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REDUCIBLE AND IRREDUCIBLE
COMPONENTS OF THE pH VALUE IN DILUTE
AQUEOUS SOLUTIONS OF SODIUM CHLORIDE

Main attention is paid to the definition of the reducible and irreducible components of pH
i aqueous salt solutions and to the determination of their temperature and concentration
dependences. It is shown that the temperature dependence of the reducible pH component in
dilute aqueous solutions of sodium chloride has a linear character and differs from that in
pure water only by the value of its slope, which increases, as the salt concentration grows. At
the same time, the temperature dependence of the irreducible pH component is non-monotonic
and has a minimum at the temperature that is optimal for the human and mammalian life
activities (36.6 °C). The existence of a characteristic salt concentration dividing the family
of the temperature dependences of pH into two subfamilies with different behaviors of their
temperature dependences has been established.
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1. Introduction

The role of pH in the human or mammalian life has
been known for long [1, 2]. However, the question
“Why does this occur?” still remains unanswered. In
our recent work [3], we posed and answered the ques-
tion about a close connection between the boundaries
of the life activity for humans and many mammals
and the corresponding pH values of their blood.

In work [4], it was proved that the relaxation time
7(pH, T) of non-equilibrium pH values acquires the
minimum values at the temperature and pH values
belonging to the vital activity region, i.e., the corre-
sponding rates of biophysical processes substantially
exceed their rates in any other (pH,T') region. The
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points (pHg,Tp) where 7(pH,T') is minimum coin-
cide with the corresponding optimal temperatures for
the human or mammalian vital activity. Based on the
above considerations, it was found that T, = 36.6 °C,
T, = (30 £2) °C, and T,, = 42 °C, where the sub-
scripts “0”, “I” , and “u” denote the optimal tempera-
ture of the pH relaxation time and the extreme of
lower and upper points of the vital activity inter-
val, respectively. The pH values at the optimal point
were expectedly found to be somewhat lower than the
experimental ones, because the influence of macro-
molecules, such as albumin, on the pH value was not
taken into consideration.

In this paper, we continue the study of the pH
value. More specifically, we determine the reducible
and irreducible pH components and analyze their de-
pendence on the temperature and the salt concen-
tration in aqueous sodium chloride (NaCl) solutions.
The main focus is concentrated on the salt concentra-
tions that are close to those in human blood plasma.
It will be proved that the temperature dependence of
the irreducible pH component is characterized by a
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point in a vicinity of which the pH value has a lo-
cal minimum, and which coincides with the optimal
temperature for the human life activity.

2. Experimental Part

In our studies, we used freshly distilled water of purity
class II according to DSTU ISO 3696 :2003. It was
obtained using an Adrona Crystal EX Double Flow
water purification system (Adrona SIA, Latvia). The
0.9 wt% aqueous NaCl solution of pharmaceutical
grade for infusions (Darnytsya, Ukraine) was used as
the primary one.

Experimental pH measurements were carried out
in a temperature interval of (294+323) K and for
the NaCl solution concentrations corresponding to
¢ = (180+1620), where ¢ is the number of water
molecules per salt ion. The indicated (-values corre-
spond to conventional solution concentrations w =
= (0.9+0.1) wt%. It is easy to see that ¢ and the con-
centration w are related by the relation ¢ = (1—w)/w.

The solutions were prepared gravimetrically using
a Radwag AS 220.R2 balance (Radwag, Poland). The
total relative error of mass measurements did not
exceed 0.05%. The temperature was controlled by
means of an ultra-thermostat UTU-10 (Krakow,
Poland) to within an error of 0.1 K.

The pH value was measured in accordance with
the TUPAC recommendations [5, 6] on an AZ Bench
Top Water Quality Meter 86505 (AZ Instrument
Corp., Taiwan) equipped with a temperature-sensi-
tive probe. The total relative error of pH measure-
ments was 0.5% |7, 8]. Before the measurements, the
pH meter was calibrated using reference buffer so-
lutions with pH 4.00 and 7.00 at a temperature
of 298 K.

The same temperature stabilization and measure-
ment conditions were provided for all examined so-
lutions. The peculiarities of the method used when
measuring the pH in NaCl solutions contacting with
atmospheric carbon dioxide were described in detail
in works [3,4].

In work [7], it was shown that the absolute er-
ror of pH measurements using a pH meter with two-
point calibration, automatic temperature compensa-
tion, and a combined glass electrode cannot be bet-
ter than £0.02. The main problem arising when cal-
culating the uncertainty of instrumental pH mea-
surements are the residual liquid junction potential
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and the following phenomena: asymmetry potentials,
mixing effects, memory effects, temperature effects
(e.g., temperature gradients above the electrode), di-
aphragm clogging, electrical noise (cable shielding),
cross-contamination, and carbonate exchange (in al-
kaline calibration buffers) [7, 8]. In work [9], it was
shown that if all the above-mentioned uncertainty
factors are taken into account when measuring the
pH value in water and dilute aqueous solutions in a
pH interval of 3.5-7.5, the absolute pH measurement
error reaches a value of +(0.10+-0.14).

In work [10], it was shown that the purity of ap-
plied reagents and the knowledge of exact solution
concentrations have a significant impact on the de-
termination of the solution pH via instrumental mea-
surements.

3. Reducible and Irreducible
Contributions to the pH of Aqueous
NaCl Solutions

In general, pH values are governed by both the tem-
perature effects and the presence of salt. The thermal
motion of molecules obeys the Maxwell distribution,
which guarantees the existence of such binary colli-
sions that can destroy the integrity of at least one
molecule and release a cation HT,

H>O + H,0O (—>H20+H+ + OH™. (1)

Note that the mechanism of binary collisions between
water molecules, as was shown in work [4], leads to
the following contribution to the pH value:

pH=-Ig cﬁ, (2)
where

ot = 2 [3Tp (_3TD> 3)

vV o P

2T
is the concentration of hydrogen cations, and Tp
is the effective dissociation temperature of water
molecules in the aqueous medium. It is easy to see
that

1. T, 3T T
pH(T) = pH(Ty,)—= g for 07D (1 — t) lge, (4)

2 T 2T, T
where
2 1. 3Tp 3Tp
H(T,)=-1g — — = lg — lg e. 5
pH(T%:) g = 18 o T 18e (5)
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As one can see from Fig. 1, the pH values calcu-
lated for water at the fixed dissociation temperature
Tp = 2400 K using formula (4) correlate quite satis-
factorily within the measurement error with the ex-
perimental data obtained in a temperature interval of
(273+333) K.

In order to put the calculated and experimental pH
values in agreement for water in the whole tempera-
ture interval, where the liquid phase exists, it is nec-
essary to introduce a weak temperature dependence
of Tp. Such an introduction finds its natural expla-
nation in the framework of the approach presented
in work [4]. When salts are added to water, water
molecules dissociate with the formation of hydrate
shells around them [12,13]. As a result,

e substantial electric fields of cations and anions
reduce the dissociation threshold T (¢) in the binary
collision model [4];

e a mechanism of additional dissociation due to
considerable fluctuations in the intensity of electric
fields inside the instantaneous hydrate shell becomes
activated.

Accordingly, in the first case, the temperature de-
pendence of the corresponding contribution to the pH
is linear in the temperature,

PH,ea (T, ¢) = PH(T(C), O) + A(Q) [T = T (O] + .,
(6)
as it occurs for water,

pH, (T) = pH,(T.) + Ay (T —T\) + ... (7)

Here, T.(() is a calibration point, like T,, = T, (¢ —
— o0) = 25 °C for water. The reducible pH compo-
nent must satisfy the following properties:

Cli>nolo pHred (T7 C) = pr (T)a (8)
Cle A(C) = Ay, (9)

lim T(¢) = T,.

(—o0

(10)

The pH contributions of the second type differ from
the first-case contributions by their concentration de-
pendence. In particular, at {( — oo,
(—o0
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Fig. 1. Temperature dependence of pH for water: diamonds
denote experimental values [11] and the solid curve was plotted
according to formula (4) with Tp = 2400 K
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Fig. 2. Concentration dependences of the irreducible pH com-

ponent pH;, (7, ¢) at various temperatures for aqueous solu-
tions of sodium chloride

From Eq. (11), it follows that, at relatively low salt
concentrations,

pHirr(T7 C) ~ %1 + ...

The concentration dependence of pH;, (7, ¢) was cal-
culated using the formula

pHirr(T7 <) = pH(T> C) - pH(Ta CO)a

where pH(T, () are the experimental pH values ob-
tained in works [3, 4], and ¢ is the number of wa-
ter molecules per NaCl ion. It was assumed that the
pH values for the salt solution at the concentration
Co = 1620 and pure water are practically identi-
cal. The behavior of pH;,(T,() as a function of the
concentration is shown in Fig. 2.
Assuming that, in general, pH(T, () is the sum

pH(T7 C) = pHred (T7 C) + pHirr (T7 C)’ (14)
179
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Fig. 3. Concentration dependences of the reducible pH com-
ponent pHyeq(7T,¢) at various temperatures for aqueous solu-
tions of sodium chloride
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Fig. 4. Temperature dependences of pHyeq(7,¢) (a) and
pHir (T, ¢) (b) for aqueous NaCl solutions with various salt
concentrations ¢ = 180 (¢), 215 (M), 270 (A), 360 (e), 540 (0),
675 (O), and 900 (o).
the linear approximations of pHyeq (7, ¢) are shown in panel a

The determination coefficients R? for

we obtain the following formula for the concentration
dependence of pHeq(T, () (Fig. 3):

pHred (T7 C) = pH(T7 C) - pHirr(T7 C)

In many respects, the temperature dependences of
the pHyea(T,¢) and pHi,(T,¢) values for aqueous

180

(15)

NaCl solutions at fixed concentrations are more infor-
mative (Fig. 4). As one can see from Fig. 1, the be-
havior of the temperature dependence of pH,ea(T', ()
is close to linear. This fact confirms our expectation
that pHyeq (T, ) values are governed by binary colli-
sions, but with a lower dissociation temperature. The
different character of the temperature dependence of
pHi (T, ¢) testifies to a deeper relation between the
irreducible pH component and the peculiarities in the
behavior of living organisms.

Let us additionally illustrate the sense of the divi-
sion of a physical quantity into the reducible and irre-
ducible components using the polarizability of the ni-
trogen molecule N5 as an example. The polarizability
an, of the nitrogen molecule is often approximated
by the expression

QN, & QN + ON. (16)
Approximation (16) can be made accurate, if we add
a contribution da(r12) that arises owing to the inter-
action between the nitrogen atoms and depends on
the distance r15 between them,

aN, = aN + aN + 50((7”12), (17)
where the term da(r12) — 0 at ri2 — oo. In this
connection, it is common to call the quantity ay, =
= 2an the reducible component of the polarizabil-
ity an,, and the additional contribution da(ris) the
irreducible component of ax;,.

4. Important Features in the Temperature
Dependences of pH,eq(T,¢) and pH;.. (T, ¢)
for Aqueous NaCl Solutions

In this section, our attention will be focused on the
following issues:

¢ the temperature dependence of the slope of the
lines approximating the concentration behavior of
pHred (T7 C)a

e the concentration dependence of calibration
points;

® a relation between the temperature dependence
of pH;;+(7,¢) and the physiological features of the
human and mammalian life activities.

The concentration dependence of the coefficient
A(¢) = d(pHyea)/dT, which describes the slope of
the lines pHyeq (7T, ¢) and which was determined from
the experimental data depicted in Fig. 4, is shown in
Fig. 5. Note that it was additionally assumed that the

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 3



Reducible and Irreducible Components of the pH Value

temperature dependence of the tangent of the slope
A(¢) changes more substantially than the calibration
temperature does. From the analysis of Fig. 4, a, it
follows that if pH,eq (7, () is approximated by linear
dependences, the value of the determination coefhi-
cient R? decreases, as ( increases.

The numerical values of A(¢) for NaCl solutions
with various values of ¢ and the corresponding value
for pure water, A,, = A(¢ — o0), are compared in Ta-
ble 1 and Fig. 5. As one can see, the limiting formula
(9) is satisfied, but the limit value A,, is approached
slowly.

From the analysis of Fig. 4, it follows that the lim-
iting relation (11) is also fulfilled satisfactorily. It is
easy to verify that the temperature-averaged values
of pH;,(T,¢) from Fig. 4 satisfy the equation

(18)

where (; &~ 178 and (; = 4417 (Fig. 6), for each
analyzed concentration, as it should be in accordance
with Eq. (12).

At the same time, another circumstance is more
important. Namely, the curves pH;.(7,() can be
grouped into two subfamilies with different curve
structures: for 180 < ¢ < (. and (. < ¢ < 900,
where (. =~ 300. The minimum values of the curves
pHi (7', ¢) from the first subfamily are observed just
in a vicinity of the temperature T, = 42 °C, which,
according to work [3], has the meaning of an upper
limit for the temperature interval of the human and
mammalian vital activities.

On the other hand, the minimum values of
pHi (T, ¢) for the curves from the second subfam-

Concentration dependence
of the slope of the straight lines
PH;ea (T, ¢) for aqueous NaCl solutions
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180 -0.043
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Fig. 5. Concentration dependence A(¢) for aqueous NaCl
solutions
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Fig. 6. Temperature dependences of pH,eq(7T,¢) for aque-
ous NaCl solutions with various salt concentrations ¢ = 180(4),
215 (W), 270 (A), 360 (e), 540 (0), 675 (O), and 900 (o). Solid
curves correspond to the corresponding curves in Fig. 4, b;
dashed linear dependences were plotted according to Eq. (18)

ily are observed at the points 7™ ~ 30 °C and
Tmin ~ 37 °C corresponding to the lower limit of
the life activity interval and the optimal temperature
of the human and mammalian life activities, respec-
tively [14-24].

5. Conclusions

The pH value for dilute aqueous solutions of sodium
chloride is a sum of two components: reducible and ir-
reducible. The reducible component depends linearly
on the temperature and, therefore, cannot be respon-
sible for the specific details of the human and mam-
malian life activities. Therefore, the main parameters
of the latter have to be characterized by the irre-
ducible pH component, which is an order of magni-
tude smaller than the reducible component.
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The minimum points in the curves of the irredu-
cible pH component for aqueous sodium chloride so-
lutions are directly related to the temperatures that
can be interpreted as the lower (7] = 30 °C) and up-
per (T, ~ 42 °C) limits of the temperature interval
of the human and mammalian life activities. At the
same time, the minimum in a vicinity of the tem-
perature T, ~ 37 °C can be interpreted as the opti-
mal temperature for the vital activity of humans and
mammals.

The proportionality between the irreducible pH
component value and the sodium chloride concentra-
tion may testify that minor pH changes are associated
with corresponding changes in the salt composition of
blood plasma that affect the state of human organism.

Since the reducible and irreducible pH components
behave themselves differently, of particular impor-
tance becomes the issue concerning the conforma-
tional modifications of albumin [25] and other pro-
teins, which depend on the pH value. The addition of
proteins will change, first of all, the reducible pH com-
ponent, and the conformational modification of albu-
min will be primarily induced by the electric fields
of hydrogen cations, which, surely, will directly affect
the irreducible pH component as well.

We sincerely thank our colleague Dr. Anatoliy Fi-
senko, Canada, for stimulating and supporting our
research on the physical nature of pH value in human
or mammalian blood plasma.
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JI.LA. Byaasin, M.I1. Manromyorc, O.B. Xopoavcokut

3BIJIHA TA HE3BIAHA YACTUHUI
BOAHEBOI'O ITOKABHUKA pH PO3BABJIEHUX
BOJHNX PO3YMHIB XJIOPUY HATPIIO

OcHoBHa yBara B CTaTTi NPUIIISIETHCS O3HAYEHHIO 3BiITHOT
Ta HE3BIIHOI CKJIaJIOBUX BOJHEBOrO Iokasuuka pH Ta Bu3na-

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 3

YEeHHIO IX TeMIIepaTyPHUX i KOHIIEHTPAIIHHUX 3aJI€e2KHOCTER Yy
BOZ[HO-COJILOBUX po3umHax. [lokazano, mo B po36aBiIeHUX BO-
JHUX PO3YMHAX XJIOPHUIY HATPIIO0 TeMIepaTypHa 3ajIeKHiCTb
3BigHOI ckitazioBol pH mae JiniitHMIT XapakTep, M0 BiJpi3Hsie-
ThCS BiJ] aHAJIOTIYHOI 3aJIE2KHOCTI y BO/II TIIBKM HAaXHUJIOM JIi-
Hill TeMneparypHol 3ajexkHocti pH, sikmit 3pocrae 3i 3pocra-
HHaAM KoHIeHTpawil cosi. Hessigna ckimanoBa pH € memono-
TOHHOIO 3a TEMIIEPATYPOIO i IpuiiMae MiHiMaJIbHe 3HAYEHHS 3a
OITUMAJILHOI TEMIIEPATYPH KUTTE I ATBHOCT] JIIOJIMHU 1 CCABIiB
(36,6 °C). BecranossieHo icHyBaHHSI XapaKTE€PHOI KOHIIGHTPAIL]
coJii, sIKa IMOJiJisie CIMENCTBO TeMIepaTypHUX 3aJjiexkHocTeil pH
Ha JABI IijicucTeMu 3 Pi3HMMH XapaKTepaMu 3aJIe2KHOCTI BiJ
TeMIIEpaTyPH.

Katowoei cao6a: BOGHUI PO3YNH, XJIOPHU/, HATPIIO, BOJHE-
BUIl IOKA3HUK, 3Bi/lHA YacTUHA, HE3Bi/IHA YaCTUHA.
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