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Abstract: We are devoted to the physical analysis of the habitat area of warm-blooded organisms – 

humans and many mammals. For this purpose, the establishment of equilibrium distribution of carbon 

dioxide in aqueous solutions of salts in contact with atmospheric air starting from some time is 

investigated. More precisely, the relaxation time of carbon dioxide, as a function of temperature and 

pH, is investigated. It is found that the pH-relaxation time τS is a very nontrivial function of temperature, 

pH values, and NaCl salt concentration. It was assumed that the minimum value of pH relaxation time 

corresponds to the optimal rate of physical processes in living matter. Using this selection principle 

and our experimental data, we have shown that the optimal temperature for human and mammalian 

life activity is close to To ≈ 37 °C. The lower and upper temperature limits for their possible activity 

are close to Tl ≈ 30 °C and Tu ≈ 42 °C, respectively. The optimal value of pHo, determined by the same 

selection principle, also becomes true if supplemented by the influence of albumin and other proteins. 

Keywords: aqueous solutions; sodium chloride; carbon dioxide; pH; relaxation time; characteristic 

temperatures 
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1. Introduction 

Why is this question formulated and within what framework will we attempt to answer it? Here, 

we will proceed with the basic assumption that modern life evolved from primitive forms that appeared 

in the primary ocean (see [1]). We take into account that the basic parameters of vital functions for 

humans and mammals are reduced to the lower and upper temperature, limiting their fields of activity, 

the optimum temperature of vital functions, as well as the permissible values of pH [2–5]. It should be 

noted here that temperature is a characteristic of a general type, while pH is a more subtle characteristic 

reflecting the more essential features of living matter [6–10]. We suggest that these parameters of life 

activity are determined by the most characteristic properties of water-salt solutions, i.e., the primary 

life forms were adapted to the primary solution in the ocean and did not change significantly during 

subsequent evolution. Our attempt is not a single one (see [11–14]). The main shortcoming of our 

attempts is the usage of indirect methods, such as the behavior of the shear viscosity [11], the 

temperature dependence of the heat capacity [12], the peculiarities of the mean-square displacement 

for biomolecules [11,14] and so on. 

To achieve our goal, we study the temporal evolution of the pH for aqueous salt solutions in 

contact with atmospheric gases, including carbon dioxide, as a function of temperature and 

concentration for the salt NaCl. The main focus is to determine the characteristic time τS (T, pH), during 

which the equilibrium value of pH is established in the solution after its preparation. Similar processes 

take place in the blood plasma during the transport of oxygen and carbon dioxide. 

In this regard, we assume that the optimal value of τS (T, pH) is defined as the minimum value for 

τS (T, pH), considered as a function of temperature and the irreducible pH part. We will consider the 

values of To and pHo corresponding to this optimum as parameters of optimal life activity. The values 

of temperatures Tl and Tu limiting the vitality interval will be regarded as those within which τS (T, pH) 

has a fine structure. Here, the fine structure of τS (T, pH) is related to the influence of salts, as the 

electric fields of cations and anions stimulate changes in pH and τS (T, pH) (see [15]). 

Accordingly, in this paper, we plan to: 1) present the results of τS (T, pH) as a function of 

temperature and salt concentration; 2) construct τS (T, pH) as a function of temperature and pH; 3) 

determine the optimal values of To and pHo leading to the minimum value of τS; 4) discuss the results 

obtained and the relationship to those observed for humans and mammals. The importance of the 

similarity law for curves corresponding to different salts concentrations is discussed separately. 

2. Materials and methods 

Freshly prepared distilled water of purity class 2 (according to ISO 3696 standard [16]) obtained 

from the Adrona Crystal EX Double Flow water purification system (Adrona SIA, Latvia) was used. 

A 0.9 wt.% aqueous sodium chloride solution (saline) for infusions of pharmaceutical quality (Darnitsa, 

Ukraine) was used as an initial solution. Solutions were prepared gravimetrically using Radwag AS 

220.R2 scales (Radwag, Poland) with an error of ± 0.1 mg. Total relative error of mass measurement 

did not exceed 0.05 %. Ultrathermostat UTU-10 (Krakow, Poland) with error ± 0.1 K was used as a 

thermostat. For the salt concentration, we use the value ζ determined by the number of water molecules 

Nw per one salt ion NS, i.e.: 
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Sw NN /= . (1) 

Experimental pH measurements were performed in the temperature range (294 – 323) K for 

solutions with sodium chloride concentration ζ = (180, 215, 270, 360, 540, 675, 900, 1620). 

pH was measured according to IUPAC recommendations [17,18] using an AZ Bench Top Water 

Quality Meter 86505 (AZ Instrument Corp., Taiwan) with a thermosensitive probe. The total relative 

error of the pH measurement was determined to be 0.5 % [19,20]. Before measurements, the pH meter 

was calibrated with standard buffer solutions with pH 4.00 and pH 7.00 at 25.0 °C. 

To measure the time dependence of pH, 30 cm3 solutions were prepared at room temperature and 

stirred with a magnetic stirrer. Then, the solutions were placed in identical measuring vessels, and the 

samples were placed in a thermostat for 30 minutes until the first (zero time) measurement, when the 

solution was in contact with atmospheric air. The contact of aqueous sodium chloride solution with 

atmospheric carbon dioxide occurred through the free surface of the solution, which was the same in 

all measurements and was 8.14 cm2. 

We then analyze the sources of errors in measuring the pH. It was shown in [19] that the absolute 

error of pH measurements using a pH meter with two-point calibration (with automatic temperature 

compensation and a combined glass electrode) cannot be better than ± 0.02 units of pH. The main 

problem in calculating the error of instrumental pH measurements is the residual liquid transition 

potential, as well as the following causes: asymmetry potential, mixing effects, memory effects, 

temperature effects (e.g., temperature gradients over the electrode), membrane clogging, electrical 

noise (cable shielding), cross-contamination and carbonate exchange (in alkaline calibration buffers) 

[19,20]. In [21], it is shown that taking into account all the above uncertainty factors when measuring 

the pH in water and dilute aqueous solutions in the pH range (3.5–7.5) leads to the value of the absolute 

error of measurement ± (0.10–0.14) pH units. It was shown in [22] that the purity of the used reagents 

and knowledge of the exact concentration of the solutions have a significant influence on the pH 

determination of a solution by means of instrumental measurements. The latter cause accounts for 30% 

of the relative error in measuring the pH of an aqueous NaCl solution [22]. 

It should be emphasized that pH measurements of high-purity water are usually unstable and can 

be inaccurate due to its low ionic strength and low buffer capacity [23]. In other words, difficulties in 

pH measuring are due to the high resistivity of the solution and the unstable operation of the pH meter 

measuring electrodes [16,24]. The pH of freshly produced high-purity water can range from pH 5.0 to 

8.0 and decrease rapidly after dispensing from the water treatment system. Therefore, pH is not 

considered an indicator of high-purity water quality [16]. Nevertheless, this circumstance does not 

contradict the purpose of the study, because we are not interested in the exact pH values of the solutions, 

but in the trend of the pH of the solutions over time. 

3. Time evolution of the pH of aqueous sodium chloride solutions 

Our experiments were performed at the natural pressure of atmospheric air. Nevertheless, we 

briefly discuss the experiments with the controlled gas composition. In works [25,26], it was shown 

that, in aqueous NaCl solutions saturated with carbon dioxide, pH value decreases with the growth of 

the NaCl concentration, provided that the temperature and the partial pressure of carbon dioxide remain 

constant. In work [27], a decrease of pH was observed in aqueous NaCl solutions saturated with carbon 
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dioxide, when the temperature grew, but the salt concentration remained constant. However, theoretical 

calculations in works [28,29] predicted a slight reduction of pH in aqueous NaCl solutions saturated 

with carbon dioxide: by approximately 0.01 pH unit as compared with pure water. As a result, a 

confusion, as if the addition of salt has almost no effect on the pH value. The contradiction between 

the experimental data and the results of theoretical calculations requires more thorough systematic 

research. 

The character of the temporal evolution of the pH depending on the salt concentration, expressed 

in the number ζ of water molecules per cation (the corresponding molar concentration of salt is equal 

to xS = 1/(1+ζ) [15]), is shown in Figure 1. 

With satisfactory accuracy experimental data are fitted by the expression:  
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Figure 1. The temporal dependence of the pH at the temperature 35 °С for concentrations 

ζ = 180, 215, 270 and 360. 

The initial and equilibrium values of the pH are connected between by the relation: 

)()()0( ATpHpH eq += . (3) 

It is accepted that the equilibrium values of the pH depend only of the temperature according to: 

bTatpHeq −=)( , (4) 

where the coefficients: a = 5.97, b = 0.015, correspond to those presented in paper [15], T is 

temperature in degrees Celsius. 
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Figure 2. Temperature dependences of the relaxation time τS (T, ζ) for different salt 

concentrations: ζ = (180, 215, 270, 360). The values of the pH in initial and final 

(equilibrium) positions (the lasts are taken in brackets) are given on isothermes near the 

intersection points. 

3.1. Temperature dependence of τS (T, ζ) 

In this subsection, we closely examine the temperature dependences of the relaxation time τS (T, 

ζ) for different salt concentrations [15,30], and we also indicate the pH values at the points 

corresponding to the intersections of the sixth vertical lines (isotherms) with the curves τS (T, ζ) (Figure 

2). 

Thus, the intersection point, determined by coordinates (T = 35 °C, ζ = 180), corresponds to the 

relaxation curve, having the initial value pH (0) 6.68 and the final one pH (tF) 5.82. The values of pH 

on isothermes are in fact the irreducible parts of pH that do not reduce due to temperature. 

We will now discuss the basic properties of the temperature dependences for τS(T, ζ):1) τS(T, ζ)-

profile for pure water is characterized by the strongest changes in the relaxation time from the 

monotonic temperature dependence. It seems natural that τS (T, ζ) should decrease with temperature. 

As can be seen, the most significant deviation from the monotonic behavior is observed in the interval 

((30÷45) °C); 2) an addition of NaCl salt in amounts close to the human blood plasma (ζ = (180, 215, 

270, 360)) leads to the appearance of the fine structure: 1) the left oscillation is formed in the interval: 

(20÷35) °C and 2) the right, more asymmetric, is formed in the interval: (35 ÷ 42) °C. The minimum 

values of τS (T, ζ) are observed at Tl = 30 °C, referring to the left oscillation, and at To = 37 °C and Tu 

= 42 °C, referring to the right oscillation. It is immediately suggested here that 1) (Tl, Tu) form the limit 

temperatures for the human and many mammalian life interval and 2) To is the optimum temperature 

for human and many mammalian life intervals. These results will be discussed further in the next 

subsection; 3) on each isotherm, the value of τS (T, ζ) is a non-monotonic function of pH (ζ). To explain 

this effect, it should be taken into account that the dissociation energy for water molecules surrounding 

cations is markedly less compared to the energy characteristic of pure water. 
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Figure 3. pH as a function of the salt concentration at several temperatures. 

The corresponding effect for anions is noticeably smaller because the radii of the cations are 

smaller. 

3.2. Reducible and irreducible parts of the pH 

The pH values for ζ = 1620 are actually the same as in pure water. Thus, the difference: 

)1620,(),(),( =−=  TpHTpHTpH irr , (5) 

allows us to isolate the irreducible part pHirr (T, ζ) of the pH at each isotherm. A decrease in ζ leads to 

an increase in the hydrogen density, i.e., an increase in |pHirr (T, ζ)|. In order of magnitude |pHirr (T,ζ)| 

~ 1. The behavior of pHirr (T, ζ) versus concentration ζ is presented in Figure 4. 

 

Figure 4. The irreducible part pHirr(T, ζ) for aqueous NaCl solutions as a function of 

concentration at several temperatures. 
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Considering pH(T, ζ) as a superposition: 

),(),(),(  TpHTpHTpH irrred += , (6) 

for the concentration dependence of pHred(T, ζ) at the same temperatures we obtain (Figure 5): 

),(),(),(  TpHTpHTpH irrred −= . (7) 

The temperature dependences of pHred(T, ζ) and pHirr(T, ζ) at fixed concentrations are more 

informative in many relations (Figure 6). Here, we want to focus our attention on the interconnection 

of pHirr(T, ζ) with physiological peculiarities of the life activity of human and mammals. 

 

Figure 5. The concentration dependency of pHred (T, ζ) for aqueous NaCl solutions at 

corresponding temperatures. 

As we see from our analysis: 1) the temperatures dependences of pHred(T, ζ) are close to rectilinear 

ones similarly to that as it has a place for pure water. It testifies about their similar physical nature, 

generated by binary high-energetic collisions [15]; 2) the temperature dependences of pHirr(T, ζ) are 

more complicated, they disintegrate in two series: a) 300,180 **    and b) 900*    

having different structure of curves. The minimal values of pHirr(T, ζ) curves from the first series are 

observed near Tu ≈ 42°C, which according to [12,14,30] can be interpreted as the upper limit for 

temperatures of the life activity for human and mammals. 

It is verified, that the values of pHirr(T, ζ) averaged on temperature, satisfy the equation:  

....,4417,178...,//),( 21

2

21 ++  Tirr TpH . (8) 

that leads to the asymptotic behavior: 
0),( →TpH irr   at →  . These facts support our 

conclusion about different physical nature of pHred(T, ζ) and pHirr(T, ζ). 
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Figure 6. Temperatures dependency of pHred(T, ζ) (а) and pHirr(T, ζ) (b) for aqueous NaCl 

solutions at the following concentration of salt: =  180 ( ), 215 ( ), 270 ( ), 360 ( ), 

540 ( ), 675 ( ), 900 ( ). The degrees of fitting R2 by linear functions are given in Figure 

6(а). 

3.3. Dependence of τS on pH 

The relaxation times considered as functions of pH are shown in Figure 7. All curves have similar 

behavior, with rather sharp maxima, offset relative to each other, and asymmetrical details on them. 

The absolute minimum is observed at point ζ = 180, pH 6.35, and it connects with the corresponding 

maximum and takes the value τS(pH) ≈ 25 min at point To = 37 °C. The minimum value of τS on the 

same curve as ζ = 180, but to the right of the maximum, is observed at Tl ≈ 32 °C. If the temperature 

becomes greater than To = 37 °C, the relaxation time increases smoothly. On the contrary, if the 

temperature decreases relative to the optimum, the relaxation time increases. This means that to the 

left and to the right of the optimum point the behavior of living organisms is markedly different. 
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Figure 7. The relaxation time τS versus pH. 

It is very important to note here that the minimum value of the relaxation time for carbon 

monoxide corresponds to the maximum rate of physiological processes in living matter. This fact is 

directly proved in [31], where the transport of oxygen by human blood is studied. 

3.4. The principle of selection of optimal physiological states 

We have established the existence of a close relationship between the characteristic points for the 

relaxation time τS (T, pH) in water-salt solutions and important physiological parameters of humans 

and mammals. This fact gives us grounds to formulate the principle of selection of optimal 

physiological states: the rate of transport processes in blood vessels should correspond to the minimum 

value of relaxation time for non-equilibrium states generated by oxygen and carbonic acid subsystems 

and considered as functions of temperature and pH. 

Our major results were obtained when analyzing the relaxation time associated with the uptake 

of atmospheric gases, including carbon dioxide, i.e., the latter is an indicator of important physiological 

processes. From this point of view, it is very important to interpret the maxima observed in Figure 2 

and Figure 4. The maximum observed at point (T = 35 °C, ζ = 180) in Figure 2 indicates that even a 

small deviation from the optimal temperature To ≈ 37 °C leads to a significant change in the rate of 

physiological processes. Furthermore, the maximum at (T = 40 °C, ζ = 180) is relatively small, and 

therefore such a state for living matter is not categorically forbidden. There are animals and birds with 

Tu ≈ (45 ÷ 47) °C [32,33]. 

It is desirable to complement the analysis of the relaxation time for carbon dioxide adoption with 

other methods that allow a better understanding of the specifics of characteristic temperatures and pH 

values. For example, a study of incoherent neutron scattering in water [34–36] shows that the character 

of thermal motion in water changes radically at Tu ≈ 42 °C. The crystal-like character of thermal motion 

inherent in water for T < Tu changes to argon-like for higher temperatures [11,13,14,37,38]. Such a 

conclusion can also be drawn from considering of the dipole relaxation time [39,40]. With good 

accuracy, the corresponding relaxation process changes its character at Td ≈ Tu. Extreme properties of 
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oxygen transport in blood vessels are discussed in detail in [31]. 

4. The demonstration of the similarity principle in the behavior of the relaxation time 

depending on the salt concentration 

It follows from Figure 2 that the different curves resemble each other. This circumstance becomes 

more natural if we go to the dimensionless relaxation time of the type: 
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S  (9) 

where ),(lim)( 


TT Sw
→

=  is the relaxation time for pure water. Formula (9), as follows from Figure 8, 

is particularly good for ζ = (180, 215, 270, 360) and 30 °C < T < 42 °C. 

 

Figure 8. The dimensionless relaxation time ),(~  T  as a function of temperature for ζ = 

(180, 215, 270, 360). 

Rewriting (9) in the form: 

),(~)(),(~)(),( 0
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x
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we see that the relaxation time is proportional to only one simple multiplier, which has no universal 

character. 

5. Conclusions 

To investigate the physical nature of parameters characteristic of living matter–optimal 

temperature and lower and upper temperatures for the life interval–we have considered the relaxation 
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time of the pH parameter in water-salt solutions in contact with atmospheric carbon dioxide. 

1. We have shown that all characteristic temperatures correspond to the minimum value of the 

relaxation time considered as a function of temperature and pH. 

2. The relaxation time is proportional to the product of two universal functions. The coefficient of 

proportionality ζ 0/ζ is inversely proportional to the molar concentration of the salt. 

3. The values of characteristic temperatures: Tl ≈ 30 °C, To ≈ 37 °C and Tu ≈ 42 °C for humans and 

many mammals agree well with experimental data. Close values of Tl, Tu and To were also obtained 

in [12,14], but using less direct reasoning. The pH values, in particular pH0 6.35, are smaller than 

the pH0 7.35 value characteristic of humans [41–43]. This deviation is due to the additional 

influence of albumin and other proteins in the blood [38]. In the present work, it is shown that pH 

is temperature dependent and pH 7.35 exactly at To ≈ 37 °C.  
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