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Abstract—The results of analysis of available experimental data on the pressure dependence of temperature

of nonequilibrium boiling of rapidly heated aqueous solutions of hydroperoxide are used to determine the

pressure(P)–temperature(T)–concentration(x) correlation. This correlation is obtained for a solution under

conditions of phase equilibrium (saturation surface in three-dimensional space of variables P, T, and x) in a

wide range of states, including the critical line. The obtained surface is used to calculate the equilibrium com-

position of gas over the solution as a function of x and T by solving the Duhem equation. 

INTRODUCTION 

A concentrated aqueous solution of hydroperoxide

is regarded as a promising component for two-propel-

lant pulsed detonation jet engines (PDE) [1, 2]. The

intrachamber mixing of liquid jets of standard avia-

tion fuel and aqueous solution of hydroperoxide

makes it possible to significantly reduce the energy of

initiation of detonation in a PDE [3]. An adequate

concentration of vapors of fuel and hydroperoxide

must be provided in the PDE chamber for reliable in-

itiation of detonation in a multicomponent two-phase

mixture. While quite a few data are available (see, for

example, [4]) for the pressure of vapors of individual

hydrocarbons on the saturation line, hardly any ther-

modynamic data are available for the saturation line of

hydroperoxide and its aqueous solutions. 

Unlike numerous other solutions, for which tabular

or graphic data are available on the dependence of

pressure on isotherms or of temperature on isobars on

the concentration of solution in a wide range of tem-

peratures and pressures, the data for aqueous solutions

of hydroperoxide are limited to temperatures t ≤

≤ 105 °C [5]. This is associated with the rapid disinte-

gration of hydroperoxide and explosion hazard of its

solutions at high temperatures. In the case of shortage

or absence of direct results on the thermodynamic

properties of aqueous solutions of hydroperoxide at

high temperatures, any indirect results are important

which may be used to obtain necessary information

with the aid of thermodynamic or kinetic transforma-

tions. 

In this respect, experiments in explosive boiling of

water and aqueous solutions of hydroperoxide appear

to be of interest [6, 7]. In these experiments, the tem-

perature of superheated liquid at the instant of boiling

and the frequency of emergence of vapor bubbles

depending on the degree of superheating were meas-

ured at a preassigned pressure of gas (argon) over the

liquid. Superheated states of liquid were obtained by

rapid pulsed electric heating of a platinum wire

immersed in the liquid being investigated. The wire

temperature was determined by its electric resistance.

The boiling temperature of liquid in contact with the

wire surface corresponded to the temperature at which

a perturbation of its monotonic increase was observed.

In experiments with pure water under conditions of

rapid heating of wire (the time of heating to the boil-

ing point was varied from 10 to 1000 μs), the observed

boiling temperature Tb(P) at different preassigned val-

ues of pressure P was higher than the temperature of

boiling under equilibrium conditions, i.e., than the

temperature on the saturation line Teq(P). 

We use the results of measurements of Tb(P) to cal-

culate the dependences of pressure and equilibrium

composition of vapor over an aqueous solution of

hydroperoxide. The first one of these dependences

was obtained in a wide temperature range including

the neighborhood of the critical line, and that for the
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equilibrium composition of vapor was obtained at

temperatures up to 250 °C. 
In our study (Sections 1–3), the data of [7] on the

superheating of pure water and aqueous solution of

hydroperoxide are analyzed, and the degree of super-

heating of pure hydroperoxide as a function of pres-

sure is estimated. This analysis results in determining

the approximate correlation of temperature, pressure,

and concentration of the solution on the saturation sur-

face (this latter term is used by analogy with the “liq-

uid-vapor” saturation line for single-component sys-

tems). This correlation of three thermodynamic varia-

bles is expressed in relation to temperature (Section 2)

and pressure (Section 3). Section 4 gives the formula

and results of calculations for the critical line of aque-

ous solutions of hydroperoxide. The saturation sur-

face (Section 5) represented in the form of concentra-

tion dependence of saturating pressure on isotherms is

used to find the equilibrium composition of vapor

over the aqueous solution of hydroperoxide by way of

integration of the Duhem equation. The calculation

of the composition of vapor at temperatures above

250 °C is discussed in Section 6. 

1. DEGREE OF SUPERHEATING OF PURE 

WATER AS A FUNCTION OF PRESSURE 

In order to calculate the difference Tb(P) – Teq(P),

the function Teq(P) was determined using two-param-

eter approximation [8], 

 (1) 

which is highly accurate at relatively high pressures

(for water at P > 0.2 atm), including the critical point.

Relation (1) differs from other approximations of the

T(P) line, which are known for a number of systems

and contain a large number of parameters, by its sim-

plicity and by the existence of a similarly simple ana-

lytical inverse function, 

.  (2) 

Another known simple exponential approximation

P = Cexp(–D/RT) in the region of relatively high pres-

sures, including the critical point, produces results

which are much less accurate compared to Eq. (2). 

Relation (1) was initially derived for water [9]

using the Clausius–Clapeyron equation and experi-

mental data on specific energies and phase volumes

on the line of water–vapor equilibrium. It was later

found that this relation is valid with high accuracy for

other liquid–vapor systems [10], including saturated

hydrocarbons from methane to eicosane (C20H42).

The physical meaning of relation (1) with the expo-

nent of eight was treated in [10]. Following are the

values of parameters α and A necessary for further
analysis. For water, 

,  (3) 

and for hydroperoxide, 

.  (4) 

The parameters αw and Aw for water were deter-

mined previously [8, 9] using thermodynamic tables

[10] (see [8, 9] for details regarding the approxima-

tion). The values of αH and AH for hydroperoxide

were obtained by the method of nonlinear regression

(Mathcad 6.0 PLUS) for eight points on the P(T) line.

The function P(T) was approximated by the known

relation [5] 

 (5) 

with a uniform temperature step of 40 K from 423 K

to 703 K (i.e., in the pressure range from ~1 to

~162 atm). The error (|ΔP|/P) of approximation by

Eq. (2) of the reference data for water at pressures

from ~0.0028Pc to the critical pressure Pc is compara-

ble to the error of the reference data proper and

amounts, as a rule, to hundredths or tenths of a per-

cent. Relation (2) agrees with approximation (5) with

approximately the same accuracy. In calculating the

difference Tb(P) – Teq(P), we used the data on Tb(P)

[7] obtained under conditions of rapid heating, i.e., at

values of the time of heating close to the minimal val-

ues from the range identified above (10 to 1000 μs). In
this case, the variation of the concentration of solution

of hydroperoxide in the process of heating may be

ignored. 

One can see in Table 1 that the difference Tb(P) –

– Teq(P), i.e., the degree of superheating, depends on

pressure and decreases with increasing pressure. 

Teq P( ) α Z A+[ ]8 ,  Z P/P0( )1/8 ,≡=

P0 1 atm,=

P T( ) T/α( )1 8/ A–[ ]8 ,  atm=

αw 3.4679 10 7–×  K,   Aw 12.45751= =

1
The values of α

w
 and A

w
 given here differ somewhat from

those obtained in [8] (α
w
 = 3.3564×10

–7
 K and A

w
 = 12.5085),

which is associated with the different units of measurement of

pressure in formula (1) compared to [8] where the pressure was in

kg/cm
2
. 

αH 3.7642 10 7–×  K,   AH 12.5302= =

P  (mm)log 44.5760 4025.3/T  ––=

– 12.996 T 0.0046055T+log
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2. DEGREE OF SUPERHEATING OF PURE 

HYDROPEROXIDE. CALCULATION

OF DEPENDENCE T(x
m
, P) ON THE 

SATURATION SURFACE 

Within the error of measurement, the isobaric

dependences of the temperature of boiling of solution

Tb(xm, P) on its mass concentration xm, including the

extreme point xm = 0 (pure water), are close to straight

lines (see Fig. 1). These lines may be extrapolated

within ~1–5 K from the last experimental point of

concentrated solution (the mass and molar concentra-

tions at this point xm and x are equal to 0.9 and 0.827,

respectively) to the point xm = x = 1. 

The points in Fig. 1 correspond to the data of [7] at

a heating rate at which the time from the beginning of

heating to the instant of boiling amounts to 15 μs.
Zero and negative gradients ∂T/∂x in Fig. 1 are appar-
ently associated with the systematic errors of experi-

ment [7]. However, it is possible that the kinks on the

lines in Fig. 1 are defined by real effects. More

detailed experimental investigations are required for

clearing up this question. In the absence of relevant

data, a linear approximation appears to be a permissi-

ble and most natural approximation. The extrapola-

tion results are given in the second column of Table 2.

Their comparison with the respective values of tem-

perature on the saturation line Teq(P) for pure

hydroperoxide (see the third and fourth columns in

Table 2) leads one to conclude that the T(P) distribu-

Table 1. Comparison of temperatures Tb(P) and Teq(P) for

water 

No. P, MPa Tb(P), K [7] Teq(P), K Tb(P) – Teq(P), K

1 2.6 588 499.6 88

2 3.8 598 520.8 77

3 5.0 599 537.3 62

4 6.2 603 551.0 52

5 7.5 607 563.7 43

6 8.7 610 574.0 36

7 9.9 613 583.3 30

8 11.1 615 591.7 23

9 12.4 618 600.0 18

10 13.6 622 607.2 15

11 14.8 625 613.9 11

12 16 629 620.2 8.8

13 17.3 632 626.6 5.4

14 18.5 636 632.2 3.8

15 19.7 640 637.6 2.4

16 20.9 645 642.7 2.3

17 21.5 647 645.1 1.9

18 22.0 649 647.14 1.86

Table 2. Comparison of temperatures Tb(P) and Teq(P) for

hydroperoxide 

No. P, MPa Tb(P), K Teq(P), K Tb(P) – Teq(P), K

1 2.6 657.5 565.2 92.3

2 3.8 668.5 589.2 79.3

3 5.0 677 607.8 69.2

4 6.2 682.5 623.2 59.3

5 7.5 684 637.5 46.5

6 8.7 686 649.0 37

7 9.9 688 659.4 28.6

8 11.1 690.5 668.9 21.6

9 12.4 694 678.4 15.6

10 13.6 697 686.4 10.6

11 14.8 700 693.9 6.1

12 16 704 701.0 3

13 17.3 712 708.2 3.8

14 18.5 717 714.5 2.5

15 19.7 722 720.5 1.5

16 20.9 727.5 726.2 1.3

17 21.5 730.3 729.0 1.3

18 22.7 733.5 730.19 3.2
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Fig. 1. Isobars for aqueous solutions of hydroper-
oxide [7]. The number of curve corresponds to the
number of line in Table 2. 
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tions are qualitatively similar to the behavior of the

function T(P) for water (see Table 1). 

The approximate linear dependence of isobars

Tb(xm, P) may be represented in the form 

, (6)

where Tb(0, P) ≡ Tb(P) for water and Tb(1, P) ≡ Tb(P)

for hydroperoxide. 

Comparison of the data on Tb(P) – Teq(P) in Tables

1 and 2 reveals that the degrees of superheating of

water and hydroperoxide on each isobar (i.e., at equal

pressures) may be taken to be the same within the

experimental error (see also Fig. 2). This fact, together

with the observed monotonic or nearly monotonic

dependence of the temperature of boiling of solution

Tb(x, P) on the molar concentration x (Fig. 1), leads

one to assume that the boiling of solution in [7] for all

concentrations occurs in the superheated state, and the

degree of superheating Tb(x, P) – Teq(x, P) is inde-

pendent or almost independent of x. This assumption

makes it possible to determine the phase equilibrium

temperature Teq(x, P) on the plane of variables xm and

P as the difference between known quantities 

,  (7) 

when 

.  (8) 

In accordance with Eq. (8), we have identically 

.  (9) 

We express the terms on the right-hand side of

Eq. (7) in the form of (6) and (8) to derive 

. (10) 

Here, 

, 

and Teq, w(P) and Teq, H(P) denote the temperature on

the saturation lines for water and hydroperoxide,

respectively, determined by formulas (1), (3), and (4).

In what follows, the temperature is used only as a

parameter of equilibrium solutions (with equilibrium

rather than superheated state of liquid). Therefore, the

subscript “eq” with temperature will be omitted. We

substitute expressions (1), (3), and (4) into (10) to

derive the equation which relates the temperature of

equilibrium boiling T(xm, P), the mass concentration

of hydroperoxide xm, and the pressure, 

,  (11)

.

Figure 3 gives examples of isobars calculated by

formula (11). 

Tb xm P,( ) 1 xm–( )Tb 0 P,( ) xmTb 1 P,( )+=

0 5 10 15 20 25
P,�atm

20

40

60

80

100

Tb�–�Teq,�K

1

2

Fig. 2. The degrees of superheating for (1) water
and (2) hydroperoxide in experiments [7]. 

Teq xm P,( ) Tb xm P,( ) ΔT P( )–=

ΔT P( ) Tb 0 P,( ) Teq 0 P,( )  =–=

= Tb 1 P,( ) Teq 1 P,( )–

ΔT P( ) 1 xm–( ) Tb 0 P,( ) Teq 0 P,( )–[ ]  +=

+ xm Tb 1 P,( ) Teq 1 P,( )–[ ]

Teq xm P,( ) 1 xm–( )Teq 0 P,( ) xmTeq 1 P,( )+=

Teq 0 P,( ) Teq w, P( )≡ ,   Teq 1 P,( ) Teq H, P( )≡

T xm P,( ) 3.4679 10 7–× Z 12.4575+[ ]8 1 xm–( )  +=

+ 3.7642 10 7–× Z 12.5302+[ ]8xm

Z P/P0( )1 8/ ,   P0≡ 1 atm=
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Fig. 3. Calculated isobars for aqueous solutions of
hydroperoxide. 
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3. CONCENTRATION DEPENDENCE

OF PRESSURE ON ISOTHERMS: 

CALCULATION RESULTS AND 

ANALYTICAL APPORXIMATION  

The correlation between three variables T, P, and

xm, defined by Eq. (11), may be treated as an implicit

transcendental dependence of pressure on temperature

and concentration of solution. Figures 4–7 give the

results of calculation of pressure on isotherms as a

function of the molar concentration of solution,

obtained by way of numerical solution of Eq. (11) and

transition from mass to molar concentration of solu-

tion. 

The isotherms given in Figs. 4–7 are approximated

with high accuracy by the following relations: 

,  (12)
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Fig. 4. Calculated dependences of pressure on
molar concentration of hydroperoxide in aqueous
solution on isotherm t = 200 °C. 
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Fig. 6. Calculated dependences of pressure on
molar concentration of hydroperoxide in aqueous
solution on isotherms t = 325, 350, and 370 °C. 
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Fig. 5. Calculated dependences of pressure on
molar concentration of hydroperoxide in aqueous
solution on isotherms t = 250 and 300 °C. 
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Fig. 7. Calculated dependences of pressure on
molar concentration of hydroperoxide in aqueous
solution on different isotherms. 

P x( ) 2.0419 5.16891
x

0.20106
-------------------–⎝ ⎠

⎛ ⎞ +exp+=

+ 8.03636
x

0.71524
-------------------–⎝ ⎠

⎛ ⎞exp  at  t1 200°C=
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,  (13) 

, (14)

, (15)

. (16) 

The accuracy of approximations (12)–(16) is illus-

trated in Table 3 using approximation (12) as an exam-

ple. 

4. CRITICAL LINE 

In addition to measuring the boiling temperature

Tb(xm, P), Nikitin et al. [7] obtained data on the con-

centration dependence of critical temperature and

pressure. Because of absolute instability of superheat-

ed liquid in the neighborhood of the critical point and,

accordingly, of almost instantaneous phase relaxation,

the obtained results apply directly to thermodynami-

cally equilibrium (non-superheated) states. Nikitin

et al. [7] note that the critical temperature is measured

with a lower error than the pressure. The dependence

of critical temperature on mass concentration of

hydroperoxide in solution Tc(xm) given in [7] is

approximated by a straight line, 

P x( ) 10.42579 28.29054
x

0.37625
-------------------–⎝ ⎠

⎛ ⎞exp+=

at  t2 250°C=

Table 3. Accuracy of approximation (12) for isotherm t = t1 = 200 °C 

x 0 0.05556 0.11688 0.18493 0.26087 0.34615 0.44262 0.55263 0.67925 0.82653 1

P(x), 

atm (11)
15.254 13.39 11.75 10.31 9.042 7.925 6.943 6.080 5.321 4.654 4.069

P(x), 

atm (12)
15.247 13.399 11.757 10.308 9.034 7.919 6.942 6.084 5.327 4.657 4.063

|δP(x)|/

/P(x),%
0.05 0.07 0.06 0.02 0.09 0.08 0.01 0.07 0.1 0.06 0.1

P x( ) 18.67143 18.7893
x

0.19134
-------------------–⎝ ⎠

⎛ ⎞ +exp+=

+ 47.35864
x

0.66065
-------------------–⎝ ⎠

⎛ ⎞exp  at  t3 300°C=

0 0.2 0.4 0.6 0.8 1.0
x

214

215

216

217

Pc, atm

Fig. 8. Calculated dependence of critical pressure
in a water–hydroperoxide system on molar con-
centration of hydroperoxide in aqueous solution. 

P x( ) 40.18836 33.92112
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0.19585
-------------------–⎝ ⎠

⎛ ⎞ +exp+=

+ 89.59737
x

0.68441
-------------------–⎝ ⎠

⎛ ⎞exp  at  t4 350°C=

P x( ) 52.86407 41.88883
x

0.1973
----------------–⎝ ⎠

⎛ ⎞ +exp+=

+ 112.65555
x

0.69219
-------------------–⎝ ⎠

⎛ ⎞exp  at  t5 370°C=
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Fig. 9. Calculated critical line for a water–hy-
droperoxide system. Dashed line 1 corresponds to
the critical point for water, and line 2 – to critical
point for hydroperoxide. 
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.  (17) 

The set of equations (11) and (17) with substitution

of T = Tc(xm) in (11) defines implicitly the concentra-

tion dependence of critical pressure Pc(xm). Figures 8

and 9 give the results of numerical solution of this set

of equations in the P–xm and P–T coordinates. Fol-

lowing is an analytical approximation of these results, 

Pc = 217.10279 – 2.81814x + 0.35008x
2
, 0 ≤ x ≤ 1,

Pc = 260.37706 – 0.09978Tc + 5.08604 × 10
–5

,

647.14 ≤ Tc ≤ 730.19 K, 

where Pc is in atm, and Tc is in K. 

5. DETERMINATION OF EQUILIBRIUM 

COMPOSITION OF GAS OVER LIQUID 

SOLUTION FOR GIVEN EQUILIBRIUM 

DEPENDENCE P(X, T) 

For relatively low temperatures t ≤ (200–250) °C,
the gas phase over an aqueous solution of hydroperox-

ide may be approximately treated as ideal gas. At

t > 200 °C, the correction for nonideality of gas to
pressure on the saturation line for water increases rap-

idly. For example, at t = 210 °C, this correction is 9%,

and at t = 250 °C – 20%. Because the critical temper-

ature for hydroperoxide is much higher than that for

water (by approximately 83 K), the respective correc-

tion for hydroperoxide is somewhat smaller. In the

ideal gas approximation, one can use the Dalton law

and calculate the composition of the gas phase using

the obtained equilibrium dependence P(x, t) without

previously calculating the activity coefficient. For this

purpose, we will write the Duhem equation [11–13], 

,  (18) 

in which x and y are molar fractions of one and the

same component in solution and in gas phase, respec-

tively. 

Note that the thermodynamic Duhem equation (18)

is applied to an equilibrium rather than metastable

system using the equilibrium dependence P(x, T).

This property of the dependence P(x, T) follows from

the fact that this dependence is calculated by solving

Eq. (11). If the pressure on the isotherm is known and

has the form P(y), the Duhem equation (18) reduces to

an algebraic or transcendental equation which relates

the concentrations of y and x on the isotherm. Howev-

er, the pressure is usually measured in experiments as

a function of the composition of solution, i.e., of x.

The foregoing equation (11) and formulas (12)–(16)

likewise define the pressure as a function of x. In this

case, we replace an independent variable to derive

a first-order ordinary differential equation from

Eq. (18), 

 (19) 

The sought integral curve y = y(x) is defined by

Eq. (19) and by preassignment of the coordinates of

some single point (x0, y0) on this curve. Such a point

may be any of two points at the ends of segment 0 ≤
≤ x ≤ 1, where the concentrations of one of the com-

ponents in solution and gas are zero. In so doing, the

right-hand part of Eq. (19) will contain an uncertainty

of the form 0/0 and, therefore, the boundary points are

singular points of Eq. (19). Prior to numerical integra-

tion of the equation, it is necessary to clear up the pat-

tern of these singular points. It is known (see, for

example, [14]) that the point x = 0, y = 0 in Eq. (19) is

a node if z(0, T) < 0, and a saddle singular point if

z(0, T) > 0. 

We apply Eq. (19) to an aqueous solution of

hydroperoxide and take into account the foregoing

notation for the concentration of components in the

liquid and gas phases (x, y for hydroperoxide and X, Y

for water) to represent Eq. (19) in the form 

 (20) 

In aqueous solutions of hydroperoxide, the pres-

sure on isotherms decreases with increasing x and,

accordingly, increases with increasing X. In particular,

the following inequalities are valid: 

.  (21) 

One can see from Eqs. (21) and from the inequali-

ties given above for singular points that the point x =

= 0, y = 0 is a node, and the point X = 0, Y = 0 corre-

sponding to nonaqueous hydroperoxide is a saddle

singular point. Hence follows that numerical integra-

tion of Eq. (20) must be performed from the point X =

= 0, Y = 0. The sought integral curve is one of two sep-

aratrices of the saddle singular point, the tangent to

which at this point satisfies the equation 

.  (22). 

At X << 1, this separatrix coincides with tangent

(22) within Ο(X
2
). The tangent equation (22) is a con-

crete expression of the Henry law, which corresponds

Tc xm( ) 648 78.9xm ,  K+=

Tc
2

d P/dyln y x–( )/ y 1 y–( )[ ]=

dy/dx y 1 y–( )/ y x–( )z x T,( ) ,=

z x T,( ) ∂ P/∂xln( )T  .≡

dY/dX Y 1 Y–( )/ Y X–( )Z X T,( )= ,

Z X T,( ) z x T,( )– ∂ P/∂Xln( )T  .≡ ≡

z 0 T,( ) 0,   Z 0 T,( ) 0><

Y k2X ,   k2 1 Z 0 T,( )+≡=
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to the preassigned value Z(0, T) of the isothermal pres-

sure gradient. 

The entire integral curve of Eq. (20) is represented

as 

Y(X) = (1 + Z(0, T))X,  0 ≤ X ≤ X1, 

Y(X) = Yint(X),  X1 < X ≤ 1, 

where X1 is any sufficiently low value of X (for exam-

ple, 0.001), and Yint(X) is the result of numerical inte-

gration of Eq. (20) with the initial data X = X1, Y =

= (1 + Z(0, T))X1. The solid curves in Figs. 10–14 rep-

resent the results of calculation of the function Y(X) on

isotherms. Section 6 gives the results of analysis of the

dependences given in Figs. 12–14. 

In the method being treated, the activity coeffi-

cients are not required for determining the composi-

tion of gas. However, they may be of interest in com-

paring the results of calculation of equilibrium com-

position of vapors over solution by different methods.

After calculation of the function Y(X), the activity

coefficient γi may be calculated by the formula 

yi = γiPi(T)xi/P. 

Here, i = 1, 2 denotes the component numbers,

x1 = X, y1 = Y(X), x2 = 1 – x1, y2 = 1 – Y1, Pi(T) denotes

pressures on the saturation line for components (see

Eqs. (2)–(4)), and P is the total pressure. The values of

γi = 1 correspond to the ideal solution approximation. 

6. CALCULATION OF THE COMPOSITION 

OF WATER–HYDROPEROXIDE TWO-PHASE 

MIXTURE AT TEMPERATURES T > 250 °C 

As was noted above, Eq. (19) and the equivalent

equation (20) were derived in the ideal gas approxi-

mation; as a result, Eqs. (19) may be solved in the

water–hydroperoxide system only for temperatures

t ≤ 250 °C. Formally, solutions of Eqs. (19) exist at

higher temperatures as well (and, accordingly, high

pressures) up to critical states; however, the error of

thermodynamic parameters in this region is not known

and may be high. This, in particular, is true of the

results given in Figs. 12–14. They are a far extrapola-

tion of low-temperature approximation to high tem-

peratures and pressures. It will be interesting to com-

pare these data with the results of more correct calcu-

lations performed in view of thermodynamic proper-

ties of dense gases and their mixtures.

At high temperatures (t > 250 °C) and, accordingly,
higher pressures and densities of gas, including the

neighborhood of the critical line, the function P(x, T)

may be used for determining the equilibrium compo-

sition of gas over solution at preassigned temperature

and composition of solution. For this purpose one

more equation is required, because the Dalton law of

partial pressures is invalid for a dense mixture of gas-
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Fig. 10. Calculated dependence of molar concen-
tration of hydroperoxide in the gas phase on its
molar concentration in aqueous solution on iso-
therm t = 200 °C. Curve 1 corresponds to solution
of Duhem equation (20), and curve 2 – to ideal
solution approximation. 
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Fig. 11. Calculated dependence of molar concen-
tration of hydroperoxide in the gas phase on its
molar concentration in aqueous solution on iso-
therm t = 250 °C; (1, 2) as in Fig. 10. 
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es; consequently, the Duhem equation (19) is invalid.

The missing equation may be provided by the Gibbs–

Duhem equation [12, 13] which will be represented

for the gas phase as 

.  (23) 

Here, μ1 and μ2 are the chemical potentials of com-

ponents in the gas phase, which should be expressed

as functions of T, P, and y1. The general conditions of

phase equilibrium could have been used instead of the

function P(x, T) and Eq. (23), namely, the equality of

the chemical potentials of each component in liquid

solution and in gas phase, 

μl1 = μg1,  μl2 = μg2. 

For doing this, however, one needs to know the

dependence of chemical potentials of components on

T and P and on the composition of both the gas and

liquid phases. Such dependences for aqueous solu-

tions of hydroperoxide at high temperatures are not

known. Setting up the equations which define the

composition of solutions being treated presents an

independent problem falling outside of the scope of

this paper. It follows from the foregoing that the solu-

tion of this problem is simplified somewhat when the

obtained function P(x, T) is used, because this enables

one to do without the chemical potentials of the liquid

phase. The solution of this problem will be given in

the next paper. 

CONCLUSIONS 

The results of analysis of experimental data on the

boiling temperature of superheated aqueous solutions

of hydroperoxide have been used to obtain the

dependence of pressure of equilibrium saturated

vapors over solution on composition of solution and

temperature P(x, T) at high pressures, including the
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Fig. 12. Calculated dependence of molar concen-
tration of hydroperoxide in the gas phase on its
molar concentration in aqueous solution on iso-
therm t = 300 °C; (1, 2) as in Fig. 10. 
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Fig. 13. Calculated dependence of molar concen-
tration of hydroperoxide in the gas phase on its
molar concentration in aqueous solution on iso-
therm t = 350 °C; (1, 2) as in Fig. 10. 
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Fig. 14. Calculated dependence of molar concen-
tration of hydroperoxide in the gas phase on its
molar concentration in aqueous solution on iso-
therm t = 370 °C; (1, 2) as in Fig. 10. 
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critical line. In so doing, no assumptions were made of

the ideality of the gas phase such as equations of state

for gas components, the concept of partial pressures,

and the Dalton law on their sum. The obtained func-

tion P(x, T) was used to calculate the equilibrium

composition of vapor over solution as a function of x

and T by solving the Duhem equation at temperatures

up to 250 °C. At higher temperatures (t > 250 °C) and,
accordingly, higher pressures and densities of gas,

including the neighborhood of the critical line, one

can use P(x, T) for determining the equilibrium com-

position of vapor over solution at preassigned temper-

ature and composition of solution given the chemical

potential of components of the gas phase as a function

of T, P, and composition of the gas phase. 
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