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INTRODUCTION

Recently, wastewater purification, especially in
megalopolises and cities with developed industrial
infrastructure, became a problem of considerable cur�
rent interest [1]. Industrial wastewater frequently con�
tains a large amount of harmful pollutants, which exert
an extremely negative influence on the ecological state
of the environment. In particular, industrial sewage
from plants related to the use or thermal processing of
hydrocarbon materials contain large amounts of toxic
cyclic and aromatic compounds [2, 3]. The use of
supercritical water oxidation (SCWO) for the treat�
ment of this sewage is one of the most promising puri�
fication methods.

An analysis of published data makes it possible to
conclude that the SCWO method can currently pre�
tend to the highest ecological and economic efficiency
[4, 5]. Furthermore, it is multipurpose to ensure the
complete single�stage oxidation of organic matter to
harmless products and to separate inorganic com�

pounds as gases or solid phases from solution without
the danger of environmental pollution.

The SCWO process consists in the processing (in
the flow regime) of the aqueous mixtures of organic
and inorganic compounds, which contain harmful
and toxic pollutants, with supercritical water in an
excess of air (or oxygen) at temperatures of 400–
650°С and pressures of 200–300 atm. At high temper�
atures and pressures, which are higher than critical
values (Тcr = 647.1 K; Рcr = 22.06 MPa), water turns
into a special supercritical state, a so�called fourth
phase (in addition to the well�known solid, liquid, and
vapor phases), or, in other words, it becomes fluid. In
this range of pressures and temperatures, the physico�
chemical properties of water radically change: its den�
sity is lower than that in a liquid state, the viscosity is
the same as that in gas, and the diffusion coefficient
occupies an intermediate position between its values in
liquid and gaseous states.

Supercritical water possesses unlimited thermody�
namic compatibility with organic compounds and
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oxygen. In a supercritical state, the rate of diffusion of
these compounds grows and the oxidizing ability of
water sharply increases. It is very important that the
coefficient of dissolution of gases and organic mixtures
in supercritical water increases to almost 100%,
whereas inorganic mixtures become almost insoluble.
Supercritical water is completely miscible with organic
compounds, air, and gaseous reaction products. In the
supercritical water, organic toxicants can be oxidized
by atmospheric oxygen to the simplest products such
as СО2 and N2, etc.

The ability of supercritical water to dissolve organic
matter and oxygen and to essentially change its density
and activity with changes in the pressure and temper�
ature without disrupting its homogeneity is responsi�
ble for its high technological effectiveness for the par�
tial oxidation of complex organic compounds and the
separation of inorganic substances. Thus, the SCWO
process consists in the transformation of organic and
inorganic compounds into simpler useful and ecolog�
ically harmless substances. For all of the tested toxic
substances, the degree of their conversion into the sim�
plest products resulting from this oxidation exceeds
99.99%, which is substantially higher than the corre�
sponding characteristic of toxic waste incineration
processes.

Studies on the application of the SCWO method
have been very actively performed in the recent
decades both abroad, for example, in the United
States (Foster Wheeler Development Corporation and
General Atomics) and Japan (Mitsubishi Heavy
Industries, Ltd. and ORGANO), and in Russia; note
fundamental [4, 6–13] and applied [14–20] studies.
As a result, data were acquired to confirm the techno�
logical possibility of processing different forms of
industrial effluents by this method [14–16, 18]. These
data formed a basis for engineering technological cal�
culations in this research area.

The implementation of the SCWO technology for
the destruction of industrial effluents and other wastes
is hindered by a number of factors, for example, by the
corrosive action of an aggressive medium on the reac�
tor material. At the temperatures and pressures
required for the SCWO technology, the reactor mate�
rials are subjected to intense corrosion. The manufac�
ture of reactors from refractory titanium alloys and
bimetals based on chromium–nickel alloys plated by
tantalum is an essential obstacle for the commercial�
ization of this technology because of the high cost of
the materials and their limited service life.

CALCULATION OF THE PROCESS 
PARAMETERS OF THE SUPERCRITICAL 

WATER OXIDATION OF WATER–AROMATIC 
HYDROCARBON BINARY MIXTURES

Process automation, which ensures the stability of
multicomponent system homogeneity boundaries, is
an important condition for the practical application of

the SCWO method. In the development of technology,
it is necessary to determine the critical parameters of
the water oxidation of multicomponent systems in the
region of the steady SCWO process.

A special feature of supercritical fluids is a contin�
uous increase in their density (from gas to liquid�like
phase) without the appearance of heterogeneous liq�
uid–gas equilibriums as the pressure is increased. The
boundary of the existence of a cluster of the bound
molecules of the fluid is outlined by a critical iso�
therm, which coincides with a percolation threshold.
Previously, Rozen et al. [20] reported the basic theo�
retical calculations of the critical physicochemical
parameters of multicomponent systems with the use of
a cubic Soave equation of state for predicting the crit�
ical parameters of systems with an arbitrary number of
components. The calculations were carried out based
on the example of the supercritical water oxidation of
one of the most toxic pesticides, lindane, in an SCWO
reactor. In this work, we consider approaches to con�
ducting the calculations of SCWO process parameters
based on the example of the oxidation of aqueous
solutions of benzene, toluene, and phenol, which
belong to the most harmful and dangerous chemical
substances contained in the effluents of some indus�
trial enterprises.

The calculation procedure for reaction mixtures is
exemplified by the oxidation of 10% aqueous solutions
of benzene, toluene, and phenol. On the one hand,
they are extremely toxic materials (1st class of hazard);
on the other hand, they are capable of dissolving in
water in large amounts (from 5 to 70 g/L). In particu�
lar, phenol can be unlimitedly dissolved in water on
heating above 60°С.

At the first step, we calculated the necessary
amounts of fuel–water binary mixture components for
the preparation of a 10 vol % mixture (the initial mix�
ture of wastes for the processing is referred to as fuel for
the SCWO reactor). For the preparation of 1 L of a
binary mixture, 0.9 L of water and 0.1 L of fuel are
required. The weight of fuel for 1 L of the mixture was
calculated from the formula

mf = 0.1ρ, (1)

where mf is the fuel weight [kg], and ρ is the fuel den�
sity [kg/L]. Then, the number of moles and the mole
fraction of components in the binary mixture of water
with benzene/toluene/phenol, respectively, were calcu�
lated. Table 1 summarizes the results of the calculations.
From the calculations, it follows that the total concen�
tration of components in each of the three forms of the
above binary mixtures is 65.42/65.24/65.46 mol/L,
respectively.

Next, the critical point parameters of the binary
mixtures (Рcr. m, Тcr. m) were calculated according to the
principle of corresponding states from the formulas

(2)=∑cr m cr cr ,. i i

i

T y T
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(3)

where yi is the mole fraction of a component.
The calculation was performed based on the critical

parameters of individual substances given in Table 2.
From the obtained values of critical points, the coeffi�
cients a and b for the Redlich–Kwong equation were
calculated:

(4)

(5)

Table 3 summarizes the results of the calculations
Then, the amount of a binary mixture necessary for

the generation of the supercritical regime in the system
was calculated. The calculation was performed using
the biparametric Redlich–Kwong equation of state for
the mixture of components:

(6)
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where P is the pressure of a gas–vapor mixture [Pa], η
is the number of moles of components, T is tempera�
ture [K], V is the reactor volume [m3] (V = 0.027 m3),
a and b are coefficients in the equation of state (see
Table 3). Figure 1 shows the form of the function P =
f(η, T) for a water–phenol mixture obtained as a result
of the calculation of the critical parameters of the
reaction system.

At the next step, the fuel content of the reactor, a
minimum amount of oxygen required for the complete
oxidation of fuel, and the expected composition of
oxidation products were calculated. The calculation of
the required amount of oxygen was conducted based
on the assumption of the complete oxidation of
reagents using the formula

(7)

where  is the number of moles of oxygen, ηf is the
number of moles of fuel in the reactor, α is the number
of carbon atoms in the molecule of fuel, β is the num�
ber of hydrogen atoms in the molecule of fuel, and с is
the number of oxygen atoms in the molecule of fuel.
Table 4 summarizes the results of the calculations.

( )β
η = η α + −O f2

,
4 2

c

O2
η

Table 1. Amounts of components in 1 L of a binary mixture containing 10% aqueous solutions intended for oxidation by the
SCWO method

Substance Formula M, g/mol ρ, kg/L V, L m, kg
η,

number 
of moles

y,
mole fraction

Water H2O 18 1 0.9 0.9 64.29 0.983/0.986/0.982*

Benzene C6H6 78 0.879 0.1 0.088 1.13 0.017

Toluene C6H5CH3 92 0.87 0.1 0.087 0.946 0.014

Phenol C6H5OH 94 1.06 0.1 0.11 1.17 0.018

* The mole fraction of water is specified for a binary mixture of water with benzene/toluene/phenol, respectively.

Table 2. Critical parameters of the components participating in the SCWO reaction

Substance Formula M, g/mol  Tm, K Tb, K Tcr, K Pcr, MPa

Water H2O 18 273 373 646.9 22.06

Benzene C6H6 78 278.5 353 835 4.83

Toluene C6H5CH3 92 178 384 593 4.3

Phenol C6H6O 94 455.0 314 694.3 6.13

Table 3. Critical points of binary mixtures calculated from the Redlich–Kwong equation of state

Mixture y, mole fraction Tcr, K Pcr, MPa a b

Water/benzene 0.983/0.017 650 20 15.914 2.341 × 10–5

Water/toluene 0.986/0.014 645 19.1 16.346 2.433 × 10–5

Water/phenol 0.982/0.018 646 21 14.924 2.216 × 10–5
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It is reasonable to use an excess of oxygen for com�
plete oxidation. In the course of tests, we intended to
use twofold, sixfold, and tenfold excesses. In this case,
the products of ideal oxidation contain СО2, Н2О, and
О2, whose concentrations (mol/L) can be calculated
from the formulas

(8)

(9)

(10)
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Table 5 summarizes the results of the calculation of the
composition of SCWO products.

Then, we calculated the expected changes in the
pressure and temperature after the introduction of
oxygen. The temperature was calculated under the
assumption that the heat released in SCWO is entirely
consumed for the heating of the reaction mixture.
Therefore, the temperature was determined from the
equation

(11)

The temperature dependence of heat capacity
takes the form

Σ Σ= η ∫
m

0

( ) .

T

V V
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Fig. 1. Function P = f(η, T) obtained as a result of the calculations of the critical parameters of a water–phenol mixture using the
Redlich–Kwong equation of state.

Table 4. Volumes of binary mixtures and minimum oxygen contents necessary for the complete oxidation of reagents

Mixture Vm, L ηm, mol ηf, mol mf, kg  mol  L

Water/benzene 4.586 300 5.1 0.398 38.25 856.8

Water/toluene 3.2 209 2.93 0.270 26.37 591

Water/phenol 3.514 230 4.14 0.389 28.92 648

* Under normal conditions.

ηO2
, VO2

* ,

Table 5. Hypothetical composition of the SCWO reaction products of the water/aromatic hydrocarbon binary mixtures

Mixture
hf,

mol

Number of moles  /V (m3) 

with an excess of O2

Concentration of CO2/H2O/O2 (mol/L) 

with an excess of O2

×2 ×6 ×10 ×2 ×6 ×10

Water/benzene 5.11 46.5/1.714 191.25/4.28 382.5/8.568 1.33/11.846/1.417 1.33/11.846/7.083 1.33/11.846/12.75

Water/toluene 2.93 25.74/1.181 158.22/3.544 263.7/5.907 0.76/8.054/0.977 0.76/8.054/4.0883 0.76/8.054/8.79

Water/phenol 4.14 57.87/1.296 173.52/3.887 289.2/6.478 0.92/8.827/1.07 0.92/8.827/5.353 0.92/8.827/9.64

ηO2
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(12)

Table 6 summarizes the values of coefficients for
the calculation of the molar heat capacities of the
reaction products. Table 7 gives the initial data for the
calculation of maximum temperatures (total heat of
reaction QVΣ and the composition of SCWO products).

The integration of expression (11) gives the follow�
ing formula for determining the maximum tempera�
ture of SCWO reaction:

(13)

where QVΣ is the total heat of reaction (Table 7), ηΣ is
the number of moles of components in the mixture of
SCWO products, and aΣ, bΣ, and cΣ are coefficients in
Eq. (2) for a mixtures of gases calculated according to
the additivity principle:

(14)

The coefficients bΣ and cΣ are calculated analogously.
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Table 8 summarizes the mole fractions (yi) of the
SCWO products calculated from the formula

(15)

where ηi is the amount of a component of SCWO
products (mol) (Table 7), and ηΣ is the quantity of
SCWO products (mol). Table 9 summarizes the calcu�
lated coefficients aΣ, bΣ, and cΣ for the SCWO reaction
products.

The temperature of the SCWO reaction products
was determined from Eq. (13) based on the assump�
tion that the entire heat released in the course of reac�
tion was consumed for the heating of the reaction mass
(Fig. 2). Table 10 summarizes the results of the calcu�
lations.

The pressure of the SCWO reaction products was cal�
culated according to the Redlich–Kwong equation for
the mixture of components—Eq. (6). The coefficients of
the equation were calculated by formulas (2)–(5).

Tables 11 and 12 summarize the initial values of
critical parameters for these calculations and the
results of calculations, respectively. From the found
values from Tables 10 and 12, the pressures of the
SCWO reaction were calculated using the Redlich–
Kwong equation for the SCWO products (Table 13).

The calculated critical parameters of SCWO deter�
mine the values of control signals of the automatic
process control system. The data obtained can be used
for the development of an SCWO process and the
design of appropriate facilities for the destruction and
processing of a wide range of liquid wastes [21].

,i
iy

Σ

η
=
η

Table 6. Coefficients of Eq. (12) for the temperature depen�
dence of the heat capacity of the SCWO reaction products

Substance a b c

CO2 35.83 9.04 × 10–3 –8.53 × 105

H2O 21.69 10.71 × 10–3 0.33 × 105

O2 23.15 3.39 × 10–3 –3.77 × 105

Table 7. Initial data for the calculation of the maximum SCWO reaction temperatures

Mixture  MJ/mol ηf, mol QVΣ, MJ

Amounts of SCWO products: 
CO2/H2O/O2 in an excess of O2, mol

×2 ×6 ×10

Water/benzene 3.274 5.11 16.7 35.91/319.84/38.26 35.91/319.84/191 35.91/319.84/344

Water/toluene 3.923 2.93 11.5 20.52/217.5/26.4 20.52/217.5/110.4 20.52/217.5/237.3

Water/phenol 3.053 4.14 12.6 24.84/238.3/28.89 24.84/238.3/144.5 24.84/238.3/260.3

OVf
,

Table 8. Mole fractions (yi) of the SCWO products, calculated from Eq. (15)

Mixture
 in an excess of O2, mol

ηΣ, mol ×2 ηΣ, mol ×6 ηΣ, mol ×10

Water/benzene 394 0.09/0.81/0.1 547 0.07/0.58/0.35 700 0.05/0.46/0.49

Water/toluene 264.4 0.08/0.82/0.1 348.4 0.06/0.624/0.32 475.3 0.06/0.236/0.70

Water/phenol 292 0.09/0.82/0.1 407.6 0.06/0.584/0.35 520 0.05/0.5/0.55

yCO2
/yH2O/yO2
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ENVIRONMENTAL ASPECTS 
OF THE PROCESS

To analyze the environmental aspects of the studied
SCWO process, we estimated the toxicity of the initial
binary mixtures and processed SCWO reaction prod�
ucts. Biological testing methods were used for deter�
mining the toxicity of the test aqueous solutions. The
level of toxicity was determined based on a mortality
rate and fertility changes in Daphnia magna Straus, a
decrease in the number of cells of the green protococ�
cus alga Scenedesmus quadricauda (Turp.) Breb., and
with the use of lyophilized luminescent bacteria in the
Ekolyum test system in accordance with published
procedures [22–24].

The bioassays showed that the initial 10% aqueous
emulsions of benzene, toluene, and phenol required
more than 10000�fold dilution and belonged to hazard
class 1 (extremely hazardous) with respect to the nat�
ural environment. Table 14 and Figs. 3 and 4 summa�
rize the results of the biological testing. Figures 3 and
4 show the graphs of the dependence of the logarithms
of the dilution factors of the SCWO�converted liquid
products of the above emulsions on the probits of the
mortality rates of the test organisms Daphnia magna
Straus and Scenedesmus quadricauda. It was estab�
lished that the dilution of waste samples in ratios of
1 : 100, 1 : 1000, and 1 : 10000 did not exert a toxic
effect on the luminescent bacteria (the toxicity index T
was lower than 20). The safe dilution factors (SDFs) of
test objects were determined for 10 and 20% mortality
thresholds on exposures of 96 and 72 h, respectively.

The safe dilution factors SDF10–96 of 51.14 for ben�
zene, 48.70 for phenol, and 47.96 for toluene were cal�
culated for the test objects of the SCWO conversion
products of the initial emulsions (Table 14). These val�
ues correspond to hazard class 4 (slightly hazardous),
thus confirming a high degree of the ecological effi�
ciency of the process.

CONCLUSIONS

We calculated the critical and technical�engineer�
ing parameters of SCWO reaction based on an exam�
ple of the oxidation of the 10% aqueous solutions of
benzene, toluene, and phenol, which simulate the
samples of industrial effluents. We calculated the fuel
content of the reactor, the minimum amount of oxy�
gen required for the complete oxidation of fuel, and
the expected composition of oxidation products.

Table 10. Temperature of the SCWO reaction products calculated from Eq. (13)

Mixture QVΣ,  MJ
O2 excess

ηΣ, mol ×2 ηΣ, mol ×6 ηΣ, mol ×10

Water/benzene 41.65 394 1850 547 1602 700 1669

Water/toluene 45.9 264.4 1880 348.4 1665 475.3 1482

Water/phenol 34.44 292 1888 407.6 1618 520 1386

Table 9. Coefficients aΣ, bΣ, and cΣ for the SCWO reaction products

Mixture

O2 excess

×2 ×6 ×10

aΣ bΣ × 103 cΣ × 103 aΣ bΣ × 103 cΣ × 10–5 aΣ bΣ × 103 cΣ × 10–5

Water/benzene 23.109 9.828 –0.877 23.191 8.031 –1.725 23.112 7.04 –1.122

Water/toluene 22.967 9.844 –0.789 23.023 8.3 –1.201 23.566 5.457 –3.088

Water/phenol 23.325 9.935 –0.874 23.012 7.997 –1.654 25.369 7.672 –2.325

10
800 1400 2000 2400 3200

20

30

40

50
QV ∑, MJ

T, K

Fig. 2. Determination of the SCWO reaction temperature
for a water–benzene mixture with a twofold excess of O2
from Eq. (13).
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Table 11. Critical parameters of the SCWO reaction products

Substance Tcr, K Pcr, MPa

CO2 304 7.39

H2O 646.9 22.06

O2 154.6 5.08

Table 12. Coefficients of the Redlich–Kwong equation for the SCWO reaction products

Mixture

O2 excess

×2 ×6 ×10

Tcr, K Pcr, MPa a b × 105 Tcr, K Pcr, MPa a b × 105 Tcr, K Pcr, MPa a b × 105

Water/benzene 567 18.5 12.227 2.208 451 14.8 8.624 2.195 389 13.7 6.347 2.045

Water/toluene 570 18.8 12.192 2.184 471 15.5 9.178 2.189 280 9.9 3.196 2.037

Water/phenol 573 18.6 12.486 2.219 451 14.8 8.624 2.195 424 13.5 8.102 2.226

Table 13. Parameters of the Redlich–Kwong equation for the SCWO reaction of the test binary mixtures

Mixture

O2 excess

×2 ×6 ×10

ηΣ, mol T, K P, MPa ηΣ, mol T, K P, MPa ηΣ, mol T, K P, MPa

Water/benzene 394 1850 285 547 1602 425 700 1669 697

Water/toluene 264.4 1880 172 348.4 1665 220 475.3 1482 319

Water/phenol 292 1888 197 407.6 1618 267 520 1386 332

Table 14. Results of the biotesting of the initial 10% aqueous emulsions of benzene, toluene, phenol, and products of their pro�
cessing in the SCWO setup

Substance Sample

Test organism
Daphnia magna

Straus

Test organism
Scenedesmus
quadricauda

Ekolyum test system

Hazard class

SDF10–96* SDF20–72* safe dilution factor 
for luminescent bacteria

Benzene Initial 
emulsion

>10000 >10000 All dilutions Class 1 (extremely hazard�
ous, SDF > 10000)

Emulsion 
conversion 
products

51.14 39.65 1 : 100 Class 4 (slightly hazard�
ous, SDF < 100)

Toluene Initial 
emulsion

>10000 >10000 All dilutions Class 1 (extremely hazard�
ous, SDF > 10000)

Emulsion 
conversion 
products

47.96 37.93 1 : 100 Class 4 (slightly hazard�
ous, SDF < 100)

Phenol Initial 
emulsion

>10000 >10000 All dilutions Class 1 (extremely hazard�
ous, SDF > 10000)

Emulsion 
conversion 
products

48.70 24.92 1 : 100 Class 4 (slightly hazard�
ous, SDF < 100)

  * SDF10–96 is the safe dilution factor of aqueous extracts causing the death of no more than 10% of test organisms upon an exposure of 96 h.
** SDF20–72 is the safe dilution factor of aqueous extracts causing the death of no more than 20% of test organisms upon an exposure of 72 h.
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We calculated the expected changes in the pressure
and temperature after the introduction of oxygen. The
temperature was calculated under the assumption that
the heat released in SCWO is entirely consumed for
the heating of the reaction mixture.

The calculated data on the critical parameters of
SCWO can be used as the control signals of an auto�
matic process control system.

The experiments performed by a bioassay method
for the evaluation of the environmental aspects of the

process showed that the initial 10% aqueous emulsions
of benzene, toluene, and phenol required dilution by a
factor of higher than 10000 which corresponds to
hazard class 1 (extremely hazardous) with respect to
the natural environment. However, the safe dilution
factors determined in these tests for the conversion
products of the above emulsions correspond to haz�
ard class 4 (slightly hazardous substances) thus con�
firming a high degree of the ecological efficiency of the
SCWO process for the destruction of industrial efflu�
ents.
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Fig. 3. Dependence of the mortality of daphnia Daphnia
magna Straus on the dilution factors of the test samples of
SCWO reaction products for the water–aromatic hydro�
carbon binary mixtures: (a) benzene, (b) toluene, and
(c) phenol.
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Fig. 4. Dependence of the mortality of Scenedesmus quadric
algae on the dilution factors of the test samples of SCWO
reaction products for the water–aromatic hydrocarbon
binary mixtures: (a) benzene, (b) toluene, and (c) phenol.
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