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Summary
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 extraction
screens of continuous digesters and the liquor side of heat-transfer surfaces in the evaporators.
This reduces the efficiency and control of pulping and evaporation processes and eventually
forces the costly cleaning 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. 1raditionally, scaling tendencies have been managed using process control methods
to reduce deposition rates. This paper examines the thermodynamic principles behind such
process modifications while introducing the kinetic steps of the overall deposition pathway.
Chemical additives that interfere with and retard the individual steps of the overall scaling
mechanism can help to further reduce deposition rates.
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Introduction
Calcium carbonate scaling of digesters and black liquor evaporators is the most frequently
identified inorganic deposit problem in the kraft cycle. Scale buildup on heat exchangers 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 generates fluctuating kappa
numbers and increases carryover of pulping chemicals (the result of poor digester washing
efficiencies). However, the greatest costs of scaling are associated with acid cleaning to remove
scale. In addition to the cost of chemicals, personnel, and effluent disposal, acid cleaning wears
and corrodes equipment and often requires unscheduled downtime, resulting in lost production.

Unfortunately, the kraft cycle provides an ideal environment for the formation of CaCO3 scale
deposits. The calcium content of wood chips entering the digester and the high alkalinity and
carbonate levels of the cooking liquor produce supersaturation conditions throughout the kraft
process [1]. Moreover, the high temperatures necessary for delignification and evaporation
produce a high driving force for CaCO3 precipitation. Indeed, heavy scaling and frequent acid
cleanings are typical in the digester (Figure 1) because of the continuously supersaturated
environment of the process water.

Strategies for handling scale problems have traditionally been divided into two categories:
methods for prevention or methods for removal. Chemical treatment techniques have been widely
accepted in removal processes such as acid cleaning treatments or calcium binding with
ethylenediamine tetraacetic acid (EDTA) [2, 3]. Mechanical methods of cleaning such as steam
shocks and hydroblasts have also been used effectively to remove mineral deposits [4].
Generally, these removal methods create additional costs and interrupt normal digester
operation. In contrast, scale prevention strategies are attractive because they minimize the costs
associated with downtime.



Chemical treatments for scale prevention were reported thirty years ago [5]. Despite this early
success, process control is generally the favored means for scale prevention [6]. Control of
temperature, soap separation efficiency [7], and process flows have been shown to minimize

Figure 1.  Scaling locations in continuous digester

scaling tendencies. Thermal deactivation is another process used to prevent deposits from
forming 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 reduction in scaling rates rather than a complete elimination of scale-forming
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.

Antiscalant chemistries are well known to impede scale formation in a wide variety of industrial
applications [10]. Pulp mill liquors represent a unique set of harsh solution conditions, including
elevated temperatures, pressures, and solids concentrations. Therefore, an effective chemical
treatment program must provide antiscalant activity while maintaining sufficient stability and
chemical compatibility in these environments. Clearly, an efficient chemical treatment strategy
must couple the correct additive with its appropriate application (i.e., feed point, dosage, etc.).

This paper examines the mechanisms responsible for pulp mill scaling and explores the effects of
chemical additive on the various scaling pathways. There are many types of scale deposits that
can occur in the pulp mill [11]. However, the following discussion focuses on the mechanisms
important for disrupting the growth and deposition of calcium carbonate solids. Mechanisms such
as:
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 Precipitation threshold inhibition
 Dispersion
 Crystal habit modification

Scaling Thermodynamics
One simple explanation for scaling in the kraft process is that changes in conditions of process
liquors - temperature, pH, and chemical composition - push CaCO3 past its solubility limit (i.e., the
liquors become supersaturated), resulting in precipitation and scaling. This explanation alone is
insufficient, since the process liquors of the kraft cycle tend to contain calcium 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 required
to understand why deposition occurs at some sites within the digester and not at others.

What is often lost in discussions of scaling is the importance of kinetic variables. A sparingly
soluble salt like CaCO3 can remain in an aqueous solution to levels well above its solubility limit in
a metastable state. Previous work has clearly demonstrated regions of metastability for calcium
carbonate solutions in kraft liquors [12]. This means that scale prevention strategies must include
the factors that control the rate of precipitation rather than those that solely control its equilibrium
solubility.

CaCO3 solubility
The solubility of calcium carbonate is described, in part, by its solubility product Ksp, which is
simply the product of the equilibrium Ca2+ and CO3

2- activities, i.e.,

Ksp = γCa[Ca2+] γCO3[CO3
2-] (1)

The activities of the ions are given as their equilibrium concentration multiplied by an aqueous
ionic activity coefficient. For dilute solutions, these activity coefficients are close to unity, and Ksp
is approximated as the product of equilibrium ion concentrations. The Ksp for CaCO3 in pure water
at 77°F is 4.8 x 10-9 M2 which means that about 6.9 mg of CaCO3 will dissolve in 1 L of pure
water [13]. Solubility products are strongly dependent on temperature [14] and for CaCO3 there is
an inverse relationship between temperature and solubility (i.e., solubility decreases with
increasing temperature). One reported relationship for this temperature dependency, empirically
determined between 32°F and 180°F, is given as:

log  Ksp, f = 6.57 x 10-3(Ti - Tf) (2)
Ksp, i

where Ksp, i and Ksp, f are the solubility products at the two temperatures, Ti and Tf. So, at 180°F,
the estimated solubility of CaCO3 drops to about 3 mg for 1 L of pure water (a Ksp of 1.0 x 10-9

M2). What is missing from this calculation is the dependency of solubility on pH. Although pH has
no direct impact on Ksp, it does affect solubility by controlling the level of CO3

2- present. This can
be seen by studying the chemical equations for the system (Eqs. 3-5).

CaCO3  Ca2+ + CO3
2-    (3)

CO3
2- +H3O+  HCO3

-(bicarbonate) + H2O (4)

HCO3
- +H3O+  H2CO3(carbonic acid) + H2O (5)

Because both the carbonate and bicarbonate ions are conjugate bases of weak acids, they are
involved in equilibrium with the hydronium ion (H3O+) and their concentrations will be fixed by pH.
The effect of this dependency is shown in Figure 2 [15]. Over the full pH range, this dependency
is dramatic. Although less dramatic between pH 7 and 14, there is still a drop of about two orders



of magnitude in solubility. This solubility decrease essentially ends above a pH of 10.5, where
most of the added CO3

2- remains as CO3
2- because of the high alkalinity of the solution.

Figure 2.  Solubility of Calcium Carbonate in pure water as a function of pH

Another important example of how the composition of an aqueous solution will affect the solubility
of CaCO3 is the common-ion effect. Adding a soluble salt, Na2CO3, to a simple solution (CaCO3 in
deionized water) sets up the equilibria depicted by Eqs. 3-5, as well as Eq. 6 for the dissociation
of Na2CO3:

Na2CO3  2Na+ + CO3
2- (6)

At pH 11, the effect of the hydronium ion (Eqs. 4 and 5) can be neglected, and the amount of
CaCO3 that dissolves can be expressed by rewriting Eq. 1 as:

Ksp = [Ca2+] ([CO3
2-]Na2CO3) (7)

where the subscripts indicate the introduction of the carbonate ion from either CaCO3 or Na2CO3.
Because [Na2CO3] > [CaCO3], the following expression applies:

[Ca2+] =              Ksp         (8)
      [Na2CO3]

Equation 8 means that the amount of CaCO3 that will dissolve in an aqueous solution is strongly
dependent on the amount of Na2CO3 present. For example, the solubility of CaCO3 at 77°F in a
10 g/L (0.094M) solution of Na2CO3 is less than 0.1% of its solubility in pure water! In other
words, the addition of Na2CO3 to a system dramatically decreases the solubility of CaCO3, and it
should be noted that any other source of carbonate would have the same common-ion effect on
solubility. The decarboxylation of uronic acid groups of hemicelluloses during the cook is another
potential source of carbonate to consider [12]. Furthermore, any additional sources of calcium
would have the analogous reduction in CaCO3 solubility based on the same common-ion
principal.

These examples demonstrate how the constituents of an aqueous solution can strongly affect the
equilibrium solubility of a salt. Quantifying the solubility limits for the simple, pure water system is
not easily extended to more complex solutions such as kraft process liquors. White and black
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liquors have a high ionic strength (high ion concentration) produced from an array of different
ions. Under these conditions, activity coefficients for calcium and carbonate will decrease in an
unpredictable manner from unity. All of the ions in solution are affected by the interplay of
temperature, pH, common-ion effects, and ion-ion interactions such as ion pairing and
complexation [16]. In the absence of all the standard-state equilibria involved in kraft liquors, the
thermodynamic CaCO3 solubility limits in kraft liquors remains undetermined. However, we can
outline some generalizations that will help explain some of the thermodynamic effects on scaling
in the kraft cycle:

 CaCO3 solubility decreases with increasing temperature (Eq. 2) [2, 3].

 At pH <6, increasing pH strongly reduces CaCO3 solubility.

 At pH > 10.5, there is little change in CaCO3 solubility with increasing pH.

 The presence of additional calcium or carbonate sources reduces CaCO3 solubility.

 Increasing ionic strength reduces the activity coefficients for the calcium and carbonate
ions, which increases CaCO3 solubility (Eq. 1).

The complexity of the solution species present in a kraft liquor precludes the quantitative
determination of the equilibrium CaCO3 solubility limits.

Discussion
The build up 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 extraction
screens of continuous digesters and the liquor side of the heat transfer surfaces in the
evaporators. Since the kraft cycle possesses high temperatures and a high concentration of
calcium and carbonate in alkaline liquors, the precipitation of CaCO3 is inevitable.
Supersaturation, accelerated kinetics, and optimum substrates are the driving forces for scale
formation in continuous digesters.  These driving forces are described as follows:

Supersaturation
• Supersaturation occurs when dissolved cations and anions, such as Ca+2 and CO3

-2

increase in concentration to levels that exceed their normal solubility limits in process
waters.

Accelerated Kinetics
• Temperature shocks, intense mechanical and hydrodynamic shear forces, optimum pH

conditions, and sudden changes in pressure can all accelerate the kinetics of scale
formation.

Optimum Substrates
• The non-uniform surfaces found on heat exchanger tubes, washer wires, extraction

screens, etc. serve as optimum substrates to promote the attachment of inorganic
microcrystals and the build-up of adherent scale layers.

The process of scale formation occurs in a series of steps, as illustrated Figure 3. First, cationic
and anionic species, such as Ca+2 and CO3

-2, collide to form ion pairs in solution. These pairs
then go on to form micro-aggregates, and some of these aggregates go on to become nucleation
centers for crystallization. Microcrystals are formed in solution, which agglomerate and/or absorb
to surfaces to grow into larger microcrystals and eventually fuse to form adherent macrocrystals.



These macro crystals continue to grow through the adsorption of additional scaling ions from
solution and eventually form the beginning of a scale film on a surface. This scale film eventually
grows into a deposit.

Figure 3.  Schematic representation of the most important steps in the pathway from soluble ions
to a macroscopic calcium carbonate scale deposit.

Nalco digester scale control program, SCALE GUARD, was specifically designed by our polymer
synthesis research group to inhibit calcium oxalate and calcium carbonate scale formation in pulp
and papermaking applications. Various molecular weights, charges and co-monomer ratios were
tested and optimized using experimental design to develop SCALE GUARD and make it
particularly effective and stable under high temperature, broad pH and oxidizing conditions.

SCALE GUARD is much more effective than a chelant (e.g. EDTA, DTPA) in controlling scale
deposits. Chelants are molecules that sequester soluble cationic scaling species (such as Ca+2)
in order to prevent their reaction with counterions (such as CO3

-2). Chelants act on a
stoichiometric level (that is, one molecule of chelant reacts with just one calcium ion), thus high
dosages are required to achieve acceptable performance. Polymeric antiscalants like SCALE
GUARD react on sub stoichiometric level, thus much lower dosages are required.

Polymeric antiscalants function primarily by one or more of three possible mechanisms: threshold
inhibition, dispersion and crystal modification. The modes of action of SCALE GUARD are
primarily threshold inhibition and dispersion. As illustrated below, when a microcrystal of scale
begins to form, the antiscalant adsorbs onto the growing crystal surface. At this point, three
pathways for scale prevention can occur (Figure 4).



Threshold inhibition occurs when the adsorbed antiscalant, preventing further growth and the
build-up of a regular crystalline lattice block the active crystal growth sites. Thus, the formation of
an adherent scale layer is prevented.

Crystal dispersion is a mechanism by which the agglomeration and growth of microcrystals is
prevented by an increase in surface anionic charge. The increased electrostatic repulsive forces
between the microcrystals prevent the build-up of a regular crystalline lattice and an adherent
scale layer on system surfaces.

Crystal modification occurs when the adsorbed antiscalant alters the morphology of the growing
microcrystals, resulting in irregularly shaped crystals. These altered crystals prevent the growth of
a regular crystalline lattice and thus a tight, adherent scale layer cannot form on system surfaces.

Figure 4.  Pathways of scale prevention



Conclusions
The kraft process provides an environment that strongly promotes the formation of calcium
carbonate scale deposits.  High concentrations of calcium and carbonate ions and elevated
temperatures raise the CaCO3 supersaturation ratio in the process liquors. Contact between the
supersaturated liquors and other surfaces (heat exchangers, screens, and impurities) promotes
rapid precipitation kinetics. Although process improvements – higher causticizing efficiencies,
better lime mud clarification, and operation of equipment at designed production capacities – can
help to reduce the CaCO3 scaling rate, further reductions in scaling rates require the use of
antiscalent chemistries.

Chemical control of particle growth, agglomeration, and morphology significantly impedes the
formation of thick, tenacious scale deposits in the digester and evaporators. Treatment chemicals
function by adsorbing to growing CaCO3 particles, resulting in slower particle growth, reduced
agglomeration rates, and altered particle shape. There are a wide variety of industrial antiscalent
additives based primarily on phosphate, phosphonate, and carboxylate chemistries that function
by one or more of the previously described mechanisms. An effective antiscalent chemical
treatment program combines the proper additive(s) with an application strategy tailored for the
process environment.
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Formation of Calcium Carbonate Scale and
Control Strategies in Continuous Digesters

Presentation Overview
• Introduction
• CaCO3 Scale Formation in Continuous

Digesters
– Driving Forces
– Scaling Mechanisms
– Antiscalant Control Mechanisms

• Nalco New Second Generation Chemistry
(Scale Guard 60116)

• Indicators of Digester Scaling
• Question and Comments
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Formation of Calcium Carbonate Scale and
Control Strategies in Continuous Digesters

Conditions for Calcium Carbonate Scaling
• Supersaturation
• Accelerated Kinetics
• Substrate



CaCOCaCO33 Solubility vs. pH Solubility vs. pH
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Fiber Management

Digester Scale Formation

• In a Kamyr digester
– Scale is almost exclusively CaCO3

• Lignin and other wood constituents are sometimes behind
plugged screens plates

– Screens are the major problem areas
– Where it is in the digester will tell us a lot

about where the Ca+2 is coming from
– All the conditions in a digester make CaCO3

want to deposit
• High pH
• High temperature
• Shear forces across screens
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Continuous Digester Scale
Formation
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Digester Scale Formation

• Where does the Ca+2 come
from?
– The wood

• hardwoods contain more Ca+2 in the
wood

– White liquor
• Dissolved Ca+2

• Causticizing efficiency impact of
introducing C03

-2

• TSS is an indicator
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Ca / Mg Content of Wood / Bark
 from Various Tree Species

Species                         Wood*                          Bark*
Ca Mg Ca Mg

Birch 430 140 5,900 430
Pine 700 150 4,950 656

Spruce 870 120 11,300 890
Alder 760 210 6,370 900
Oak 470 62 22,900 690

Eucalyptus 1000 370 15,200 1,850

* mg/o.d.kg

Source:  Barata and Candeias, “Calcium and Magnesium Balance in an
Unbleached Fibre Line: A Mill Case,” Appita 50(6), 505 (1997)
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Rate of Calcium Extraction from
Wood Chips

Extraction 
Time (min)

mg/kg of 
O.D. Wood

% of Total 
Calcium

1 29 3.3
3 39 4.4
5 47 5.3
10 60 6.8
30 90 10.2
60 77 8.7

Note:  Extraction carried out at 100 deg. C. in 120 g/l NaOH solution

Source:  Markham and Bryce, “Formation of CaCO3 Scale in a Continuous Digester,”
TAPPI J., 63(4), 125 (1980)
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Black Liquor Comparisons

Element Mill A Mill B Mill C
Solids 17.3% 18.6% 25.0%
Total Ca+2 170 ppm 80 ppm 156 ppm
Dissolved Ca+2 100 ppm 80 ppm 96 ppm
Total Iron 100 ppm 5 ppm 12 ppm
Total Mg 50 ppm 30 ppm 18 ppm

Mills A & B = extracted digester liquor
Mill C = extracted evaporator feed

Source:  Nalco study
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Where Does Carbonate Come
From?

• Cellulose / Lignin breakdown during
pulping

• Alkaline black / white liquor
• Incomplete liquor clarification
• Water
• Atmosphere
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How does scale form?
Mechanism of CaCO3 Scale Formation

CO3
-2

CO3
-2

CO3
-2

Ca+2

Ca+2

Ca+2

Ion Pairing

Aggregation

NucleationMicrocrystal Formation

Crystal Growth / Deposition



Fiber Management

Scale Control

How Do Scale Control Agents Work?
• Three predominant mechanisms

♦ Threshold Inhibition
♦ Dispersion
♦ Crystal Modification

Antiscalants interfere with the mechanism of
scale deposit formation
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NO antiscalant
treatment

Build-up of a regular 
crystalline lattice, 
crystal growth, and
formation of an
adherent scale layer

How do Antiscalants Work?

Growing
microcrystals of
CaCO3 scale



Fiber Management

Growing
microcrystals
CaCO3 scale

Antiscalant

Microcrystals 
with adsorbed 
antiscalant

NO antiscalant
treatment

Build-up of a regular 
crystalline lattice, 
crystal growth and
formation of an
adherent scale layer

How do Antiscalants Work?
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Growing
microcrystals
CaCO3 scale

Antiscalant

Microcrystals 
with adsorbed 
antiscalant

NO antiscalant
treatment

Build-up of a regular 
crystalline lattice, 
crystal growth, and
formation of a
scale deposit

Threshold
Inhibition
(block active
crystal growth
sites)

How do Antiscalants Work?
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Increased anionic charge 
on crystal surfaces prevents 
further crystal agglomeration 
and growth

Growing
microcrystals of
CaCO3 scale

Antiscalant

Microcrystals 
with adsorbed 
antiscalant

NO antiscalant
treatment

Build-up of a regular 
crystalline lattice, 
crystal growth, and
formation of a
scale deposit

DispersionThreshold
Inhibition
(active crystal
growth sites
are blocked)

How do Antiscalants Work?
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Increased anionic charge 
on crystal surfaces prevents 
further crystal agglomeration 
and growth

Growing
microcrystals of
CaCO3 scale

Antiscalant

Microcrystals 
with adsorbed 
antiscalant

NO antiscalant
treatment

Build-up of a regular 
crystalline lattice, 
crystal growth, and
formation of a
scale deposit

Crystal 
Modification

DispersionThreshold
Inhibition
(active crystal
growth sites
are blocked)

Antiscalant Mechanisms

Crystal Modification
prevents the build-up 
of a regular crystalline 
lattice



SCALE GUARDTM 60116
The Next Generation of Scale Control in

Continuous Digesters

\
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SCALE GUARD 60116

• SCALE GUARD 60116 is a highly
specialized copolymer that is
designed to be extremely
effective in controlling scale
growth and accumulation under
the pH, temperature and ion
concentrations found in a
continuous digester
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SCALE GUARD 60116

• Prevents scale deposition in all screen
areas in the digester

• Decreases the frequency of acid
cleanings in continuous digesters

• Maintains the liquor flow to the
heaters

• Keeps extraction liquor flow constant
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SCALE GUARD 60116

• Typical application rates are 0.35-1.5
lb/ton, based on pulp production

• Unopened totes have a 1 year shelf
life

• Compatible with high density
polyethylene, fiberglass, 304-316 SS

• Typically added to the suction of the
chip chute pump (single or dual
vessel digesters) or to the BC loop,
after the heaters (dual vessel
digesters only)



Fiber Management

29
43

50
61

89

0

100

200

300

400

500

PP
M

 o
f S

C
AL

E
 G

U
AR

D
 6

01
16

0
10
20
30
40
50
60
70
80
90
100

%
 S

ca
le

 In
hi

bi
tio

n

ppm of ScalepHree CD % Scale Inhibition

ppm of ScalepHree
CD

75 100 150 200 400

% Scale Inhibition 29 43 50 61 89

1 2 3 4 5

Dosage vs. Scale Inhibition

ppm of SCALE GUARD 60116

SCALE GUARD
60116



Fiber Management

Indicators of Digester Scaling
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Heaters

• Some mills are inclined to use heaters as
indicators of the effectiveness of a digester scale
control program
– This will only be successful as long as all operating

conditions remain the same!
• Heat input
• Inlet temperature
• Flow
• System chemistry
• Production rate
• Steam properties / superheat
• Condensate control
• Seasonal differences
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Short Term Monitors for Digester Scale

• TC flow
– Flow will decrease as scale forms in top separator basket

• Chip chute pump suction pressure
– As the bottom screen on the high pressure feeder plugs, the

suction pressure will decrease

• Cooking flows
– The maximum flow through the screens will decrease as screens

become plugged with scale.
• Note:  a short term flow loss can be due to poor wood quality

• Extraction screen ∆P
– Most digesters have ∆P meters installed on each extraction header

• In-Line drainer baskets
– A digester has 2 in-line drainers
– The spare can be removed on the run and checked for scale
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Conclusions

• Buildup of CaCO3 is a major
contributor to lost pulp productivity

• Kraft process conditions provide an
environment that strongly promotes
CaCO3 scale formation

• Nalco Scale Guard is an effective
chemical treatment program that can
control all stages of scaling

• Scale Guard Decreases the frequency
of acid cleanings and maintains the
liquor flow


