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Using carbonic acid to explain pH changes in aqueous solutions is invalid due to its undetectability under
normal temperature and pressure conditions. Instead, two reversible reactions involving the decomposition
of HCOs ions into OH" and CO; or H* and COs* should be employed. The second reaction (H-mechanism)
is well known as the basis for the second dissociation constant of “carbonic acid”. For the first reaction
(OH-mechanism), the formula has been derived from the first imaginary constant of the same acid. That is,
the researchers experimentally determined the proposed constant based on the results of pH value, CO, and
HCOs™ concentrations, but calculated the imaginary constant from these values. The pH increase observed
following filtration on the cationic resin in Na* form is attributed to the weakened HCOs™ decomposition via
the H-mechanism, resulting in decreased H* and COs> concentrations. A significant decrease in Ca®*
concentration (from 5.0 to 0.05 mmol/dm?) is the main reason for the observed phenomenon, as it leads to a
decrease in the driving force of calcium carbonate formation. The mechanism of bicarbonate ions
decomposition based on two reactions has been confirmed experimentally. An increase in the pH of the
mixture of CaCl, and NaHCOs solutions (both with the same pH and concentration) indicates the H-
mechanism, while a decrease in the pH indicates the OH-mechanism decomposition of bicarbonate ions. The
pH value at which the pH does not change indicates a change in the decomposition mechanism. The change
in the HCOs™ dissociation mechanism depends on hardness and alkalinity, and the pH of this change
decreases from softened water (pH 8.30) to seawater (pH 7.5).
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1. Introduction _ ) )
situ attenuated total reflection infrared

The concentration of carbonic acid spectroscopy combined with modulation
forms (CO;, HCOs™, COs%) is determined as excitation spectroscopy” (Wang, 2021).
a function of pH based on the values of the
first imaginary (CO; instead of H>CQOz) and A
second "carbonic acid" dissociation constants A f MW\'
(Millero, 2006): ,v co,
K1 = [H*]-[HCOs]/ [CO2] (1) P "
Kz = [H]-[COs*]/ [HCO3T] (2)
Our use of quotation marks is due to the
lack of actual data on the existence of such an Ice layer
acid, and attempts to detect it are still ongoing
(Fig. 1): “We show that carbonic acid Fig. 1. Providing direct spectroscopic

(H2CO3) can be formed from CO, and H20 on evidence for carbonic acid formation (Wang,
an ice surface ... This was possible by using in 2021)
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At the same time, the idea of carbonic
acid as a source of H" ions continues to be
used to describe various processes (Fig. 2).
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Fig. 2. Carbonic Acid Eluent lon
Chromatography (Sricharoen, 2019)

The same concepts are used to describe
processes in fluids of biological objects
(Aminov, 2019): “Here we argue-based on
experimental observations described within-
that a key role in this connection is played by
a previously unappreciated major proton
source: carbonic acid (CA) HxCOsz. In
particular, we focus on the protonation of
biorelevant bases B by CA

B+ H,CO3 2 H'B + HCOs'.

While it deals with experiments on CA
in aqueous solution, this paper focuses on the
issue of the significance of CA in the blood
plasma”.

The  decomposition  reaction  of
bicarbonate ions in acid solution has been
well-known since high school chemistry (the
inverse reaction for the reaction at Fig. 2):

H* + HCOs 2 H,CO3 2 H20 + CO2. (3)

The carbonic acid presented in this
reaction looks quite logical, and its "rapid
decomposition™ does not allow it to be fixed
analytically.

Earlier (Kontsevoi, 2022), we have
presented an alternative approach for
estimating scaling in water heat exchange
systems, which includes “OH-* and *“H-*
mechanisms for bicarbonate ions'
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decomposition under nonequilibrium
conditions:
HCOs 2 OH + CO» 4
HCOs 2 H* + COs* (5)

Applying the right side of reaction (4)
instead of HCOs to reaction (3), we get a
logical mechanism that does not require the
formation of the mythical carbonic acid:

H*+HCOs; 2 H™+OH+CO, 2H,0+CO; (6)

It is quite logical that the presence of an
excess of H* ion in the solution leads to the
formation of products in reaction (4).

Moreover, it is known that the acid
decomposition of sodium bicarbonate solution
starts the formation of CO; at a pH of about
8.35, and at this pH the existence of carbonic
acid seems quite unlikely.

Also, there is no convincing explanation
for the known effect of increasing the pH of
water softened on a Na-cationic filter from
5.0 to 0.05 mmol/dm?. For tap water in Kyiv,
the pH value changes from 7.4 to 7.9 with an
alkalinity of about 3.5 mmol/dm?®,

The most well-known point of view is
that the activity of ions in water changes as a
result of changes in the ionic strength of the
solution (replacement of divalent cations with
a monovalent Na* ion). Thus, it is assumed
that the activity of OH™ increases in relation to
the activity of H® under these conditions,
although the activity coefficients of each are
already close to 1.0.

From our point of view, it is logical to
assume that the pH increases as a result of an
increase in the concentration of OH™ or a
decrease in the concentration of H* ions.
Therefore, it is necessary to determine which
reaction occurs in this case and explain why.

Thus, it seems advisable to reconsider
the existing approaches, and to do this:

- should determine the actual first
dissociation constant of bicarbonate ions. The
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second one is already known - it is the second
dissociation constant of "carbonic acid";

- should be determined the pH at which
bicarbonate ions (BCI) dissociate by the
reaction (4) or (5) in real solutions depending
on hardness and alkalinity. For sodium
bicarbonate solution (0.1 mol/dmq) this pH is
already known - 8.35. At pH greater than 8.35
there is the reaction (5) by H-mechanism, and
at pH less than 8.35 there is the reaction (4)
by OH-mechanism;

- to use the new approach for
phenomena that are not actually explained
now. For example, the increase in pH of water
after any Na-cationic exchange filter.

2. The calculating formula for
the first constant dissociation of BCI

The reaction by which the first
dissociation constant of carbonic acid was
determined is actually the dissociation
reaction of HCO3- by the OH-mechanism in
the reverse direction (formation reaction):

H20 + CO22 H' + HCOg, (7)
or in the ionic form:
H*+ OH + CO, 2 H"+ HCO3,  (8)
and in the ionic reduced form:
OH + CO; 2 HCO:s.. 9

Indeed, the transition from dissolved
CO; to HCOs in reaction (7) is impossible
without the OH" ion, and water is a natural
source of hydroxide ions (as well as hydrogen
ions) and therefore it is written in ionic form
in reaction (8).

Thus, the first dissociation constant of
BCl is defined as

Ky =[OH][CO2)/ [HCOz].  (10)

To determine it we obtain the equation
for the concentration of bicarbonate ions from
the definition of the imaginary constant K;:

[HCOs] = K [CO2J/[HY].  (11)
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Let's substitute the right-hand side of
equation (11) into the denominator of
equation (10), and after reducing [CO2] and
taking into account the ionic product of water
(Kw), we get the final formula:

K; = [OH][CO2]- [H)/(K"1-[COz2]), (12)

Ky = [OH][HT/K 1= Kw/K"1.  (13)

Reference values for K*1=4.05805-10"'
and for Ky=6.46809-10"° at 20°C. So, K; at a
temperature of 20°C:

K1=6.468-10"1°/4.058-107=1.594-108. (14)

Since the temperature dependence for
K"t and Kw up to 90°C is known, it is
possible to calculate the first dissociation
constant of BCI at the corresponding
temperatures.

It should be noted that the results of
calculations of the composition of aqueous
solutions ([CO2] and [HCOs7]) according to
the pH value do not differ when using the
actual K; of BCI or K1 of CA. That is, the
researchers experimentally determined Ki
based on the results of the analytical
determination of CO, HCOs', and pH value,
but calculated K*; from these values.

3. Materials and Methods

Standard solutions and techniques for
determination of water hardness (WH) with
EDTA and Alkalinity (Alk), NaOH (0.1
mol/dm3), and H,SO4 (5+10%) solutions for
pH correction, CaCl> and NaHCO3z solutions
for modeling of natural water (raw and
purified), tap water (Kyiv) in the Igor
Sikorsky KPI laboratory, pH meter (Jenway,
UK, accuracy 0.01 pH units),
photocolorimeter for fixation of suspended
solids in solutions.

Certain pH values were set in the
working solutions (CaCl, and NaHCOz3) by
adding a solution of sodium hydroxide or
hydrochloric acid. After that, the solutions
were mixed and the pH value of the resulting



mixture was measured. This value was used
to determine the mechanism of the
decomposition reaction: if the pH of the
mixture was higher than the set value, the
reaction proceeded by the OH-mechanism
(with the formation of OH™ and COy); if the
pH of the mixture was lower than the set
value, the reaction proceeded by the H-
mechanism (with the formation of H" and
CO3? anions).

4. Results and Discussion

The results of studies by method 1 are
presented in Table 1 (concentrations and pH

of reagents are the same). The obtained data
allows us to determine the pH value (pHa) at
which the mechanism of HCOs ions
decomposition is changed (Table 2). It is
significant that with decreasing pH no CaCOs
suspended solid is formed. It was confirmed
on the photocolorimeter: the optical density of
the mixture did not increase relative to the
initial solutions.

Obviously, the change in the
mechanism of BCI decomposition depends
on the values of water hardness and alkalinity:
as they increase (from 1 to 100 mmol/dm?),
the pHa decreases (from 8.30 to 7.25).

Table 1. pH of mixture and reagents (solutions of NaHCO3 and CaCl with the same pH)

mmti/dm3 Samples pH

reagents - 740 | 7.30 | 7.25 | 6.70

100 mixture | - | 7.26 | 7.25 | 7.24 | 6.73
reagents | 7.80 | 7.60 | 7.55 | 7.50 | 7.45

10 mixture | 7.70 | 7.55 | 7.562 | 7.51 | 7.49
reagents | 8.00 | 7.70 | 7.60 | 7.50 | 7.45

5 mixture | 7.91 | 7.67 | 7.59 | 7.563 | 7.52
reagents | 8.80 | 8.60 | 8.55 | 8.30 | 8.20

1 mixture | 8.68 | 8.52 | 8.53 | 8.31 | 8.26

Table 2. Dependence of pH, on Alkalinity (NaHCO3) and Hardness (CaCl,)

C, mmol/dm? 100 10 5 1
Modeled water | sewage | sea tap softened
pHa 725 | 750 | 7.60 8.30
pHAapr 7.28 7.49 71.57 8.31
The data presented above were To finally check the correctness of the

approximated in different ways, and it is
found that the data best approximate the
logarithmic function. The equation of the
approximating function (Excel, coefficient of
determination R?=0.9965) is

pHA=-0.0897-In(C-9.99-104)+7.0714, (15)
where C is the concentration of working
solutions (C=Hardness=Alkalinity), mol/dm?
(not mmol/dm?3 like in tables).
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approximating function we calculated by the
last equation the value of pHapr and
compared them with the data pHa in Table 2.
The deviations of these values do not
significantly exceed the accuracy of the
measurement (0.01 to 0.03 pH units).

Based on the results presented above, it
can be argued that the concentration of Ca?*
cations affects the pH through the reaction of
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the poorly soluble CaCOz formation as a
factor that enhances the decomposition of
BCI by the H-mechanism.

With a significant decrease in the Ca?*
concentration as a result of Na-cationization
(hardness < 0.1 mmol/dm?3), the H-mechanism
of BCIl decomposition is significantly
weakened:

HCOs; + Ca?* 2 H"+ COz? + Ca’* 2
2 H"+ CaCOs (16)

The aqueous solution enters a new
equilibrium state with a higher pH due to the
reaction of BCIl decomposition by the OH-
mechanism, the intensity of which remains at
the same level.

5. Conclusions

The use of carbonic acid to explain the
processes with a change in pH in aqueous
solutions is irrational, and the observed
phenomena are logically considered using 2
reactions of bicarbonate ions’ decomposition
(and formation in the opposite direction) by
the H- or OH- mechanisms. For the reaction
by the OH-mechanism, the dissociation
constant has been derived from the first
imaginary dissociation constant of carbonic
acid. That is, the researchers experimentally
determined the proposed constant based on
the results of pH value, CO, and HCOs
concentrations, but calculated the imaginary
constant of “carbonic acid” from these values.

The mechanism of bicarbonate ions
decomposition based on two reactions has
been confirmed experimentally. An increase
in the pH of the mixture of CaCl, and
NaHCOs solutions (both with the same pH
and concentrations) indicates the formation of
CO2 and OH, while a decrease in the pH
indicates a reaction with the formation of H*
and COs®. At higher pH values, there is a
decrease in the pH of the mixture relative to
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the initial solutions, and at lower pH values,
there is an increase in the pH. The change in
the decomposition mechanism of bicarbonate
ions depends on hardness and alkalinity, and
the pH of this change decreases from softened
water (pH 8.30) to seawater (pH 7.5).

The reason for the pH increase after
filtration on the cationic resin in Na* form is
the decrease of HCO3z™ decomposition degree
by H-mechanism and, as a consequence, the
decrease of H* and COs? ions concentration
in filtered water. A significant decrease in
Ca?* concentration is the main reason for the
observed phenomenon, as it leads to a
decrease in the driving force of poorly soluble
calcium carbonate formation.
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MEXAHI3M PO3KJAJAHHSI TA KOHCTAHTH IUCOLIA LT
I'JIPOKAPBOHATHUX IOHIB

Konyesoii C. 4.
! Hanionanphuit Texniunmit ynisepcuter Ykpainu "Kuischkuil momitexHiunuii iHCTUTYT iMeHi

Iropst Cikopcbkoro”, Ykpaina, serkonl57@ukr.net

3acmocyeanns 6yeineHoOi Kuciomu Ons NOACHEeHHs npoyecie 3i 3minoio pH y 600nHux posuunax
HEepPayioHanbHO, OCKINbKU Y KUCIOMA HIKOIU He OY1a GUSGNEeHA eKCNEPUMEHMANbHO 34 36UYALIHUX YMO8
(memnepamypa i muck). Ilpononyemuvcs posensioamu maxi A6uwa 3a OONOMOo2010 080X 0OOPOMHUX Pearyill
posknadannst ionie HCOs™ 3 ymeopennsm OH™ abo H*. Iipyea peaxyis (H-mexanizm) 0obpe sidoma sk ocHosa
Opyeoi koncmanmu oucoyiayii «gyeinbroi xkucromu». Jnsa nepwoi peaxyii (OH-mexanizm) ¢opmyny 6yno
ompumano 3 nepwoi yaeHoi Kowcmawmu miei  camoi xuciomu. Tobmo pawiwe  OOCHIOHUKU
EeKCNEePUMEHMANLHO QUHAYUNU 3ANPONOHOBAHY KOHCWAHMY HA OCHO8I pe3ynomamis eusnauenuss pH,
xonyenmpayiu COz i HCOs', aze pospaxysanu yasuy koncmanmy 3 yux sHavens. [lpuuuna niosuwenns pH
nicast (pinompayii na xamionniti cmoni y Na* gopmi (0ns 60oonposionoi 6oou y Kuesi 3nauenns pH
smintoemocst 6i0 1,4 00 7,9) eusnauaemvcs Ha 0cHo8l mako2o nioxody: ye ocirabaenns posxiadanus HCOgz
s3a H-mexanizsmom i, sk HACHiOOK, 3HudicenHs konyewmpayii ionie H™ y pinemposaniti 600i. 3naune
suuscenns konyenmpayii Ca?* (6i0 5,0 0o 0,05 mmonslom®) € ocnoenoro npuuunoio yvo2o A6UWaA, OCKITLKU
npu3800umb 00 3MEHWIeHHs pPYWItiHOI cunu ymeopeuus Kapbonamy Kanvyito. Excnepumenmanvro
niOMEepONCeHO MeXAHiZM PO3KIAAOAHHA OIKapOOHamHux I0Hi6@ Ha 0cHO8i 060x peaxyiu. lliosuwenns pH
cymiwi pozuunie CaCl, i NaHCO;3 (06uosa 3 oonaxosumu pH i konyenmpayisimu) ceiouumes npo ymeopens
OH" i COy, a snuscenns pH ceiouums npo peaxyito 3 ymeopennam H* i COs%. 3mina mexanizmy oucoyiayii
HCOs™ zaneacums 6i0 meepoocmi ma nyaxcnocmi, a PH yiel sminu smenwyemocs 6io nom’ sxuenoi (pH 8,30)
00 mopcwvioi 6oou (pH 7,5).

Knrouoei cnosa: euseoenns xoncmanmu, oucoyiayis Oikapbonamuux iomie, 3mina pH, kapbonosa
KUCIOMA, MeXaHizm oucoyiayii, ysi6HA KOHCMAHmMa
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