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Reduction of water calcium hardness in the denitrifying biofilter
Ivan Borysov, Ihor Kovalenko, Viktor Gevod and Liliya Frolova

Ukrainian State University of Chemical Technology, Dnipro, Ukraine

ABSTRACT  
Sustainable development goals emphasize the need for cost-effective removal of nitrates from 
water of sources where there is no centralized tap water supply. This paper describes the 
properties of the carbonate system in the filtrate of the point of use handy submersible 
denitrifying biofilter. Device has a U-shaped design with open tops of both elbows and 
operates in displacement (piston) mode. These allows getting up to 5 liters of denitrified water 
daily in one gulp, reducing the concentration of nitrate ions in the water by 96-98% from its 
initial value of 3 · 10− 3M − 1.2 · 10− 2M and the water hardness to reduce depending of initial 
nitrate concentration. The denitrification process occurs with the consumption of ethyl alcohol 
as a bacterial food substrate injected to water and accompanies by the accumulation of alkaline 
bacterial exometabolites in the filtrate. During the microbiological transformation of 3 · 10− 3M 
nitrate ions into nitrogen gas, the filtrate enriches with 2.6 · 10− 3M bicarbonate ions and 
3.9 · 10− 4M of hydroxyl ions. This results in a reduction of filtrate hardness from 3.75 mg-eq/L to 
1.87 mg-eq/L when in contact with atmospheric air. Physical experiments and mathematical 
modeling verified the concentrations of carbonate components and calcium ions in both the 
initial and denitrified water.
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1. Introduction

Water changes its composition in the hydrological cycle. 
Fresh, soft, and slightly acidic water from atmospheric 
precipitation becomes mineralized and hard as it perco
lates through the soil and carbonate rocks to the water- 
bearing strata and forms underground streams (1). 
When this water reaches the earth’s surface, it 
becomes softer due to the release of excess carbon 
dioxide into the atmospheric air and the precipitation 
of calcium ions (2). Groundwater accumulates nitrates 
in the regions of intensive agriculture, and where there 
is no centralized water supply and sewerage. The con
centration of nitrate ions in that water is often many 
times higher than the permissible limit. The WHO guide
line value for nitrate in drinking water is 50 mg/L as 

nitrate ion (equivalent to11 mg/L as nitrate-nitrogen) 
Nitrate-contaminated hard groundwater requires appro
priate conditioning. Methods of ion exchange, electro
dialysis, nanofiltration and reverse osmosis currently 
used to remove nitrates and correct water hardness 
from problematic underground sources do not meet 
the criteria of green chemistry and sustainable develop
ment goals (environmental friendliness, economy, 
efficiency). Therefore, the search for other more appro
priate methods and approaches continues.

At any given time, the concentrations of protons (pH), 
calcium cations, dissolved carbon dioxide, carbonic acid, 
and its dissociation and hydrolysis products 
(HCO−3 , CO2−

3 ) in the carbonate system of water are 
interrelated (2). From a physical and chemical point of 
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view, groundwater with dissolved minerals of carbonate 
rocks before reaching the earth’s surface is a closed car
bonate system, and the water that has reached the 
earth’s surface is an open carbonate system (3). The 
microflora of the biosphere (4) influences the compo
sition and physical properties of groundwater and 
surface water.

The study of conjugated physicochemical and micro
biological processes in the water of natural and model 
carbonate systems expands the ideas about the 
peculiarities of formation of their mineral and organic 
composition. The results obtained reveal the mechan
isms of changes in the structure of water associated 
with the removal of target admixtures and the depo
sition of hardness salts. This knowledge is necessary to 
improve the existing technologies of tap water prep
aration and wastewater treatment, to prevent clogging 

and corrosion of water pipelines, and to develop new 
methods of conditioning water consumed from 
different parts of its natural cycle (5).

The course of chemical reactions leading to the bio
logically induced formation of hardness salt precipi
tation in the water bulk of carbonate systems depends 
on the degree of accumulation in their alkaline bacterial 
products (bacterial exometabolites) (6). Alkaliphilic bac
teria release ammonia and carbamic acid into water, 
thus initiating precipitation of calcium ions and other 
polyvalent cations by increasing pH (7). Denitrifying 
and sulfate-reducing bacteria in an anaerobic environ
ment (in a closed carbonate system) release bicarbonate 
and hydroxyl ions into the water (8). This process occurs 
because of the assimilation of carbon by bacterial cells 
from nutrient substrates and the use of oxygen from 
nitrate and sulfate ions to respiration. Hydrolysis of 
bicarbonate ions results in the appearance of carbonic 
acid and additional hydroxyl ions (H2CO3 and OH− ) in 
water. As they accumulate, the hydroxyl ions interact 
with bicarbonate ions to form carbonate ions, which 
interact with calcium ions to form a calcium carbonate 
precipitate (8).

Ammonia and carbamic acid cause rapid precipitation 
of hardness salts in open and closed carbonate systems 
because the pH of the water there increases in response 
to the appearance of named exometabolites without the 
participation of atmospheric air. The situation is different 
for the accumulation of bicarbonate ions. In a closed car
bonate system, the appearance of an additional amount 
of bicarbonate ions (due to injection from outside or due 
to microbiological activity within the system) does not 
increase pH. In this case, the hydrolysis of bicarbonate 
ions is inhibited by the carbonic acid accumulating in 
the water. As a result, the concentration of carbonate 
ions required to form calcium carbonate precipitate 
remains below the solubility product. However, 
suppose the carbonate system gains access to the 
atmospheric air. In that case, the equilibrium of the 
hydrolysis reaction of hydrogen carbonate ions shifts 
to the right due to the volatilization of carbon dioxide 
from carbonic acid. As a result, the accumulation of 
hydroxyl and carbonate ions in the water facilitates. 
These ions ensure the formation of calcium carbonate 
sediments and mixed calcium-magnesium carbonates 
when free calcium and magnesium cations are available 
in the water. The most significant changes in component 
concentrations in the carbonate system occur during 
intense gas exchange.

Bacterial excretions into the water of carbonate 
systems in technical devices – biological reactors and 
biological filters one can use for additional softening of 
treated water (7, 9–11).

Figure 1. Photo of a biofilter and the trajectory of water shifts in 
it. ‘1’, ‘2’, ‘3’ – points of sampling.
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This work aimed to reveal the regularities of water 
hardness change in a small-sized submersible denitrify
ing biofilter (point of use). The object of study was 
initial (supplied) water and filtrate from the device, 
which operates in the mode of displacement (piston) 
filtration (12) and reduces the concentration of nitrate 
ions in water by 96-98% from the initial level of.

3 · 10− 3M − 1, 2 · 10− 2M. The magnitudes of pH and 
pH-related concentrations of bicarbonate ions, carbon
ate ions, calcium ions, dissolved carbon dioxide, and dis
solved carbonic acid in water at the inlet of the biofilter 
and in the filtrate sampled from the inside of the biofilter 
and at its outlet were the subject of study.

2. Experimental part and theoretical basis

2.1. Materials and methods

This work investigated pH and hardness changes along 
the trajectory of water shifts in a small-size submersible 
denitrifying biofilter Point of use. The photo of it is in 
Figure 1. The design of the biofilter, its mode of the 
run, and denitrifying efficiency are described in (12, 
13). The device denitrifies water in the mode of displace
ment filtration for five years of continuous operation on 
a bench scale. During this time, two and a half up to five 
liters of tap water with added sodium nitrate supplied 
daily (in one gulp) to the inlet of the biofilter so that 
the initial nitrate concentration is 3, 0 · 10− 3M and the 
same amount of denitrified water flows out of the 
biofilter. The nutrient substrate (ethanol) in the feed 
water portion dosed for 0.079 g/L ( ≏ 1.7 · 10− 3 M) as 
it is required according to the stoichiometry of the reac
tion of the biological reduction of nitrate nitrogen to 
molecular nitrogen (14). Ethanol ensures required con
version of nitrate ions into molecular nitrogen without 
the accumulation of toxic intermediates in the filtrate 
(14). Residual ethanol not detected in the water at 
biofilter exit (15). The concentration of nitrate ions in 
the synchronously obtaining filtrate does not exceed a 
few milligrams per liter at a temperature of 20-23°C, if 
the portions of supplied water are below of five liters. 
Hydraulic retention time of supplied water is 3 days for 
5L portions and 6 days for 2.5L portions (12, 13).

Blue arrows in the photo show the direction of shift
ing of portions of denitrified water inside the biofilter. 
Water for pH metric and chemical-analytical studies of 
130 and 50 mL, respectively, were sampled from the 
inlet compartment (1) in the inlet elbow of the 
biofilter, the conjunction zone (2) of the inlet and 
outlet elbows of the biofilter, and of the outlet compart
ment (3) in the outlet elbow. The cell for pH metrology 
was a standard 150 mL chemical beaker with a magnetic 

stirrer and a miniature atmospheric air sprayer. The air 
sprayer was immersed to a depth of 20 mm from the 
surface of the water sample in the beaker. A flow of air 
bubbles was used with air discharge of 0.9 L/min and 
air bubbles radius 0.5-1.5 mm. Dynamics of pH change 
in water samples (volume – 130 mL) was recorded auto
matically by pH meter – ion-meter I-160MI, equipped 
with glass pH electrode ESC 10603 and chloride-silver 
reference electrode EVL1M3.1. The pH measurement 
results were recorded according to the set algorithm 
every 20 sec during the measurement time up to 
15,000 sec. Was used a personal computer with the soft
ware ‘Analytics’ installed on it. The concentration of 
calcium and magnesium ions in water samples was deter
mined by the standard titration method using Disodium 
EDTA.

2.2. An explanation of the context and outcomes 
of mathematical modeling

In any aquatic calcium – containing carbonate system 
(16), the concentrations of protons (pH), calcium 
cations, dissolved carbon dioxide, carbonic acid, and 
its dissociation and hydrolysis products (anions
HCO−3 , CO2−

3 ) are interrelated with each other. System 
pH serves as a significant parameter and useful indicator 
of the water state, particularly of its temporary hardness. 
Methods for softening hard water using caustic soda, 
slaked lime, and soda ash rely on alkaline pH shifts.

The alkaline activity of certain bacteria, such as Cory
nebacterium ammoniagenes (17), Sporosarcina pasteurii 
(18), and Bacillus subtilis (19), increases pH in carbonate 
systems. These bacteria thrive in specific niches found in 
soil, water bodies, and the zoo sphere. By secreting alka
line exometabolites, Alkaliphilic bacteria regulate the 
concentrations of calcium ions, magnesium ions, and 
others that contribute to water hardness (7). When 
these microbes absorb arginine or urea, they produce 
ammonia and carbamic acid. In the case of urea absorp
tion, the reaction is (20):

CO(NH2)2 + H2O → NH2COOH+ NH3. (1) 

The hydrolysis of carbamic acid results in the release of 
additional ammonia and the formation of carbonic 
acid in the water:

NH2COOH+ H2O → NH3 + H2CO3. (2) 

Dissolving ammonia produces ammonium hydroxide, 
which dissociates into ammonium ions and hydroxide 
ions according to the equation:

2NH3 + 2H2O↔ 2NH4OH↔ 2NH+4 + 2OH− . (3) 

Here, the coefficient 2 is in front of the symbols for the 
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initial substances and reaction products. This is because 
both (Equation (1)) and (Equation (2)) contribute to the 
formation of ammonia. Due to the dissociation of carbo
nic acid (see Equation (2)), bicarbonate ions and protons 
appear in the water via the reaction:

H2CO3 ↔ HCO−3 + H+. (4) 

Additionally, carbonic acid partly decomposes to 
form carbon dioxide and water:

H2CO3 ↔ H2O+ CO2. ↑ (5) 

The reaction between HCO−3 and H+with the hydroxyl 
ions produced by Equation (3) yields carbonate ions:

HCO−3 + H+ + 2OH− ↔ CO2−
3 + 2H2O (6) 

These carbonate ions combine with ammonium ions 
to form ammonium carbonate:

2NH+4 + CO2−
3 = (NH4)2CO3 (7) 

The equation summarizes the resultant chemical reac
tion:

CO(NH2)2 + 2H2O→ (NH4)2CO3 (8).

Ammonium carbonate is a salt composed of a weak acid 
and a weak base, resulting in a pH of 9.19 (C = 2 mM, t =  
25°C). At this pH, the temporary calcium hardness 
decreases to 0.1 mg-eq/L.

The chemical reaction that produces calcium carbon
ate from calcium bicarbonate and ammonium carbonate 
is as follows:

Ca(HCO3)2 + (NH4)2CO3 → CaCO3 ↓ + 2NH4HCO3 (9) 

Alkaliphilic bacteria reduce both temporary and perma
nent calcium hardness in the water. For example,

CaCl2 + (NH4)2CO3 → CaCO3 ↓ +2NH4Cl (10) 

The ammonium chloride released by the reaction 
Equation (10) forms a buffer mixture with ammonia. At 
the equimolar ratio of the components of the buffer 
mixture, its pH = 9.24. As a result, calcite precipitation 
occurs in carbonate systems with Alkaliphilic bacteria. 
Particularly favorable conditions for calcite formation 
occur when the buffering capacity of the aqueous 
medium is low. In this case, even small amounts of alka
line exometabolites can shift the pH to nine and higher.

Denitrifying and sulfate-reducing bacteria are also 
able to decrease water hardness with the formation of 
calcium carbonate sediments. However, these bacteria 
do it in other way (8). Under anoxic conditions, denitrify
ing bacteria split oxygen from nitrate ions for respiration. 
They use a suitable digestible carbon and energy source 
as a nutrient substrate. When fed with ethanol (12,14) 

colonies of denitrifying bacteria produce 0.87 M bicar
bonate ions and 0.13 M hydroxide ions per mole of 
nitrate ions consumed, as shown in the equation:

NO−3 + 0, 55C2H5OH + 0, 137O2 →

→ 0, 046C5H7O2N+ 0, 87HCO−3 + 0.99H2O

+ 0, 13OH− + 0, 477N2 (11) 

When the food substrate for denitrifying bacteria is 
their biomass (C5H7O2N), as studied in (21) the reaction 
is:

NO−3 + 0.25 C5H7O2N→ 1.25 CO2 + 0.25 NH3

+ OH− + 0.5 N2 (12) 

Or:

NO−3 + 0.25 C5H7O2N+ 0, 25H2O

→ HCO−3 + 0.25 NH4HCO3 + 0.5 N2 (13) 

In this case, each mole of nitrate ions consumed 
releases one mole of bicarbonate ions and twenty-five 
hundredths of a mole of ammonium bicarbonate. Deni
trification by bacteria that consume their biomass is a 
forced process and is much slower than with ethanol 
feeding.

Bicarbonate ions are also exogenous metabolites in 
sulfate-reducing bacteria. Under anaerobic conditions, 
these bacteria split oxygen from sulfate ions for respir
ation. When ethyl alcohol as a carbon and energy 
source is consumed (15, 22), the equation for bacterial 
sulfate reduction is:

3SO2−
4 + 2CH3CH2OH = 3HS− + 3H2O+ CO2

+ 3 HCO−3 (14) 

For each mole of sulfate ions consumed, one mole of 
bicarbonate and one mole of hydrosulfide ions appear 
in the water. Sulfate reduction occurs in denitrifying 
systems when a nutrient substrate is in excess (15).

The bicarbonate ions produced by biological denitrifi
cation and sulfate reduction undergo hydrolysis to form 
carbonic acid and hydroxide ions as shown below:

HCO−3 + H2O ↔ H2CO3 + OH− (15) 

The equilibrium of the hydrolysis reaction shifts to the 
left when excess H2CO3 or OH− . Therefore, bicarbonate 
ions and hydroxyl ions interact first in closed (isolated) 
carbonate systems. The reaction results in the formation 
of carbonate ions and water molecules as shown in 
Equation (6).

The hydrolysis constant of the carbonate ions and the 
corresponding dissociation constant of the carbonic acid 
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obey the relationships:

KH = [H2CO3 ][OH− ]/[HCO−3 ], (16) 

KH =
[H2CO3 ][OH− ][H+]

[HCO−3 ][H+]
=

KW

KA
=

(a∗)2(CHCO−3 )2

CHCO−3 (1 − a∗)

=
10− 14

10− 6,4 = 10− 7,6 (17) 

Here: KH is the hydrolysis constant of hydrogen car
bonate ions, KW is the ionic product of water, KA is the 
first step dissociation constant of carbonic acid, a∗ is 
the degree of hydrolysis, CHCO−3 (1 − a∗) is the concen
tration of hydrogen carbonate ions that have not under
gone hydrolysis. a∗(CHCO−3 ) is the concentration of 
hydrogen carbonate ions that give rise to equivalent 
concentrations of H2CO3 and OH− .

In (Equations (16) and (17)) concentrations are used 
instead of activities, because at not high content of dis
solved salts in water (< 2 g/dm3) the ionic strength is 
low, and the activity coefficients can be considered 
equal to one. Knowing also that the degree of hydrolysis 
of carbonic acid anions (a∗) is substantially less than 
unity, (1 − a∗) ≈ 1) one obtains.

a∗ =

���������
KW

KACHCO−3

􏽳

=

�������
KH

CHCO−3

􏽳

(18) 

Given that:

[OH− ] = a∗CHCO−3

�����������
KH · CHCO−3

􏽱
= (19) 

One got:

pH = 14+ lg
�������������
KH · /CHCO−3

􏽱
(20) 

Using (Equations (20), (18), and (11)), one can evaluate 
possible shifts in the pH of the filtrate due to the 
accumulation of HCO−3 in it. Particularly, if biological 
denitrification results in the removal of 3 · 10− 3M 
nitrate ions (186 mg/L in terms ofNO−3 ) from the water, 
then 2, 6 · 10− 3M hydrogen carbonate ions will appear. 
The degree of hydrolysis of these ions and the pH deter
mined by (Equations (18) and (20)) should be 0.0031 and 
8.91, respectively. However, the obtained results are 
right describing the carbonate system only when it is 
in contact with atmospheric air (the system is open), 
and no cations are present that form insoluble precipi
tates with hydroxyl ions and carbonate ions (i.e.when 
the carbonate system is incomplete in relation to 
calcium ions). When this condition is met, the hydrolysis 
equilibrium according to (Equation (15)) shifts to the 
right (carbon dioxide escapes to the atmosphere) and 
hydroxyl ions accumulate in the water. Their interaction 
with bicarbonate ions ensures the appearance and 

accumulation of carbonate ions:

HCO−3 + OH− ⇔ CO2−
3 + H2O (21) 

Thus, based on (Equations (11), (12), (15), and (21)), one 
obtains:

Open carbonate system: H2O+ CO2 ↑ Carbon 
dioxide volatilize from the water.

2HCO−3 + H2O ↔ H2CO3+ OH− + HCO−3 ↔ CO2−
3 + H2O

↑↓

↑↓

(22) 

Closed carbonate system: H2O+ CO2 ↓ Carbon dioxide dis
solve in the water.

According to (Equation (22)), in the water bulk of a 
carbonate system, equilibrium is established between 
the concentrations of bicarbonate ions, hydroxyl ions, 
carbonate ions, and carbonic acid, depending equili
brium of carbon dioxide between the water and gas 
phases. Carbon dioxide can be part of the carbonic 
acid, can dissolve in water as a gas, and can volatilize 
from water into the atmosphere.

In a closed carbonate system, the water is isolated 
from atmospheric air (it exists inside a filter load or her
metically sealed body of a biological reactor). The 
accumulation of bicarbonate ions in this system causes 
the concentration of carbonic acid and hydrogen ions 
to increase according to (Equation (4)). The concen
tration of carbonic acid increases more strongly com
pared to the concentration of hydrogen ions, as the 
equation shows:

[HCO−3 ]
KA

=
[H2CO3]

[H+]
(23) 

According to (Equation (23)), a tenfold increase in the 
concentration of bicarbonate ions should correspond 
to a tenfold increase in the concentration of hydrogen 
ions and a hundredfold increase in the concentration 
of carbonic acid. Therefore, the addition of bicarbonate 
ions to the water of a closed (isolated) calcium carbonate 
system will not lead to an increase in its pH, since the 
associated accumulation of carbonic acid will shift the 
equilibrium of the hydrolysis reaction of bicarbonate 
ions to the left, according to the Le Chatelier principle. 
The shifted equilibrium ‘preserves’ the bicarbonate 
ions by an excess of carbonic acid (see Equation (15)) 
and prevents their conversion to carbonate ions accord
ing to (Equation (22)). As a result, the concentration of 
carbonate ions remains below necessary for the for
mation of hardness salt precipitates.
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Upon contact with atmospheric air, the equilibrium in 
the carbonate system saturated with bicarbonate ions 
shifts toward the accumulation of hydroxyl ions and car
bonate ions. As a result, the pH and calcium concen
tration (temporary hardness of water) shift to 
equilibrium values, which are predetermined by the con
centration (partial pressure) of carbon dioxide in atmos
pheric air. In reference (2), it was shown that in an open 
carbonate system, the equilibrium pH = 8.36 when the 
concentration of CO2 in atmospheric air is 316 ppm. If 
the equilibrium pH exceeds this value under the pre
sented conditions, then the carbonate system is most 
likely incomplete with the content of calcium ions in it. 
In such a system, bicarbonate anions and their hydrolysis 
products form perfectly soluble salts and alkalis by com
bining with alkali metal cations.

However, when calcium ions are added to such a 
system in required quantities, insoluble calcium carbon
ate is formed according equation.

CO2−
3 + Ca2+ → CaCO3 ↓ (24) 

As a result, the pH returns to its natural equilibrium 
value.

Figure 2 shows the calculated plots (black lines) of the 
decimal logarithms of the equilibrium concentrations of 
HCO−3 , Ca2+, CO2−

3 ions, and total dissolved carbon 
dioxide and carbonic acid (CO2 + H2CO3) concentrations 
as a function of pH in the open carbonate system. Calcu
lations were performed according to (2) for the range of 
physically realizable carbon dioxide concentrations in 
the air.

The following relationships between the components 
of the carbonate system used in calculations:

[CO2 + H2CO3] = KHenry·pCO2 (25) 

[HCO−3 ] =
KH2CO3 · [CO2 + H2CO3]

[H+]
(26) 

[CO2−
3 ] =

KHCO− ·3
[HCO−3 ]

[H+]
(27) 

[OH− ] =
10− 14

[H+]
(28) 

[Ca2+] =
SPCaCO3

[CO2−
3 ]
=

SPCaCO3 [H+]
KHCO−3 [HCO−3 ]

=
SPCaCO3 [H+]2

KHCO−3 · KH2CO3 · KHenry·pCO2

(29) 

2[Ca2+]+ [H+] = 2[CO2−
3 ]+ [HCO−3 ]+ [OH− ] (30) 

Here: SPCaCO3 is solubility product of CaCO3

In an open calcium-containing carbonate system, 
the equilibrium concentrations of HCO−3 , Ca2+ , CO2−

3 
ions, are related to the hydrogen ion concentration 
(pH) through the concentration (activity) of dissolved 
CO2 and H2CO3 in the water. The latter relies on the 
concentration of CO2 in the air, as per (Equation (25)). 
As the concentration of CO2in the air increases, the 
equilibria shift to the left. High concentrations of 
hydrogen ions correspond to high concentrations of 
hydrogen carbonate ions (Line (1)), calcium ions (Line 
(2)), dissolved carbon dioxide, and dissolved carbonic 
acid (Line (4)). The concentration of carbonate ions 
(Line (3)) is initially low, but as the pH shifts to the alka
line range, it increases exponentially. In the pH from 
6.36–10.29, the bicarbonate and calcium ions concen
tration decreases by two orders of magnitude, and 
the concentration of dissolved carbon dioxide and car
bonic acid decreases by six orders of magnitude, as 
(Line(4)) shows. At the same time, the concentration 
of carbonate ions (see Line (3)) increases by two 
orders of magnitude. The sums of the logarithms of 
the concentration of carbonate ions and the logar
ithms of the concentration of calcium ions at any pH 
in the designated pH range are numerically equal to 
the logarithms of the product of the solubility of 
calcium carbonate.

In a closed calcium-containing carbonate system, 
equilibria shift under the influence of internal 
factors. Exometabolites of Alkaliphilic bacteria, i.e. 
ammonia, and hydroxyl ions change the concen
trations of HCO−3 , Ca2+, CO2−

3 due to synchronous 
decrease in hydrogen ion concentration. As the pH 
changes from the low equilibrium value to the high 

Figure 2. Concentrations of HCO−3 (Line (1)), Ca2+ (Line(2)), 
CO2−

3 (Line(3)),
􏽐

CO2 + H2CO3(Line(4))vs pH in the water of 
the carbonate system, balanced by the concentration of 
carbon dioxide in the air. (Line (5)) shows the effect of the con
centration of bicarbonate ions on pH when there are no calcium 
cations in the water and there is equilibrium on [CO2 + H2CO3] 
with carbon dioxide in the atmospheric air.
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one, the concentration of bicarbonate and calcium 
ions decreases. This is due to the formation of 
calcium carbonate, which precipitates. The transition 
shown by the black dashed line, and black arrow in 
Figure 2.

However, if the internal disturbance is bicarbonate 
ions, then the effect of their accumulation one see, 
when the carbonate system becomes open. Due to 
system opening, the equilibrium of the hydrolysis 
reaction of bicarbonate ions shifts toward the 
accumulation of hydroxyl ions and carbonate ions, as 
shown by (Equations (15) and (22)). The subsequent 
properties of the system depend on the concentration 
of ‘free’ calcium ions. If there are enough calcium ions 
to bind all the hydrolysis products of bicarbonate ions 
into insoluble carbonate, then reach an equilibrium 
pH that is inherent to complete (calcium-containing) 
system at a given partial pressure of carbon dioxide 
in atmospheric air. If there are no free calcium ions, 
but alkali metal cations instead, then establishes an 
equilibrium pH that is inherent to an incomplete 
(calcium-free) carbonate system at the same partial 
pressure of carbon dioxide in atmospheric air. The 
red solid line in the Figure 2 shows the relationship 
between the concentration of bicarbonate ions and 
the pH in such a system. For this case (Equation (20)) 
was used to perform the calculation. In calcium-free 
carbonate system, the angular coefficient of the logar
ithm of the concentration of bicarbonate ions vs. pH 
has a positive value. At pH = 6.36, the concentration 
of bicarbonate ions is minimal, and at pH = 10.29 it is 
maximal. To shift an open calcium-free carbonate 
system from pH = 7 to pH = 9, a significant accumu
lation of bicarbonate ions is required, surpassing 
their equilibrium concentration in an open calcium- 
containing system. This one can see in Figure 2, 
where the red dotted line represents the transition. 
The difference in concentrations determines the 
potential for excess hydrogen carbonate ions to bind 
additional calcium ions in water when it acquire 
contact with atmospheric air. Additional calcium ions 
may be present in the water as a component of its per
manent hardness or added to the water as the corre
sponding salt. The transformation of bicarbonate 
ions into carbonate ions with the participation of 
hydroxyl ions, as shown in (Equation (21)), provides 
the reaction. It is also possible to reveal the dynamics 
of water hardness change by the results of pH 
measurement when chemical transformations follow 
the chain:

(bicarbonate ions) → (carbonate ions plus calcium ions) 
→ (calcium carbonate).

2.3. Results of physic-chemical experiments and 
discussion

Figure 3 shows the results of the bench experiments. The 
pH were measured vs time in samples of fed water and 
water samples collected from the conjunction zone of 
the inlet and outlet elbows of the biofilter, as well as 
from the filtrate at the bio filter’s exit. Each sample of 
130 mL underwent aerating with a stream of atmos
pheric air bubbles, at the flow rates and bubble radii 
specified in the Materials and Methods section. Anhy
drous calcium chloride was added to the water 
samples at the times marked by the red dashed arrows 
in the graphs. The amount of calcium chloride added 
exceeded the requirement to bind calcium ions to car
bonate ions, as per (Equations (11), (21), and (24)). Car
bonate ions appear and saturate the filtrate due to the 
hydrolysis of bicarbonate ions (exometabolites of deni
trifying bacteria).

Results show the carbonate system in the source 
water (Line (1)) in Figure 3(A) is in equilibrium with 
atmospheric carbon dioxide. The pH in this water does 
not change practically when it blows by a stream of 
atmospheric air bubbles. In this, water no excess of 
bicarbonate ions, which could enrich it with carbonate 
and hydroxyl ions due to aeration-induced hydrolysis.

The water sampled from the conjugation zone of the 
inlet and outlet elbows of the biofilter (as shown by the 
course of (Line (2)) in Figure 3A) contains an excess of 
bicarbonate ions, and calcium ions deficiency. When 
air bubbles blows through this water, the carbonate 
system reaches a new equilibrium state with an 
increased pH of 8.65-8.72. The transition time lasts for 
about an hour. Upon adding calcium chloride to this 
sample, the pH rapidly drops to 8.3-8.2 and calcium car
bonate precipitate appears. This suggests that an excess 
of bicarbonate ions, which are bacterial exometabolites, 
undergo hydrolysis during aeration to form carbonate 
ions according to (Equation (22)) and then combine 
with calcium ions according to (Equation (24)). Prior 
the time of adding calcium chloride to the sample, it 
has deficit calcium ions to resist the increase of pH 
when the sample blew with a stream of atmospheric 
air bubbles.

Other hand, if calcium chloride adds initially to the 
water sample taken from the conjugation zone of the 
biofilter inlet and outlet elbows, the pH changes as 
shown by the course of (Line (3)). It is due to an excess 
of calcium ions in the sample, which, resulting of aera
tion-induced hydrolysis of the initial excess of bicarbon
ate ions, binds to the formed carbonate ions and leads to 
a calcium carbonate precipitate. Such a carbonate 
system returns with time to its natural equilibrium 
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state determined by the partial pressure of carbon 
dioxide in atmospheric air.

Schematic statement of bicarbonate ions appearing 
and vanishing zones in created biofilter represented in 
Figure 4. This is consistent with the results of pH 
measures at prolonged aeration of water samples 
taken from the biofilter outlet when calcium chloride is 
injected into water at the start and the end of the exper
imental period. The curve of (Line (1)) in Figure 3B shows 
that the filtrate initially has an excess of bicarbonate ions 
and a deficit of calcium ions. The carbonate system 
maintain this state until additional calcium ions are 
added in the form of calcium chloride. The course of 
(Line (2)) in Figure 3B leads to the conclusion that with 

an initial excess of calcium ions in the sample under 
investigation, the carbonate system in this sample 
gradually returns to the equilibrium state predetermined 
by the concentration of carbon dioxide in the atmos
pheric air.

Chemical analysis showed that the hardness of the 
water sent to the biofilter was 3.75mg-eq/L, the hard
ness of the unaerated filtrate remained approximately 
the same, and the hardness of the aerated filtrate 
decreased to 1.87mg-eq/L.

The reduced hardness in the aerated water at the 
biofilter outlet is seems the result of the interaction of 
carbonate ions (arising in filtrate) with calcium ions 
that were initially present in the water as a component 
of its permanent hardness.

Additional information is provided by the results of 
pH vs time in aerated solutions obtained by sequentially 
adding anhydrous calcium chloride (0.017 g) and sodium 
bicarbonate (0.033 g) to 130 mL of distilled water. The 
molar concentrations of these substances in the 
mixture were respectively equal to 1.2 · 10− 3 M and 
3.0 · 10− 3 M.

Figure 5A shows the pH versus time in distilled water 
when sodium bicarbonate and calcium chloride (black 
curve) and vice versa (red curve) were added sequen
tially. In both cases, sodium bicarbonate was added 
more than the amount required by stoichiometry to 
convert calcium chloride to calcium carbonate according 
to (Equations (15), (21), (24)), i.e.:

2NaHCO3 + CaCl2 = CaCO3

↓ +(H2O+ CO2 ↑)+ 2NaCl (31) 

Figure 3. (A). The pH change vs. time in the aerating sample of source water (Line (1)). In the aerating sample of water from the 
interface zone of the inlet and outlet elbows of the biofilter (Line (2)), and in the aerating sample of water from the interface 
zone of the inlet and outlet elbows of the biofilter (Line (3)) with added calcium chloride. The red solid arrow depicted below 
(Line (3)) is the moment of starting the blowing of the sample by the flow of air bubbles. (B). Dynamics of pH change in aerating 
filtrate (sample from the exit of biofilter) as a function of adding calcium chloride. Red dotted arrows depict the moments of 
calcium chloride added.

Figure 4. Schematic statement of free (in excess) bicarbonate 
ions appearing and vanishing zones in the created biofilter.
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Forced blowing of the formed solutions by air bubble 
flow was started at the times indicated by the red 
dashed arrows. Additional amounts of sodium bicarbon
ate were added to the solutions at (Points (c), (e), and 
(g*)). Calcium chloride were added to the solutions at 
(Points (a*) and (d)).

Figure 5B shows the pH vs. time in a freshly prepared 
and forced aerated solution of calcium chloride and 
sodium bicarbonate mixture. The excess of sodium bicar
bonate in this solution compared to the quantity required 
for calcium carbonate formation according to (Equation 
(31)) leads to the same pattern of pH changes over time 
as of pH metrics in the aerated solution obtained by 
adding sodium bicarbonate to the calcium chloride, as 
shown by the red graph in Figure 5A.

The presence of calcium chloride, a salt of strong base 
and a strong acid, in distilled water, does not cause a sig
nificant change in the pH of the resulting solution. This is 
shown by the (a*)-(b*) plot on the red curve in Figure 5A. 
The pH quickly rises to a new level with the subsequent 
addition of 0.033 g of sodium bicarbonate to the 

solution, which is more than the required mass for the 
reaction to proceed according to (Equation (31)). The 
new pH is not shifts essentially until turned on a 
stream of air bubbles into the solution. This is shown 
by the graph (c*)-(d*). Then the pH change occurs 
along the trajectory (d*-e*-f*-g*) and after the addition 
of a new portion of sodium bicarbonate – as shown by 
the fragment (g*-h*).

The increase of pH in the process of blowing the sol
ution of calcium chloride with sodium bicarbonate in 
the excess of the latter occurs due to the shift of the reac
tion of hydrolysis of bicarbonate ions to the accumulation 
of hydroxyl ions and carbonate ions, as (Equation (22)) 
shows. This is confirmed by the results of the pH 
measure in the initial calcium-free solution, the behavior 
of which when blown by a stream of air bubbles is 
shown by the black graph in sections (b-c) and (c-d). Frag
ments (b-c) and (c-d) are pH changes caused by hydrolysis 
of bicarbonate ions, volatilization of carbon dioxide from 
the water volume to the atmospheric air, and accumu
lation of hydroxyl and carbonate ions in the water. The 
steep pH drop in section (d-e) is the result of the 
binding of accumulated carbonate ions with calcium 
ions from the added calcium chloride. The final section 
(e-f) shows the pH change during the subsequent aera
tion-induced hydrolysis of added bicarbonate.

Figure 5B describes the meaning of the inflection 
points (e*) and (f*) on the pH vs. time graph (see red 
line in Figure 5A) in a solution of a mixture of calcium 
chloride and sodium bicarbonate, flushed with air and 

Figure 5. (A). Dynamics of pH changes in distilled water (black curve) in response to the sequential add of a handing of sodium bicar
bonate (Point (a)), a stream of air bubbles (Point (b)), a second handing of sodium bicarbonate (Point (c)), a handing of calcium chlor
ide (Point (d)), and a handing of sodium bicarbonate (Point (e)). Dynamics of pH change in distilled water (red curve) in response to 
sequential adding of calcium chloride (Point (a*)), sodium bicarbonate (Point (b*)), air bubble stream (Point (d*)), second handing of 
sodium bicarbonate (Point (g*)) with continued blowing of the solution by air bubble stream. (B). Dynamics of pH changes in the 
freshly prepared solution of a mixture of calcium chloride and sodium bicarbonate at its excess under the influence of air bubble 
flow and subsequent addition of calcium chloride at (Point (g*)).

Figure 6. Effect of CO2 partial pressure on the buffer capacity (B) 
of the aqueous medium in an open carbonate system.
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containing an excess of bicarbonate ions. At point (d*), 
the carbon dioxide begins to volatilize into the atmos
pheric air, facilitated by the flow of air bubbles. In this 
case, an excess of hydroxyl ions appears in the aqueous 
medium and, accordingly, an increase in pH, which is in 
accordance with (Equation (22)) for the case of an open 
calcium carbonate system. Then, for some time, the con
sumption of hydroxyl ions to produce carbonate ions 
according to (Equation (22)) and the binding of these 
ions to calcium ions to form insoluble calcium carbonate 
precipitate according to (Equation (24)) dominate. These 
reactions cause the pH to decrease. The rate of the pro
cesses is balanced by: the convection–diffusion transfer 
of carbon dioxide from the solution volume to the 
water–air interface, its decomposition into carbon 
dioxide and water at the interface surface, and the 
diffusion–convection transfer of carbon dioxide from 
the water–air interface into atmosphere.

Volatilization of carbon dioxide from the water in a 
calcium-containing carbonate system reduces its buffer 
capacity (B). This value corresponds to the amount of 
strong acid or alkali that will shift the pH by one unit. 
Figure 6 shows the effect of pH on the buffer capacity 
of an open carbonate system; above the pH scale in this 
figure is a scale of conjugate values of decimal logarithms 
of the partial pressure of carbon dioxide in the boundary 
air (ranging from carbon dioxide-saturated soil air to 
highly carbon dioxide-depleted atmospheric air).

As the carbonate system transfer from an initially open 
state to a closed state (deprived of access to atmospheric 
air), its buffer capacity remains approximately the same 
as its predecessor. When the initially closed carbonate 
system becomes open, its buffer capacity changes depend
ing on the concentration of dissolved carbon dioxide and 
the concentration (partial pressure) of carbon dioxide in 
the atmospheric air. The activities of carbon dioxide in 
water and atmospheric air equalize over time. Correspond
ingly, the concentrations of dissolved carbonate com
ponents in water and the pH increase or decrease. The 
timing of the transition to a new equilibrium state 
depends on the fluxes of carbon dioxide from the 
aquatic environment to the atmosphere and back.

3. Conclusions

A denitrifying biofilter enriches the filtrate with bicarbon
ate and hydroxyl ions because of the activity of denitrifying 
and sulfate-reducing bacteria. Denitrifying bacteria are the 
main contributors to the saturation of water with these 
ions. Using ethanol as a substrate, denitrifying bacteria 
produce 0.87M bicarbonate ions and 0.13M hydroxyl ions 
for every mole of nitrate ions they remove from the 
water. Most of the resulting bicarbonate ions remain in 

the filtrate in their native form unless they have access to 
atmospheric air. Subsequent aeration of the filtrate 
results in processes that restore the dynamic equilibrium 
between the concentrations of all dissolved and undis
solved carbonate components, the pH and the concen
tration of carbon dioxide in the aqueous medium relative 
to its content in atmospheric air. Facilitated hydrolysis 
results in a rapid decrease in the concentration of hydro
gen ions and an increase in the concentration of carbonate 
ions in the water bulk of carbonate system. The addition of 
calcium ions to the aerated filtrate results in the binding of 
excess carbonate ions to form insoluble calcium carbonate. 
As a result, the pH in the filtrate decreases to the equili
brium value corresponding to the partial pressure of 
CO2in atmospheric air. If tap water contaminated with 
sodium nitrate to a concentration of 250 mg/L (3.10-3 M) 
and with an initial hardness of 3.75 mg/eq/L is fed to bio
logical denitrification, the nitrate concentration in the 
water leaving the biofilter become below 10 mg/L and 
the hardness reduced to 1.87 mg/eq/L. This is due to the 
binding of carbonate ions (i.e. hydrolysis products of 
hydro-carbonate ions) to calcium ions present in the 
water, as part of its permanent hardness. Calcium carbon
ate releases from the filtrate as a dispersed phase. The lack 
of ‘free’ calcium ions in the denitrified water in relation to 
the quantity of carbonate ions formed causes a partial 
reduction in the hardness of the filtrate and an increase 
in its carbonate alkalinity. During the denitrification of 
highly nitrate-polluted water with initially high constant 
calcium hardness, the total hardness index in the aerated 
filtrate decreases in proportion to the degree of conversion 
of nitrate ions into molecular nitrogen. Conclusions are 
based on the results of pH variation in the filtrate vs time 
in response to internal disturbances (biochemical reac
tions) and external influences (degassing conditions). The 
method of pH measurement with time sweep comp
lements the data of pH measure in equilibrium states 
and allows one to reveal in more detail the peculiarities 
of the behavior of the carbonate system in the submerged 
denitrifying biofilter. The method has no fundamental 
limitations and makes it possible to monitor the rates of 
processes associated with changes in acid–base equilibria 
in various natural and model objects.
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