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ABSTRACT
Calcium carbonate scaling (CaCO3) is a persistent challenge that has plagued water heating and indus-
trial heat exchange systems since ancient times. This paper reviews the fundamental chemical interac-
tions between natural water sources and carbonate minerals that lead to scale formation and shows how 
environmental conditions, temperature effects, and operational factors influence saturation and depo-
sition. Historical and modern approaches to scale control including acid feed, phosphate/phosphonate 
programs, synthetic polymer inhibitors, and lime softening are evaluated for their mechanisms and prac-
tical performance. A case study highlights the importance of comprehensive raw-water characterization 
in designing treatment systems, particularly for high-recovery applications such as zero liquid discharge. 

INTRODUCTION
Since humans began heating water for hygiene, 
cooking, comfort, and so forth, we have been 
plagued by "lime scale" formation. ("Lime scale" 
is somewhat of a misnomer, as the compound 
is actually calcium carbonate (CaCO3).) To this 
day, calcium carbonate scaling still occurs in 
industrial heat exchangers and steam gener-

ators around the globe, especially those with 
inadequate water treatment programs. "Lime 
scale" also continues to appear in the hot water 
lines, showerheads, etc., of many home plumb-
ing networks. This article examines some of the 
foundations of this issue.

A Brief Review of Natural Water's Influence 
on Scale Formation in Heat Exchangers
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Figure 1:
Schematic of the hydrologic cycle (adapted from [1]).
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NATURAL WATER  
CHEMISTRY
Many factors influence the 
chemistry of global water 
supplies, as is visually sum-
marized in Figure  1. Mois-
ture of course can pick up 
compounds from the atmos
phere, most notably carbon 
dioxide, but most dissolved 
and suspended solids accu-
mulate when water flows 
along the ground or per-
colates through soil into 
underground aquifers. 
Table  1 illustrates the ten 
most common elements in 
the earth's crust [2].

Silicon does not exist on 
its own and is typically 
bonded with oxygen and 
light metals such as alumi-
num, magnesium, potas-
sium, and sodium in mineral deposits that are 
only slightly soluble in normal surface waters. 
However, a common deposit in many locations 
is limestone, whose principal component is 
calcium carbonate (CaCO3) with lesser con-
centrations of magnesium carbonate (MgCO3). 
This versatile mineral serves as a raw mate-
rial for numerous important industrial and 
infrastructure applications including concrete, 
water treatment chemicals, flue gas scrubbing 
reagent, and simply for gravel roads.

Many surface waters come in contact with lime-
stone, and groundwaters often percolate through 
limestone deposits and accumulate in aquifers 
that are contained by rock formations. Calcium 
carbonate has a strong crystal lattice, and thus 
CaCO3 is only slightly soluble in water [3].

� (1)

� (2)

Per this solubility product (KSP), the molar con-
centrations of calcium and carbonate in neutral 
water would be 6.8⋅10–5 mol⋅L–1, which is indeed 
very slight. But an additional factor must be 
considered. CO3

2– is a fairly strong base and will 
hydrolyze water to some extent.

� (3)

Combining Eqs. (1) and (3) illustrates the overall 
reaction of CaCO3 in neutral water.

� (4)

Table 1:
Ten most common elements in the earth's crust [2].

Element %

Oxygen 46.1

Silicon 28.2

Aluminum 8.23

Iron 5.63

Calcium 4.15

Sodium 2.36

Magnesium 2.33

Potassium 2.09

Titanium 0.565

Hydrogen 0.140

Total 99.8

Calculations indicate that CO3
2– hydrolysis of 

water increases the limestone solubility from 
6.8⋅10–5 mol⋅L–1 to 9.9⋅10–5 mol⋅L–1 at 25 °C [3]. 
An important point to keep in mind is that these 
reactions produce hydroxide alkalinity (OH–), 
even if only in slight concentrations.

Now, let's examine other factors that influence 
surface water chemistry. 

ATMOSPHERIC INFLUENCES
Atmospheric moisture and surface water 
absorb carbon dioxide. While it is often argued 
that CO2 exists as hydrated molecules, the fol-
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Figure 2:
The relationship between carbonate species in water [4]. For waters that pass along or through lime-
stone deposits, the reactions are driven towards the maximum HCO3

– alkalinity.
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Figure 3:
CaCO³ scale in an extracted and bisected heat exchanger tube [4].

lowing equations sufficiently represent the 
chemistry.

� (5)

� (6)

The lowest pH that can be achieved in natu-
ral surface waters by these reactions (exclud-
ing acid rain influences) is around 5.6, but the 
solution is still acidic, which is very important. 
Consider again Eq. (4). When the acidity gen-
erated by CO2 absorption interacts with the 
alkalinity produced by the fractional CaCO3 dis-
solution, the hydrogen and hydroxyl ions com-
bine to form water, and per Le Chatelier's Prin-
ciple, the reactions in Eqs. (4) and (6) are both 
driven to the right. This synergistic effect can 
produce water with a HCO3

– concentration of 
1⋅10–3 mol⋅L–1 (equivalent to about 60 parts-per-
million as the species), and "a pH of about 8.3" 
([3], p. 448). The relationship of the carbonate 
species is illustrated in Figure 2.

Similar acid–base synergy is what makes 
high-purity limestone (high CaCO3 content) 
quite reactive and economical as a scrubbing 
agent (when ground to very fine particles) in 
wet flue gas desulfurization systems. Aqueous 
sulfur dioxide (SO2) is a stronger acid than CO2, 
and analytical data has shown nearly complete 
CaCO3 reactivity in well-designed scrubbers [5].

Cations 
[mg⋅L–1 as species]

Anions 
[mg⋅L–1 as species]

Others

Calcium 60 Bicarbonate Alkalinity 163 pH 8.0

Magnesium 12 Chloride 32 Turbidity 5 NTU

Potassium 7 Nitrate 0.5 Iron 0.1 mg⋅L–1

Sodium 32 Sulfate 77 Manganese 0.1 mg⋅L–1

Silica 2 mg⋅L–1

Table 2:
Snapshot analysis of the major ions in a midwestern USA lake.
NTU	 nephelometric turbidity unit

A quite practical example of this chemistry is 
illustrated in Table  2 below. It is an analysis 
from a lake in the midwestern United States 
that was built for power plant cooling (for a 
plant at which the author worked for 5.5 years) 
and for recreational purposes. The two units at 
the plant have once-through condensers.

In accordance with Eq. (2) above, if the con-
centrations of calcium and alkalinity exceed 
the solubility product, deposition is possible 
(Figure 3).

� (7)

From Table 2, the 60 mg⋅L–1 calcium concentra-
tion equates to 6⋅10–4 mol⋅L–1 and the 163 mg⋅L–1 
bicarbonate alkalinity concentration equates to 
2.67⋅10–3 mol⋅L–1. Multiplying these two concen-
trations gives a value of 1.60⋅10–6 mol2⋅L–2, which 
considerably exceeds the KSP value shown in  
Eq. (2). When I began working at the plant, I 
found a chemical feed system that injected a 
polymeric scale inhibitor upstream of the steam 
condensers. At some point, either in the design 
stage or after the plant began operation, some-
one became aware of the CaCO3 scaling poten-
tial in the once-through condensers. The need 
for the scale inhibitor at this plant was accentu-
ated, as it is in many cases, by the inverse sol-
ubility of calcium carbonate with temperature 
(see Figure 4).

�(8)

So, water which might be below the CaCO3 sat
uration limit at ambient conditions could exceed 
the limit in heat exchangers. And, of course, 
solubility issues can be greatly magnified when 
makeup is cycled up in a cooling tower. Con-
sider if the benign water outlined in Table 2 
was cycled up four, five, or six times. Similar 
difficulties may arise with some groundwater 
supplies as the makeup source. "Once rainwa-
ter penetrates soil, it is exposed to CO2 gas lev-
els much greater than in the atmosphere, cre-
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Figure 4:
The inverse solubility of two of the most common potential deposits 
in natural waters [4].

Figure 5:
Monomeric structures and active groups of common polymers for cooling water scale inhibition [4].

ated by respiration of soil organisms as they 
convert organic food into energy and CO²" ([7],  
p. 434). The elevated CO2 can dissolve calcium 
and magnesium carbonate to generate high 
hardness concentrations. Other impurities may 
include silica, iron, and manganese.

A BRIEF REVIEW OF CaCO3 SCALE  
CONTROL METHODS
In the middle of the last century, a very popular 
and straightforward cooling tower corrosion/
scale control treatment program consisted of 
sodium dichromate (Na2Cr2O7) and sulfuric acid 
feed to the cooling water. Dichromate estab-
lishes a chromium oxide film on carbon steel 
for corrosion protection, while sulfuric acid 
removes bicarbonate alkalinity, which in turn 
reduces the CaCO3 scaling potential. A repre-
sentative reaction is shown in Eq. (9): 

� (9)

Operation within a pH range of 6.5 to 7.0 is often 
adequate for CaCO3 scale inhibition.

Beginning in the 1980s, chromate programs 
were banned due to health issues related to the 
formation of toxic hexavalent chromium (Cr6+). 
However, acid feed is still utilized in some appli-
cations to reduce bicarbonate alkalinity. 

Phosphate/phosphonate chemistry replaced 
acid/chromate, but many modern programs 
now utilize synthetic poly-
mers to inhibit scale forma-
tion via such mechanisms as 
crystal modification and ion 
sequestration. These poly-
mers may have one or more 
of several active groups to 
inhibit not only CaCO3 but 
other scale formers includ-
ing sulfates, phosphates, 
etc.; see Figure 5.

Monitoring programs have 
become quite sophisticated. 
A prime example is French 
Creek Software, which, with 
comprehensive data input, 
can calculate the scaling 
potential of a wide vari-
ety of dissolved minerals 
[8]. The program includes 
an expansive database of 
treatment chemicals that a 
user can select to evaluate 
scale control while account-
ing for the influence of such 
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parameters as cooling water pH, temperature, 
and cycles of concentration. Figure 6 outlines 
several data display screens.  The screens will 
adjust to show scaling or non-scaling conditions 
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per user inputs, including chemical formula-
tions. A comprehensive collection of treatment 
chemicals is included in the program database. 

Lime Softening
For applications with large makeup require-
ments or with makeup that has high hardness 
concentrations, lime softening clarification 
remains a practical technology [9].

Using Table 2 as a guide, hardness that associ-
ates with bicarbonate alkalinity or related spe-
cies is known as "carbonate" or "temporary" 
hardness. Hardness associated with chloride or 
sulfate is "permanent" hardness. 

Temporary hardness can be lowered by the 
addition of lime (Ca(OH)2). The principal reac-
tions are shown below.

� (10)

� (11)

Lime alone does not reduce permanent hard-
ness but only exchanges magnesium for cal-
cium.
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Figure 6:
Examples of scaling potential visualized in 3D graphs based on important cooling water parameters [4]. The user can adjust any of the  
parameters and immediately observe changes in the predicted scaling potential.

� (12)

� (13)

Removal of permanent hardness from the raw 
water, and that which remains from the reac-
tions shown in Eqs. (12) and (13), requires sup-
plemental soda ash (Na2CO3) feed. 

� (14)

� (15)

Silica to some extent will co-precipitate with 
magnesium hydroxide, which is an added ben-
efit. The reactions shown in Eqs. (10) to (15) and 
SiO2–Mg(OH)2 co-precipitation are all enhanced 
by higher temperatures, and hot lime softeners 
can produce effluent with greatly reduced hard-
ness and silica concentrations. However, hot 
lime softening requires more specialized equip-
ment plus a steam source for heating.

Lime and lime/soda ash softening generate sig-
nificant quantities of sludge, and this must be 
taken into account during system design. Com-
mon is a filter press to convert the sludge to a 
cake-like material for easier disposal. 
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Figure 7:
Schematic of the combined cycle power plant ZLD system. RO reject is delivered to an evaporation pond.
CT	 cooling tower
RO	 reverse osmosis

Lime Softening, Practical 
Example
The author once assisted 
with a project in which zero 
liquid discharge (ZLD) was a 
requirement at a combined 
cycle power plant in a semi-
arid location in the US. The 
plant has a steady source of 
makeup water from a large 
river. All plant wastewater 
streams are routed to the 
cooling tower basin, such 
that the tower blowdown 
serves as the sole stream for 
ZLD treatment. The ZLD net-
work includes microfilters, sodium softening, 
and a high-recovery reverse osmosis (RO) unit, 
as shown in Figure 7.

A key parameter in the plant water balance 
is minimizing flow to the evaporation pond; 
therefore, the cooling tower must operate at 
reasonably high cycles of concentration. This 
requirement necessitated a cold lime softening 
clarifier to lower hardness and silica concentra-
tions in the plant makeup. Plant commission-
ing revealed an issue that arises too often for 
makeup treatment systems of varying arrange-
ments: the clarifier was designed based on just 
a few water analyses early in the project, and 
the water chemistry had changed significantly 
by the time of commissioning. Startup manag-
ers and plant personnel had to make numer-
ous clarifier chemical feed adjustments to pro-
duce the quality of makeup needed to achieve 
acceptable cycles of concentration. This was 
yet another example showing that comprehen-
sive raw-water sampling over time is necessary 
at project inception to accurately design the 
makeup treatment system and evaluate sea-
sonal variations in water chemistry

CONCLUSION
Calcium carbonate scaling remains a persistent 
operational issue in heat exchangers, cooling 
systems, and steam generators due to the natu-
ral interplay of atmospheric CO2, mineral disso-
lution, and temperature-dependent solubility. 
Even modest concentrations of calcium and 
bicarbonate can exceed solubility limits under 
heated conditions, driving CaCO3 deposition 
unless appropriate mitigation strategies are 
applied. While early acid/chromate programs 
effectively controlled scaling, modern treat-
ment approaches rely on more environmentally 
acceptable technologies, including synthetic 
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CT
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polymers and optimized softening processes. 
The choice of treatment must be informed by a 
thorough understanding of local water chemis-
try, which can vary significantly due to geolog-
ical, seasonal, and biological influences. Case 
experience further demonstrates that accurate 
and comprehensive raw-water analyses are 
essential for designing reliable treatment sys-
tems, particularly for high-pressure or high-re-
covery applications.
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