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Abstract
Experimental data on the dissolution of calcite in water and in the solution of sulphuric acid were
treated with the help of the generalized equation of heterogeneous kinetics. The possibility of using this
method to determine the kinetic characteristics of the process was demonstrated. The data on the limiting
stage were obtained; rates constants of calcite dissolution under different conditions were calculated.
A procedure to calculate technological parameters of the process leading to a decrease in the level of
acidation of natural water was proposed.

INTRODUCTION

Acidation of natural water in industrial regions and adjacent territories is an essential ecological problem [1, 2]. The concentration of
hydrogen ions in water is one of the main abiotic environmental factors for fresh-water animals [3]; it can vary, depending on the chemical composition of environment and underlying rocks, as well as on the biological processes
going on in a water body (photosynthesis, decomposition of the organic matter). The pH
value is unstable and exhibits diurn al and seasonal variations in the same water body. In summer, during daylight hours, when photosynthesis is most intensive, the concentration of
hydrogen ions in the medium decreases several
ten or hundred times. Vice versa, in winter,
when the prevailing processes are those involving decomposition of organic matter with the
formation of carbon dioxide and acidic products, water acidation is observed, and pH decreases. As a rule, pH varies within the range

6.58.5, which is safe for normal vital activities
of the major part of invertebrates [4]. The number of fresh-water reservoirs with pH variations beyond this range has been accounting for
only 1015 % of their total number till recently.
However, this number is sharply increasing
during the recent decades due to atmospheric
pollution with non-purified gaseous industrial
wastes and acid rain [3].
In Russia, a complex investigation of the
effect of atmospheric acid preci pitation on the
status of surface water bodies and water
streams was carried out for the territory of
Murmansk Region. Biogeocenoses of water
sources of the Kola Peninsula under the existing climatic and geological conditions of water
body formation are mainly sensitive to acidation processes [5], which are due also to the
trans-boundary transfer of atmospheric pollution from West Europe [6]. A sharp decrease in
pH was revealed during the snow-melting period in some rivers of the Kola Peninsula (the
so-called pH-shock). The period of low pH
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(4.44.7) is short (57 days) but it can cause disastrous consequences for the subarctic fauna [7].
A number of works dealing with the
problem of acidic preci pitation over the
territory of West Siberia was published. In
particular, the authors of [1] obtained the data
on the composition of atmospheric aerosol,
preci pitation and surface water for different
n atural climatic zones. It was established that
the character of atmospheric preci pitation and
the conditions of the formation of surface water
composition in the southern territories of West
Siberia do not promote acidation of water
bodies, unlike for the northern territories where
some lakes of the tundra zone are acidified not
only in spring but all year round under the
conditions of low water mineralization.
It should be noted that water acidation causes
not only a decrease in the pH of water but
also changes in water composition with respect
to other ion and non-ion chemical forms. The
stability of water to acidation is determined first
of all by the concentration of hydrocarbonates.
Another important parameter determining pH
and its variations in the bogged lakes is the concentration of humic acids.
The worldwide-accepted criteria for the evaluation of acidation processes are such parameters as pH, alkalinity, acid-neutralizing capacity (ANC) of water, the ratio of molar concentrations of HCO3 /SO2
4 ions etc. [8]. A number of authors stress that the ANC is one of
the main indices of interest for the evaluation
of efficiency of the recovery of acidated lakes
because this parameter depicts the ability of
water to neutralize the arrival of strong acids
and its sensitivity to an acid (low ANC value
points to the low buffer capacity and therefore
to the high sensitivity) [9].
In spite of the measures aimed at a decrease
in the level of sulphur dioxide emission into the
atmosphere, the degree of acidation of water
bodies remains high in some regions. The authors
of [9] explain this fact by a depletion of the
buffer capacity of the flood basin territory.
Another aspect of the problem of surface
water acidation was marked by the authors of
[2] who considered the hydrochemical regime
of a permanently acidated Yellow Creek brook
(West Virginia, USA). The water of the brook
was characterized as a diluted solution of

sulphuric acid unsuitable for maintaining the
vital activities of fish populations. The acidated
brook flows into the Otter Creek where trout
fish lives. Extremely unfavourable conditions
arise for fish in the mixing zone. The authors
believe this is connected with the fact that
water gets supersaturated with aluminium with
respect to the mineral phases; aluminium is
afterwards deposited in the organs of fish.
The measures aimed at an improvement of
the indices of natural water acidation are most
frequently reduced to the introduction of neutralizing reagents, mainly calcium carbon ate,
into the water. In the opinion of the author of
[1], it is necessary to investigate the efficiency
of operations and technologies of n atural water alkalization that are used in a number of
countries to eliminate the negative consequences
of acid preci pitation. Below we will describe
some examples of this approach.
The authors of [10] describe an automatic
doser feeding calcite suspension in order to maintain the necessary water quality during heavy
rain. The addition of calcite allowed one to eliminate temporary increase in water acidity.
Three altern ative approaches to controlling
pH and ANC were tested with mountain trout
brooks with pH 4.55.3 and negative ANC [11].
Such versions as hanging the pieces of
limestone across a brook on a wire barrier, or
soda briquettes on baskets made of metal mesh.
In the former case pH increased by about 0.5
within 2 weeks, then the effect of limestone
became negligible.
The method involving the use of ground
limestone with particle size from 14 (fine fraction) to 40 µm (coarse fraction) is of interest
[12]. Immediately after water treatment, a notable increase in pH, ANC and calcium concentration was observed. The required water
characteristics (pH > 6.5, ANC > 100 µeq/l)
were achieved within the initial period of time
in the upper water layers of the lake and after two months in the lower layers.
The authors of [13] discussed the efficiency
of adding a reagent by different methods: directly into a lake and onto the lakeside. The
direct introduction of calcite into a lake causes
a large and short-time increase in pH and water alkalinity in the lake outflow immediately
after the treatment. In the case if the territory
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is treated, a longer and more gradual increase
in pH and alkalinity of the outflow from the
lake and soil are observed.
The works considered above and describing
the methods of decreasing the level of n atural
water acidation are mainly empirical in their
character. We did not find any publications dealing with the determin ation of the technological parameters of water deacidification process
depending on the conditions of a specific water body. Calculations of these parameters
should be based on the data on the interaction
of the reagent with water components.
A number of works dealt with the questions
of chemical thermodynamic modeling in solving
the complex tasks of describing the states of
water ecosystems [1416, etc.]. Starting from
the an alysis of the data of field observations,
it was concluded that pH of n atural water is
governed by the concentrations of bicarbon ate
ions HCO3aq and aqueous carbon dioxide which
is in equilibrium with the atmospheric carbon
dioxide [14]. Atmospheric preci pitation and any
other water bodies in which there is no high
bicarbon ate ion concentration (formed either by
the dissolution of carbon ate rocks or by any
other way) can be rather acidic. In addition, a
significant decrease in pH is possible due to the
proton ation of a noticeable part of HCO3aq
under the action of local man-made sources of
strong acids [15]. Both factors are characteristic
of n atural water during snow thaw in the
vicinity of plants emitting acid-forming
compounds into the atmosphere.
The present work deals with the calculation
of a set of chemical equilibria modeling the
state of water with an increased acidation level (due to the arrival of sulphuric acid) in equilibrium with the atmosphere while the interaction with calcite proceeds. The data on the composition of the formed solutions are necessary
to develop the technology of natural water deacidification. Calcite was chosen as a model reagent because it is the major component of the
assumed reagent, i.e. comminuted carbon ate.
DISSOLUTION OF CALCITE IN WATER

Determin ation of the composition of solutions formed after calcite dissolution in water,

as well as the determin ation of the distribution of calcium and carbon ion forms depending on pH are necessary in order to master
the experimental procedure and reveal admissions that can be made for the calculations of
a more complicated system.
It was shown in [17] that the pH of a system
composed of calcite in water in equilibrium with
the atmosphere is 8.4; the major components
are Ca2+ and HCO3 .
After the addition of calcite to the melted
snow water, the resulting water may be considered as weakly mineralized calcium hydrocarbon ate water. In this case Ca(HCO3) 2 is
known to account for more than 70 % of total
mineral content [15].
When investigating the carbon ate system of
n atural water, the following forms should be
taken into account, according to [16]: Í2ÑÎ3aq,
+
H+aq , HCO3aq , CO2
Ca2+
CaHCO3aq
,
3aq ,
aq ,
ÑàÑÎ3aq. The reference data on equilibrium
constants K used in the calculations are [1719]:
ÑÎ2 (g.) + Í2Î (aq.) P Í2ÑÎ3,
log K1 (25) = 1.47, log K1 (0) = 1.12
(1)
H2 CO03 P H+ + HCO3 , log K2 (25) = 6.35,

log K2 (0) = 6.59

3

+

(2)

2
3

HCO P H + CO , log K3 (25) = 10.33,

log K3 (0) = 10.63
CaCO3 (cr.) P Ca
0
3

CaCO P Ca

2+

2+

(3)
2
3

+ CO , log SP = 8.30 (4)

+ CO2
3 , log K4 (25) = 3.20 (5)

CaHCO3+ P Ca2+ + HCO3 , log K5 (25) = 1.26 (6)
HSO4 P H+ + SO4 , log K6 (25) = 1.92,

log K6 (0) = 1.283
0
4

CaSO P Ca

2+

(7)
2
4

+ SO , log K7 (25) = 2.31 (8)

The results of calculations shown in Table 1
suggest that the main part in calcium balance
is played by calcium ion Ca2+, while the concentrations of CaHCO3+ and CaCO3 can be neglected in subsequent calculations. The main
species in carbon balance is HCO3 . In addition,
the amount of Ca 2+ within the pH range
5.88.0 is 23 times smaller than the amount
of HCO3 (see Table 1). Therefore, at least a
half of HCO3 ions present in solution was
formed due to the absorption of carbon dioxide from the air, formation of carbonic acid
followed by its dissociation, and consumption
of the protons:
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TABLE 1
Composition of solutions formed after calcite dissolution in water in equilibrium with atmospheric CO2
(ÐÑÎ = 3.16 ⋅ 104 atm [14], t = 25 oC)
2

pH

Concentration, mol/l


2

HCO3

+

Ña2+

CO3

0



CaHCO3

CaCO3

HCO3 /Ca2+

5.8

2.81 ⋅ 106

8.31 ⋅ 1011

6.15 ⋅ 107

3.14 ⋅ 1011

8.09 ⋅ 1014

4.57

6.0

4.45 ⋅ 10

6

10

6

10

5.72 ⋅ 1013

2.57

6.4

1.12 ⋅ 10

5

5.40 ⋅ 10

1.10 ⋅ 10

11

2.07

6.8

2.81 ⋅ 105

8.31 ⋅ 109

1.40 ⋅ 105

7.14 ⋅ 109

1.84 ⋅ 109

2.01

7.2

7.05 ⋅ 10

5

8

3.53 ⋅ 10

5

4.53 ⋅ 10

8

2.94 ⋅ 10

9

2.00

7.6

1.77 ⋅ 104

3.31 ⋅ 107

8.90 ⋅ 105

2.87 ⋅ 107

4.66 ⋅ 108

1.99

8.0

4

6

4

6

7

1.99

4.45 ⋅ 10

2.09 ⋅ 10
1.32 ⋅ 10
5.24 ⋅ 10
2.09 ⋅ 10

9

1.73 ⋅ 10

6

2.24 ⋅ 10

CaCO3 (cr.) + H+ = Ca2+ + HCO3

1.40 ⋅ 10

1.81 ⋅ 10

9

(9)

Taking this fact into account, we may depict
the dissolution of calcite in water in an open
system by reaction (1) and
ÑàÑÎ3 (cr.) + Í2ÑÎ3 = Ca2+ + 2 HCO3

(10)

DISSOLUTION OF CALCITE IN WATER
WITH INCREASED ACIDATION LEVEL

The goal of calculations of the concentrations of solution components formed as a result of calcite dissolution in acid water is to
determine the amount of reagent which is necessary to be introduced into a brook with increased level of acidation. During this period,
the low water of a brook gets diluted with
melted snow water [7], and its chemical composition is determined by the chemical composition of melted snow water.
As a first approximation, we assume water
temperature to be 0 oC, and the main components to be carbon ate- and sulphate-containing species. According to equilibria (1)(3), the
concentrations of carbonate components at the
constant partial pressure of carbon dioxide are
un ambiguously connected with pH, while this
value itself and the concentrations of sulphates
are determined by the accumulation of H2SO4
during long winter on the territory adjacent to
the brook. Contamin ation of snow cover may
be considered to be constant along the whole
brook length, so the concentration of sulphuric acid in the brook can be considered con-

1.13 ⋅ 10

7.41 ⋅ 10

stant, too. The total sulphate content does not
change with the addition of calcite to the
stream, because, as prelimin ary calculations
showed, the concentrations of Ca2+ and SO2
4
are insufficient for calcium sulphate to get preci pitated. So, water flow is characterized by a
definite pH value with the corresponding concentrations of SO2
4 -containing forms which are
constant along the whole stream.
When calculating the dissolution of calcite
in water, in addition to Ca2+ concentration we
took into account the concentrations of its
carbon ate forms CaHCO3+ and CaCO03 . The
concentrations of the latter forms were
determined to be 36 orders of magnitude
smaller than the concentration of Ca2+. It was
shown in [19] that in the case if the
concentration of SO2
is less than that of
4
HCO3 by an order of magnitude, the fractions
of CaHCO3+ and CaSO04 among all the calciumcontaining forms are approximately the same.
In the case under our consideration, SO2
4
concentration is larger than HCO3
concentration, so the fraction of CaSO04 will
be much larger than that of CaHCO3+ . In
addition, the Ca 2+ accounts for the major
fraction in the overall balance of calciumcontaining chemical forms, while the fraction
of CaSO04 is notable in the balance of SO2
4 
containing species ([ CaSO04 ] is only one order
of magnitude less than [ SO2
4 ]). Taking the
above considerations into account, we may state
that calculations of calcite dissolution in water
acidified with sulphuric acid are to take into

33

DECREASE IN THE LEVEL OF NATURAL WATER ACIDATION WITH CALCITE-CONTAINING REAGENTS

account partial binding of SO2
into CaSO04 ,
4
+
while the data on [ CaHCO3 ] and [ CaCO03 ]
([ CaHCO3+ ] < [ CaCO03 ]) can be neglected.
In addition to the concentrations of solution
components, we also determined acidation
indices  the molar ratio of bicarbon ate to
and ANC:
sulphate ions HCO3 /SO2
4

+
ANC = [ HCO3 ]  [H ]
(11)
MAIN RESULTS OBTAINED IN THE CALCULATION
OF CHEMICAL EQUILIBRIA IN THE SYSTEM
CALCITESULPHURIC ACIDWATER

For the development of the technology of
a decrease in n atural water acidation level, one
should determine the conditions which are
necessary for water quality to correspond to the
standard requirements (for example, pH 6.5,
ANC = 20 µeq/l, HCO3 /SO2
> 1). The
4
calculated indices are shown in Table 2.
Since a definite [ HCO3 ] value which is
constant under the given conditions
(temperature, equilibrium with atmospheric
carbon dioxide and its partial pressure)
corresponds to a definite fin al pH f of the
solution, the ANC value depends only on the
solution pH and does not depend on pH of
the initial acid water (pHin). Therefore, pHf and
ANC in rather simple system under
consideration duplicate each other. In addition,
the standard pH 6.5 corresponds to
ANC = 20 µeq/l, accepted for the Kola North
in [5] as the limiting load on water bodies.

Because of this, further we did not an alyze
the ANC value under calcite introduction.
Unlike for ANC, the HCO3 /SO2
ratio
4
depends not only on pHf but also on pHin or,
in the case considered by us, on the
concentration of sulphate ions in the initial
water. For pH in ≥ 4.5 HCO3 /SO2
4 > 1 if pH
corresponds to the standard value (6.5). In the
case when pHin is 3, 3.5 and 4, it is necessary
to increase pHf to 8, 7.5 and 7, respectively,
in order to make the HCO3 /SO2
ratio more
4
than unity. It is evident that developing the
technology of a decrease in water acidation one
should first of all determine which index or a
set of indices is the criterion of water quality.
A change in HCO3 concentration causes a
shift in the sequence of equilibria between carbon ate species; either the removal of carbon
dioxide from solution or its absorption will take
place, depending on the conditions. Therefore,
it is more convenient to monitor the amount of
the dissolved reagent on the basis of calcium
concentration but not the concentration of carbonates. The values of Ca2+ concentration, which
is necessary for water quality indices to correspond to the chosen values, are listed in Table 3.
CONCLUSIONS

Thus, calculation results allow us to
determine what should be the concentration of
calcium in water under the corresponding
chosen acidation indices. However, calcite

TABLE 2
Indices of water acidation level after treatment with calcite (ÐÑÎ = 3.16 ⋅ 104 atm [14], t = 0 oC)
2

pH f



2

ÀNC,

HCO3 / SO4

µeq/l

3
5

for pHin equal to
3.5

4

4.5

5

5.5

3.5

316

3.68 ⋅ 10











4

100

1.17 ⋅ 104

3.84 ⋅ 104
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4

3



4.5
5
5.5
6
6.5
7
7.5
8

3.70 ⋅ 10

3

1.22 ⋅ 10

3.82 ⋅ 10





9

1.17 ⋅ 103

3.84 ⋅ 103

1.21 ⋅ 102

3.97 ⋅ 102



1

3

2

2

1

1.22 ⋅ 10

3.82 ⋅ 10

5

1.17 ⋅ 102

3.85 ⋅ 102

1.21 ⋅ 101

3.97 ⋅ 101

1.32

20

3.71 ⋅ 102

1.22 ⋅ 101

3.83 ⋅ 101

1.26

4.19

63

1

1

200
633

3.71 ⋅ 10

1.18 ⋅ 10

3.77 ⋅ 101
1.24

3.87 ⋅ 10
1.24
4.10

1.26

1.25 ⋅ 10



1.28 ⋅ 10

1

4.18 ⋅ 10


1.09 ⋅ 101
3.46 ⋅ 101

1

1.33 ⋅ 10

1.10 ⋅ 102

1.28 ⋅ 101

4.26 ⋅ 101

3.53 ⋅ 102

1

2

1.16 ⋅ 103

4.00

3.90

1

4.23 ⋅ 10

1.41 ⋅ 10
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TABLE 3

REFERENCES

Concentration of dissolved calcium after a decrease
in the level of water acidation
pHin

3

Ca2+ content, mg/l


2

ðÍc 6.5

HCO3 / SO4 = 1

21.96

29.60

3.5

6.96

9.60

4

2.50

3.00

4.5

1.03

0.90

5

0.59

0.50

5.5

0.42

0.00*


2

*In the initial water: HCO3 / SO4 > 1.

dissolves slowly, and the time of reagent
residence in water can turn out to be insufficient
for the whole introduced amount of calcite to
get dissolved. The required rate of calcium
arrival into water is determined by the
hydrodyn amic regime of the acid water flow
and by the chemical composition of water
before and after its treatment with the reagent.
Since dissolution rate depends not only on the
type of material but also on the specific surface,
material grinding method and other factors, at
the next stage it will be necessary to choose a
reagent and a method of its prelimin ary
treatment to provide the required rate of
calcium arrival into the water under treatment.
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