-

vide a descriptive background of
known scaling mechanisms and
focus on those factors that initiate
and accelerate the process. The
processes reviewed include nucle-
ation, crystal growth, agglomeration,
adsorption, and phase transitions.

Nucleation/crystal growth
It is often reported that the loss of
calcium to precipitation does not
occur readily until the concentration
of CaCO

3
is pushed well beyond its

solubility limit. This is a result of ex-
tremely slow kinetics, even above
saturation levels. Nucleation, which
is the initial step of scaling, is a
strong function of supersaturation
and temperature (18). Nucleation
can be described as the development
of a new phase within an existing su-
persaturated homogeneous phase. It
is a consequence of rapid, local fluc-
tuations in a supersaturated solution
to form aggregates. Some of these ag-
gregates can grow and develop into a
crystal while others simply redis-
solve. The number of new crystals
formed per unit volume per unit
time in solution is defined as the nu-
cleation rate.

Aggregate formation and growth
is governed by the balance of surface
and volume free-energy terms (19).
The growth of an aggregate particle
is hindered by the unfavorable sur-
face free-energy term associated
with a particle’s increasing surface
area. This increase in free energy is
countered by the free-energy de-
crease achieved by the precipitation
of a new phase from a supersatu-
rated solution, or the volume free en-
ergy. At low supersaturation levels,
this volume free-energy gain is insuf-
ficient to offset the instability intro-
duced by the formation of new ag-
gregate surface area. Therefore, most
formed aggregates spontaneously re-
dissolve, and the nucleation rate is
low. However, as supersaturation in-
creases, the volume free-energy term
provides enough stabilization energy
to promote particle growth. This

classic competition between surface
free-energy and volume free-energy
terms produces a critical aggregate
size above which continued growth
is favored. As the supersaturation is
increased, the critical size required
decreases, resulting in an increase in
the rate of nucleation. Raising the
temperature also accelerates the nu-
cleation rate by raising the level of
supersaturation (for species with an
inverse solubility relationship) and
increasing aggregate collisional ener-
gies and frequencies. The onset of
particle formation in the absence of
foreign material is termed primary
nucleation and is a homogeneous
process.

Homogeneous nucleation almost
never occurs because of the pres-
ence of solid surfaces, including the
walls of the containment vessel and
suspended foreign substances. In
fact for the kraft process, it is far
more likely that primary nucleation
occurs via a heterogeneous mecha-
nism in which the other species
present in the system promote the
nucleation process. These materials
are believed to catalyze nucleation
by lowering the surface free energy
associated with the developing ag-
gregates. One classic example of het-
erogeneous nucleation is silver io-
dide seeding of clouds to facilitate
water vapor condensation. Thus it
could be said that primary nucle-
ation rates are affected by supersatu-
ration levels, temperature, the pres-
ence of foreign matter, and the walls
of a containment vessel.

In addition to primary nucle-
ation, growing crystals can be cre-
ated from existing crystals in what is
known as secondary nucleation
(20). Secondary nucleation mecha-
nisms are commonly classified as ei-
ther fluid-shear nucleation or con-
tact nucleation. Fluid-shear nucle-
ation can occur when a saturated
solution moves past the face of grow-
ing crystals at a substantial velocity.
Under these conditions, shear forces
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then crystal growth must occur via
an alternative route, usually with
slower incorporation rates (e.g., two-
dimensional islanding). Thus, block-
ing active sites with tailored impuri-
ties form the basis for developing
most crystal growth inhibitors.

Phase transitions
In addition to surface topology, the
crystal surface composition and the
spatial arrangement of surface mole-
cules are also critically important. A
crystal phase describes the unique
stoichiometry and spatial arrange-
ment of lattice molecules. Therefore,
the crystal phase also plays a critical
role in growth kinetics, as previously
reported for aluminosilicate scaling
in the kraft process (22). Phases pos-
sessing the same unit cell stoichiom-
etry with different spatial arrange-
ments are termed polymorphs. The
three principal polymorphs of cal-
cium carbonate—ordered from least-
to-most stable at temperatures
>70°C—are vaterite, calcite, and
aragonite (10). Hydrated,amorphous
phases containing organic contami-
nants are also commonplace, espe-
cially at the early stages of precipita-
tion. These organic- and water-rich
phases usually undergo phase transi-
tions to more stable, dehydrated
phases. Layered deposit structures
containing phases rich in calcium,
magnesium,or manganese have been
observed in Kamyr continuous kraft
digesters (23). The diversity of
phases that may be present simulta-
neously in a process liquor offers
many crystallization pathways for
continued growth.

In general, the most important
process parameters governing the
mechanisms of nucleation, crystal
growth, and phase transitions are su-
persaturation, temperature, and the
liquor constituents. Although crystal
growth has many diversified kinetic
pathways, it represents only one sub-
set of the ways in which calcium car-
bonate particles grow. Another route
for particle growth is adherent inter-
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can sweep away embryos or nuclei
that would otherwise be incorpo-
rated into the growing crystal. Con-
tact nucleation is the dislodging of
particles from a crystal surface
through collisions with other crys-
tals, the walls of the container, or
other solid objects. Although the
ability of materials dislodged from an
existing phase to grow into new
crystals is dependent on supersatura-
tion levels and temperature, the rate-
determining step in secondary nu-
cleation tends to be the removal of
particles. This means that the rate is
controlled by the hydrodynamic
forces on the crystal as well as the
frequency and energy of the crys-
tal–surface collisions, both of which
are a function of fluid shear.

The primary and secondary nu-
cleation rates control the amount of
particle centers introduced into a
liquor, but the subsequent steps of
scaling (crystal growth, agglomera-
tion, and adsorption) influence de-
position rates. The first of these to
consider is crystal growth (21),
which is a result of mass transfer and
chemical kinetics. Calcium and car-
bonate solute molecules must both
diffuse through the solution to en-
counter a growing crystal, and upon
reaching a crystal face, these mole-
cules must then be accepted and or-
ganized into its lattice. The mecha-
nisms of crystal growth can be quite
complex, but they generally rely on a
small percentage of surface sites that
readily incorporate the solute mole-
cules. The growth depends upon
mass transfer and surface diffusion,
followed by lattice incorporation.
The incorporation step most often
involves an “active”site on the crystal
surface that readily “locks in” the
solute ions to the growing crystal.
Active sites are usually identified by
their topology on a crystal surface
with step sites, kink sites, and screw
dislocations being the most com-
mon. If an active site becomes
“blocked” by an adsorbed impurity,

particle collisions or particle agglom-
eration.

Agglomeration/adsorption
Agglomeration and containment-ves-
sel-surface adsorption (24) are
processes dependent mainly on crys-
tal concentration and fluid shear.Actu-
ally, particle number, shape, and size
are important because these factors in-
fluence the frequency of crystal–crys-
tal and crystal–surface collisions. The
particle collisions provide the oppor-
tunity for growing crystals to coagu-
late or fuse in solution and on sur-
faces. The rate of these collisions is
greatly enhanced by the presence of
fluid shear forces. Units such as heat
exchangers found in digesters and
evaporators are designed to create
high turbulence in the heated fluid.
Although high fluid shear increases
the surface collision frequency, it
provides enough translational forces
to prevent particle adherence to a
surface, thus preventing deposition.
In areas of lower flow or where eddy
currents exist, the translation forces
may be insufficient and deposition
can occur.

CHEMICAL CONTROL STRATEGIES
The use of chemical additives can
dramatically reduce scaling tenden-
cies at problematic points in the
kraft process. Antiscalents usually
function through the mechanisms of:

• Precipitation threshold inhibition
• Dispersion
• Crystal distortion mechanisms.

Antiscalents may include compo-
nents such as polyphosphates, phos-
phate esters, phosphonates, lignin
derivatives, carboxylate polymers,
and others.

Precipitation threshold
inhibition

Crystal growth progresses through
the diffusion of solute to crystal
faces and its incorporation at active
growth sites. Because crystals grow
through relatively few sites, it is pos-



polyphosphates, and trimetaphos-
phate—have also been used as pre-
cipitation threshold inhibitors for
calcium carbonate. However, these
inhibitors are limited by their insta-
bility to hydrolysis and revert to or-
thophosphate, losing some of their
scale inhibition efficiency for cal-
cium carbonate.

Organophosphonates are used
most regularly as threshold in-
hibitors for calcium carbonate (26).
Aminotrimethylenephosphonate (ATMP),
aminomethylenephosphonates (AMP),
1-hydroxyethylidene-1, 1-diphospho-
nic acid (HEDP), and 2-phospho-
nobutane-1,2,4-tricarboxylic acid
(PBTC) are the most commonly used
organophosphonate threshold in-
hibitors. The organophosphonates
probably act by adsorption to an ac-
tive calcium carbonate crystal site, as
shown in Fig. 3. Organophospho-
nates are typically limited by their
calcium salt solubility (calcium toler-
ance), hydrolytic stability under caus-
tic conditions, and thermal stability.

Aminopolycarboxylic acids and
hydroxycarboxylic acids have also
been applied in scale control with re-
duced inhibition effectiveness. The
activity of such carboxylate chem-
istries is attributed to chelation ef-
fects rather than a substoichiometric
phenomenon indicative of threshold
inhibition. Poly(acrylic acid) and
poly(maleic acid) also have crystal
growth inhibition properties, but
these are more often associated with
dispersancy or crystal modification,
as discussed in the following section.

172 TAPPI JOURNAL  JUNE 1999

SCALE CONTROL

sible to slow this rate, and thus the
rate of scaling, by blocking or occu-
pying these sites with an impurity.
This is how precipitation threshold
inhibitors work. Contrary to the
common description of precipitation
threshold inhibitors as nucleation in-
hibitors, the actual function of this
treatment is to “freeze” the growing
crystals just after nucleation, which
prevents the continuation of the scal-
ing mechanism.A threshold inhibitor
essentially interferes with or elimi-
nates rapid growth mechanisms by
adsorbing at rapid growth sites, as
seen in Fig. 3 . The submicron parti-
cles are then carried with the process
flow and may be difficult to detect by
conventional analytical techniques.
Precipitation threshold inhibition is
most effectively carried out with spe-
cialized impurity solutes that possess
multiple attachment sites.

Precipitation threshold inhibitors
typically contain anionic functional
groups that can replace lattice anion
sites because of their electronic
charge and geometric match with
the surface. Inorganic phosphates
such as sodium hexametaphosphate
were initially used in small quantities
to inhibit the growth of calcium car-
bonate (25). The adsorption of hexa-
metaphosphate was promoted by its
geometrical match to the surface
ions of a growing calcium carbonate
crystal. Sodium salts of other phos-
phates—including orthophosphate,
pyrophosphate, tetrametaphosphate,

Dispersion
In Fig. 2, a simple schematic of the
mechanism involved in scaling was
introduced. Again, the steps include
ion pairing and aggregation, nucle-
ation and crystal growth, and finally,
adsorption and agglomeration to
form scale. Anionic dispersants inter-
rupt the scaling mechanism by slow-
ing the particle adsorption and ag-
glomeration scaling pathways. They
accomplish this by adsorbing to
growing crystals, increasing the
growing crystal’s anionic character,
and creating interparticle charge re-
pulsions, as seen in Fig. 4 . A higher
average anionic surface charge in-
creases the activation energy barrier
to agglomeration, which in turn pro-
duces a more stable colloidal disper-
sion. It is interesting to note that
even without the addition of disper-
sants, a dispersion mechanism may
be playing a role in the location of
scale in the kraft cycle. This is due to
the presence of lignin derivatives
that can act as anionic dispersants.
This may help explain why scaling is
reduced in areas of the digester
where delignification occurs. Never-
theless, more specialized dispersants
often reduce scaling rates in other
areas by retarding agglomeration.

The most efficient dispersants for
calcium carbonate particulates are
synthetic anionic polymers in the
molecular weight range of about
1,000–100,000. The anionic charges
originate predominantly from pen-
dant carboxylate functional groups
derived from monomers such as
acrylic acid, methacrylic acid, and

3. Precipitation threshold inhibitors block
growth sites on crystal faces, shutting
down crystal growth; or growth sites ad-
vance to be “blocked” by an adsorbed
polymer

4. Dispersants slow agglomeration and de-
position of solid calcium carbonate
through electrostatics and steric repulsion

5. Addition of a modifier alters crystal
habit, which prevents formation of hard,
dense deposits



maleic acid. Polyacrylic acid, poly-
methacrylic acid, and partially hy-
drolyzed polyacrylamides are the
most commonly used polymers for
dispersing calcium carbonate. Each
has sufficient anionic character to
adsorb to the calcium sites on a
growing surface while imparting a
more negative zeta potential and
steric barrier, which reduces agglom-
eration rates.

A wide variety of polyacrylate-
based scale inhibitors are utilized in
scale control, depending on the spe-
cific process application. These poly-
mers contain acrylic acid as the pre-
dominant “mer” unit, along with
lesser amounts of units containing
sulfonate, phosphonate, amide, ester,
or ether. Synthetic polyelectrolytes
are usually more efficient dispersants
than naturally occurring anionic
biopolymers such as the lignin ex-
ample mentioned previously. Syn-
thetic polymers have tailored prop-
erties such as charge density, charge
type, molecular weight, branching,
and end groups to maximize disper-
sancy in the environment of interest.

Crystal distortion/modification
The crystal habit refers to the geo-
metrical shape of a crystal as it
grows. This is determined by the rel-
ative growth rates of the crystal’s var-
ious faces. Significant differences in
the relative growth rates of orthogo-
nal faces can produce an irregularly
shaped crystal such as a needle,
while a nucleus that possesses sev-
eral fast-growing planes in orthonor-
mal axes can produce more isotropic
shapes. The shape of a crystal can be
modified by changing the relative
growth rates of the principal faces of
the crystal. This can be achieved by
the addition of habit or crystal modi-
fiers. These chemicals selectively ad-
sorb onto certain crystal faces or a
series of faces, thus altering their sur-
face properties. The lock-and-key fit
of precipitating molecules to the
crystal surface is lost, which slows
down or eliminates its growth. The

adsorption is selective because of
the chemical functionalities and pe-
riodicity differences among the dif-
ferent crystal faces.

The change in crystal habit in-
duced by modifiers is illustrated in
FFiigg..  55. The change in habit reduces
the rate of scaling by slowing the sur-
face adsorption and agglomeration
step of the mechanism and by mak-
ing it difficult for growing crystals to
form hard, tenacious deposits. That
is, the modified shape results in a
crystal that will have less contact
with surfaces, take much longer to
become incorporated into a deposit,
and be more likely to be swept away
from surfaces by process flows.

The threshold inhibitors and dis-
persants listed earlier also have the
potential to be crystal modifiers,
since they adsorb to the calcium car-
bonate surface. Previous work has
demonstrated some of the morpho-
logical influences of acrylate- and
phosphonate-based additives (27).
Other additives as well as ions have
been shown or predicted to have
similar morphology-altering effects.
Nevertheless, controlling the shape
of the crystal is generally a sec-
ondary consideration when prevent-
ing scale deposits, despite its impor-
tant impact on adsorption and ag-
glomeration kinetics.

Mill application
The success of a chemical treatment
program is measured by the effi-
ciency of digester, evaporator, or
heater operations. Scaling rates can
be monitored with process variables
such as liquor flows, temperatures,
and heat-transfer coefficients, all of
which are reduced as a result of in-
organic deposition. In the absence of
such data, the frequency of acid
cleanings or acid usage provides
measures of antiscalent perfor-
mance.

At mills where antiscalent chem-
istries have never been used, treat-
ment typically results in a two- to
fourfold reduction in acid cleanings

for locations such as the digester
shell, extraction screens, chip
screens, and liquor heaters. Although
the discussion here focused on indi-
vidual scale control mechanisms, a
treatment chemical is generally de-
signed to function via several mecha-
nisms (e.g., chelation,dispersion, and
crystal modification for the polymer
used in this mill example). A com-
prehensive chemical treatment pro-
gram for the prevention of calcium
carbonate deposition should retard
crystal growth, agglomeration, and
surface adsorption. Additive chem-
istries need to be tailored for the ap-
plication of interest, taking into ac-
count the impact of process condi-
tions and solution constituents on
inhibitor activities.

CONCLUSIONS
The kraft process provides an envi-
ronment that strongly promotes the
formation of calcium carbonate scale
deposits. High concentrations of cal-
cium and carbonate ions and ele-
vated temperatures raise the CaCO

3

supersaturation ratio in the process
liquors. Contact between the super-
saturated liquors and other surfaces
(heat exchangers, screens, and impu-
rities) promotes rapid precipitation
kinetics. Although process improve-
ments—higher causticizing efficien-
cies, better lime mud clarification,
and operation of equipment at de-
signed production capacities—can
help to reduce the CaCO

3
scaling

rate, further reductions in scaling
rates require the use of antiscalent
chemistries.

Chemical control of particle
growth, agglomeration, and morphol-
ogy significantly impedes the forma-
tion of thick, tenacious scale deposits
in the digester and evaporators.
Treatment chemicals function by ad-
sorbing to growing CaCO

3
particles,

resulting in slower particle growth,
reduced agglomeration rates, and al-
tered particle shape. There are a
wide variety of industrial antiscalent
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additives based primarily on phos-
phate, phosphonate, and carboxylate
chemistries that function by one or
more of the previously described
mechanisms. An effective antiscalent
chemical treatment program com-
bines the proper additive(s) with an

application strategy tailored for the
process environment. TJ
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