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Abstract—The results of fundamental studies performed by the author on the reactivity of supercritical fluid
solvents are systematized and generalized; practical applications of these solvents are considered. Methods for
performing kinetic and physicochemical experiments, processing the data, constructing kinetic models, and cal-
culating the thermodynamics of nonideal supercritical fluids (the parameters of critical points, binodal and spin-
odal lines, and critical point drifts; the thermophysical properties of reaction mixtures under supercritical con-
ditions; etc.) are described. Attention is focused on the effect of supercritical fluid pressure on the rate constants
of chemical reactions. The kinetics and mechanisms of the reactions of 2-propanol dehydration and decompo-
sition of aliphatic nitro compounds in supercritical water and the isomerization of terpene compounds
(o-pinene, B-pinene, and turpentine) in supercritical lower alcohols are studied. The formation of nanoparticles
in supercritical fluid solvents and the treatment of ultradisperse diamonds in supercritical water are considered.
The results formed the basis for the simulation and calculation of acetic acid and phenol oxidation processes in
supercritical water and the Fischer—Tropsch synthesis in a supercritical solvent and for the development of a
pilot plant for the complete oxidation of trinitroglycerol and diethylene glycol dinitrate in supercritical water.
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INTRODUCTION

The properties of supercritical fluid (SCF) solvents,
such as heat capacity, heat conductivity, and diffusion
near the critical point, change significantly under slight
temperature and pressure variations. Because of this,
they are attractive for performing many chemical pro-
cesses, including heterogeneous chemical reactions
(the synthesis, isomerization, hydrogenation, decom-
position, and oxidation of organic compounds), and
promising for the development of new technologies on
their basis [1, 2]. SCFs find practical applications in
extraction and oxidation processes, waste utilization,
waste processing, biomass and coal conversion, organic
synthesis, the development of new materials (including
nanomaterials), etc. [3, 4].

In this review, both the results of fundamental stud-
ies on the reactivity of SCFs (including methods for
performing kinetic experiments, data processing, con-
structing kinetic models, studying the thermodynamics
of nonideal fluids, mathematical modeling, and the
determination of the role of pressure) and problems
related to the practical implementation of processes for
the deep oxidation of organic compounds in supercriti-
cal water are surveyed and systematized.

EXPERIMENTAL INVESTIGATION
TECHNIQUES

The transformations of organic compounds in SCF
solvents were studied in reactors of the following two
types: autoclave reactors and flow tube reactors [5, 6].
The autoclave reactors, which were designed for oper-
ation under high pressures (the maximum working
pressure at 500°C was ~430 atm), were equipped with
magnetic stirrers and a specially developed injection
and microsampling system.

Systems with tubular flow reactors included micro-
pumps for supplying several separate reagent flows,
mixers, and heat exchangers.

The following requirements were taken into consid-
eration in choosing the design of the setup, injection
and sampling systems for reaction products, and exper-
imental procedures: first, chemical transformations of a
reactant before its supply to the reactor should be
avoided; second, small amounts of a reactant should be
supplied to the reactor with a high precision; third,
flows should be mixed and heated to a specified temper-
ature in a short time; fourth, the state of the reaction
medium in the reactor should remain unchanged in the
course of sampling. Hewlett-Packard 5890-17, 5890/11,
and 6890 chromatographs with various columns and
detectors were used to analyze reaction products.
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METHODS FOR PROCESSING EXPERIMENTAL
DATA AND CONSTRUCTING KINETIC MODELS

As a rule, models like the following set of ordinary
differential equations were used for processing experi-
mental data obtained in the plug-flow reactor and for
determining the constants of rate equations:

NR
dy,
== Y LR, (1

Jj=1

where y; = C,/ C? (C;and C? are the current and initial
concentrations of the ith component, respectively), Ny
is the number of chemical reactions included in the
reaction scheme, z;; is the number designating the jth
row and the ith column of the stoichiometric matrix
corresponding to the reaction scheme, 7 is the contact
time, and R(y) is the first-order reaction rate. At T =0,

y? =1, y? =0,andi=2, ..., Ng. (Here, Ny is the number
of components.) The identification problem implies the
determination of unknown rate constants and activation
energies at which the best fit between experimental and
calculated data is obtained. For this purpose, an objec-
tive function is formulated to be minimized with
respect to parameters
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where y;*" is the Ng-dimensional column vector of
experimentally measured concentrations of the ith com-

ponent in each particular kth experiment; yi"* is the

vector of calculated concentrations obtained by the inte-
gration of the set of differential equations of model (1)
between the limits of 0—7 (s) at the corresponding tem-
perature in the kth experiment (7}); W, is the weight
unit matrix; and p is the Np-dimensional column vector
of the desired parameters having the form

p = [kl()’ kzo, ceey k40, El’ Ez, ceey E4]. (3)

The minimization of objective function (2) was per-
formed using the classical Gauss—Marquardt iteration
method [7]. The concentrations were calculated in each
iteration step by numerical integration of the set of dif-
ferential equations (1) at the current values of the con-
stants. The identification procedure and the statistical
analysis of the reliability of the results were described
in detail elsewhere [8].

THERMODYNAMICS OF SUBCRITICAL
AND SUPERCRITICAL REACTION MIXTURES

The calculation of the phase equilibrium of multi-
component mixtures in the subcritical region and the
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thermodynamic properties of the mixtures in the super-
critical region was an integral part of the study of the
test systems. Ideal gas or solution laws, which imply
the mutual energetic independence of mixture compo-
nents, are not applicable to subcritical and supercritical
mixtures. Therefore, the state of a reaction mixture is
calculated with the use of two-parameter cubic equa-
tions of state, for example, the Redlich—-Kwong—Soave
(RKS), Peng—Robinson, and Patel-Teja equations.

Equation of state. To calculate the phase states and
the thermodynamic and thermophysical properties of
multicomponent mixtures, we used the RKS equation
of state [9]

RT  ay(T)
Vm_bm Vm(Vm+bm)’

P = 4)

where V,, is the molar volume of the mixture (I/mol).
The coefficients a,, and b,, for a mixture with the spec-
ified molar composition vector y were determined as
follows:

N, N, N, N,
ay = ZZ)’i)’jaija b, = Zzyiyjbij; (5)

j=tli=1 j=tli=1

ai = o(T)OAMSRT /P ). o
bii = 0.08664RT,‘ycr/Pi, crs
aij = (l_kij)”\/cTajj’
bij = (1 —C,'j)(bii+bjj)/2’ (7)
o, (T) = [1+d(1 _m)]z;

d; = 0.480 + 1.574m, - 0.176w, .

The critical temperature and pressure of the ith mixture
component are denoted by T; . and P;, respectively.
The parameter ,;, which is referred to as an acentric
factor, is given in thermochemical handbooks. The
quantities k; and c; are binary interaction coefficients.
The accuracy of the calculations of phase diagrams and
critical parameters of complex mixtures mainly
depends on the correct choice or calculation of the
binary interaction coefficients k; and c; in Egs. (7). In
this context, a procedure for the determination of k; and
c;; was proposed [10] with consideration for the temper-
ature and pressure dependence of these coefficients.

Equations for the calculation of partial molar
volumes. By definition, the partial molar volume of the
ith mixture component is calculated from the following
relationship:

v
=V 4+ —"(1—y, 8
} I TR NG

v, = [a(gnvim

i

where V,, is the molar volume of the mixture; n; and y;
are the number of moles and the mole fraction of the ith
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Fig. 1. Binodal line in the P-T plane and the critical point
for a model mixture containing 0.15 mol % He, 3.4 mol %
N,, 86.4 mol % CHy, 6.5 mol % C,Hg, 3.0 mol % C3Hg, and
0.55 mol % CsHj,: (I) two-phase solid—gas region, (II)
homogeneous liquid phase region, (III) two-phase gas-lig-
uid region, and (IV) homogeneous gas phase region.

component of the mixture; and n = Zni is the total

1
number of moles in the mixture. Here,

V., _ 9P/dy,
dy, 0PIV,

€))

Derivatives in the numerator and denominator of
Eq. (9) can be found in an analytic form by differenti-
ating Eq. (4). The partial molar volume of a solute
depends strongly on both its nature and physicochemi-
cal properties and the properties of the solvent. At the
same time, the partial molar volume of the solvent is
actually equal to the molar volume of the mixture [11].

Model for calculating the critical point of a mul-
ticomponent mixture with a given composition. A
mixture with a specified composition occurs in a criti-
cal state at a certain temperature (7, .,) and pressure
(Ppix. o) at which the following conditions are satisfied
simultaneously [12, 13]:

F,(T, P)=Det(M,) = 0;
F,(T, P) =Det(M,) = 0.

(10)
(1)

The elements of matrix M, are the first derivatives of
the natural logarithm of the fugacity of components
with respect to the number of moles at a constant pres-
sure and temperature:

dlnf,
M, = { on; }
T.P

(i=1,2,...,N;j=12, ..,

(12)
N),
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where N is the number of mixture components.

As arule, the fugacity of components f;(T, P, y) as a
function of temperature, pressure, and the molar com-
position of the mixture (vector y) is calculated with the
use of cubic equations of state, for example, RKS.
Matrix M, in Eq. (11) is obtained from matrix M, by
replacing any row in it with the row vector

[0F,/0n,, 0F,/0n,, ..., dF,/dny]. (13)

Equation (10) describes a spinodal line in the 7-P
plane. It is monovariant and has a set of solutions with
respect to the mutually dependent pair of values T, (Py,)
or Py(T,), which satisfy Eq. (10), for each spec1ﬁed
mixture composmon The critical point of the mixture
(Thix. cr» Prix. or) 18 @ singular point in this curve, where
Eqgs. (10) and (12) are satisfied simultaneously. To solve
this mathematical problem, Ermakova et al. [14, 15]
proposed an equivalent form of two Eqgs. (10) and (12)
for a critical phase to considerably simplify numerical
calculations. The problem was solved by the homotopy
method [16].

As an example of the calculation of a critical point
and phase diagram, Fig. 1 shows the results of a study
of a mixture with the following composition (mol. %):
He, 0.15; C,Hg, 6.5; N,, 3.4; C;Hg, 3.0; CH,, 86.4; and
CsH,,, 0.55. A special feature of the location of the crit-
ical point of the mixture in the phase diagram is that its
parameters P, = 65.6 atm and 7, = 211.2 K are lower
than the maximum values of 7 and P in the phase dia-
gram.

The second example is the calculation of the posi-
tion of the critical point for a mixture of benzene, cyclo-
hexane, and hydrogen, which undergoes a considerable
drift under changes in the concentration of supercritical
CO, (Fig. 2).

Model for calculating gas-liquid, liquid-liquid,
and gas-liquid-liquid phase boundaries. To calcu-
late phase boundaries between homogeneous regions
(including the supercritical region) and the regions of
existence of gas—liquid and gas—liquid-liquid two- and
three-phase mixtures, well-known thermodynamic
models of monovariant binodal lines [17], which are
also referred to as equations of tangent planes, are used.
In the general case, at a fixed composition of a phase,
each temperature and pressure form interdependent
pairs, which minimize the function

RTZx[l

i=1
Inz— In®,(z, T, P)] — min

F(XTP)—ERTT_

(14)
+In®,(x, T, P) -

with the constraint

(15)
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Fig. 2. Binodal lines in the (a) P-T and (b) P-V planes for mixtures containing CO,, C¢Hg, CgH,, and H,. Concentrations of CO,,
%: (1) 70, (2) 80, (3) 90, (4) 95, and (5) 99. C6H6 : C6H12 =1:1 H2 : C6H6 =3:1.

where AG is the change in the Gibbs energy as a result
of the phase transition; x is the vector of the sought
mole fractions of components formed in infinitely
small amounts € in a new equilibrium phase; z is the
vector of the mole fractions of the starting mixture with
a specified composition; ®;(x, 7, P) and ®,(z, T, P) are
the corresponding fugacity coefficients calculated from
the equation of state. In this case, the following condition
should be fulfilled at minimum points of function (14):

Det[h,] >0, Det[h.]>0, (16)

where h, and h, are symmetric matrices with the ele-
9’F

ments
h, = h ——

(i=12,..,N;j=12,...,N).

If three equilibrium phases, for example, a gas and
two immiscible liquids, are formed in the system, the
properties of the vapor phase can be calculated based
on the known properties of either of the two liquid
phases from the following phase equilibrium condition
for this system:

oO°F
0x;0x;

(17)

(lig,)

i

S N (18)
For this purpose, equilibrium between the two liquid
phases is calculated beforehand at a specified total
composition of the heterogeneous liquid mixture. Sep-
aration into two liquid phases is performed in accor-
dance with the standard flash procedure [18]. Next,
with the use of model (14), the vapor composition and
temperature at which conditions (14) and (15) are ful-
filled are calculated at fixed pressure and liquid phase
composition.

Calculation of the thermophysical properties of
reaction mixtures under supercritical conditions. It
is well known that, in a critical region, many thermo-
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physical properties of a substance are changed dramat-
ically under small temperature and pressure (density)
changes. For example, the anomalous behavior of the
heat capacity or thermal conductivity of water under
supercritical or near-critical conditions manifests itself
in the occurrence of a maximum in a curve plotted
against temperature or pressure. This change in SCF
properties will inevitably affect the process in a reactor.
Therefore, the real changes in the properties of the mix-
ture in the case of a process occurring in the critical
region of its parameters should be taken into consider-
ation in the simulation of reactors and apparatuses.

To calculate the heat capacity (c,) and enthalpy (H)
of individual substances in subcritical and supercritical
regions, Ermakova et al. [19] used nonideal thermody-
namic methods. The imperfection of the properties of
individual components was taken into account with the
use of the following thermodynamic functions that
relate the free Gibbs energy, enthalpy, and fugacity
[20]:

281nq)i(T9 Pa y)

H, = H(T,1)-RT =7 (19)

(20)
_R[QT }

Here, f; = Py, ®,(T, P, y) and ®;(T, P, y) are the fugac-
ity and fugacity coefficient of the ith mixture compo-
nent, respectively; y is the molar composition vector
of the mixture; and the superscript id indicates that
this thermodynamic function calculated at P
0.1 MPa and process temperature 7 corresponds to an
ideal gas state. The fugacity coefficients are calculated
from the RKS equation of state, whereas the first and
second derivatives of the fugacity coefficients are cal-

B

cpi = (T, 1)

alnq)i(T? Pa y) +

20 @7, Py)
oT

oT’
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Fig. 3. The temperature dependence of the heat capacity of
a mixture (yy o = 93.86%, ypy = 0.13%, yy, = 1.57%,

ygzoz = 1.00%, and y(())2 = 3.44%) at the following pres-
sures, atm: (/) 250, (2) 275, (3) 300, and (4) 350.

culated by numerical differentiation with respect to T
at a constant P.

As an example that illustrates the importance of cor-
rect calculations of the thermophysical properties of the
reaction mixture near a critical point, Fig. 3 shows the
temperature dependence of the heat capacity c, of a
mixture containing water, phenol (Ph), methanol (Me),
and hydrogen peroxide at various pressures. The maxi-
mum in curve / corresponds to the critical parameters
of the mixture. As the pressure was increased, the
height of the maximum of ¢, decreased and the maxi-
mum shifted toward higher temperatures.

Mole fraction
1L.Og

0.8
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DEHYDRATION, DECOMPOSITION,
AND OXIDATION REACTIONS
IN SUPERCRITICAL WATER

Dehydration of 2-propanol. The kinetics and
mechanism of 2-propanol dehydration in supercritical
water were studied in an autoclave reactor. The experi-
ments were performed at critical and supercritical tem-
peratures and supercritical water densities [5, 21, 22].
Propylene, water, acetone, and propane are the main
products of this reversible reaction. The reaction rate
constants and activation energies were calculated from
the dependence of the mole fractions of 2-propanol and
propylene on the contact time. In Fig. 4, it can be seen
that stable chemical equilibrium was reached some
time after the onset of the reaction.

Decomposition of aliphatic nitro compounds. The
reaction kinetics of decomposition and oxidation of ali-
phatic nitro compounds (nitromethane, nitroethane,
and 1-nitropropane) in supercritical water was studied
in a flow-type reactor [6, 23]. The rate constants of the
reaction were calculated from experimental data
(Fig. 5) on the assumption of the first-order reaction. A
change in the pressure over a wide range considerably
affected the rate of decomposition of the test nitrogen-
containing compounds in supercritical water [24]. The
reactivity of nitro compounds in decomposition reac-
tions decreased with an increasing number of carbon
atoms in the molecule, whereas the reactivity in oxida-
tion reactions increased.

ISOMERIZATION REACTIONS OF TERPENE
COMPOUNDS IN SUPERCRITICAL ALCOHOLS

The thermal isomerization of terpene hydrocarbons
(turpentine, o-pinene, B-pinene, and verbenol) is a
widespread method for the preparation of various poly-
unsaturated (diene and triene) compounds, which are

0.6
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B ] 1 1 1
0 200 400 600

1 ]
1100 1200
Contact time, min

1 1
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Fig. 4. Dependence of the mole fractions of (/—4) propanol and (/'—4') propylene on the residence time in the reaction of 2-propanol
dehydration at the following temperatures, °C: (1, 1') 381, (2, 2') 393, (3, 3") 403, and (4, 4') 413.
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Fig. 5. Dependence of In (1 — x), where x is the conversion, on contact time: (a) nitromethane, (b) nitroethane, and (c)

1-nitropropane.

commonly used in organic synthesis. Limonene and [3-
myrcene, which are key components of many essential
oils extracted from plants and used as the constituents
of artificial perfumes and cosmetics, are prepared by
this method from bicyclic monoterpenes (o-pinene and
B-pinene).

Isomerization of a-pinene in supercritical lower
alcohols. Lower alcohols are commonly used as sol-
vents for many organic compounds. They are character-
ized by relatively low critical parameters, and they are
stable to thermal degradation in the critical region.
Thus, it is of interest to use them as supercritical sol-
vents for chemical transformations. The reaction of
o-pinene isomerization was studied in methanol, etha-
nol, and 1-propanol [25]. Figure 6 shows the depen-
dence of the conversion of a-pinene (curves /-3) and
the formation of limonene as the main product
(curves /'-3") in the above supercritical alcohols on
contact time at constant temperature and pressure. The
experimental results suggest the following: (1) the
greater the number of carbon atoms in alcohol mole-
cules, the higher the efficiency of alcohols as supercrit-
ical solvents; (2) the chemical composition of products
obtained in the presence of all three alcohols was the
same; (3) none of these supercritical alcohol solvents
reacts with o-pinene and its isomerization products;
and (4) none of them has a considerable effect on reac-
tion selectivity. Limonene (the main product of
o-pinene isomerization) was stable in supercritical
alcohol under experimental conditions.

Various types of turpentine (turpentine oil, sulfate
turpentine, and extraction turpentine) are the main
source for the production of o-pinene, which is a wide-
spread naturally occurring monoterpene hydrocarbon.
Because of its ability to readily undergo various trans-
formations and skeletal rearrangements, oO-pinene
serves as a starting material for the manufacture of fra-
grance compounds; it is also a valuable raw material for
pharmaceutical industry. Our experimental results
(Fig. 7) and published data [26-30] allowed us to rep-
resent the main reaction paths of o-pinene isomeriza-
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tion in supercritical ethanol as the following reaction
scheme, which is analogous to a reaction scheme of the
thermal isomerization of o-pinene in the gas or liquid
phase:

ry Al
A2 "Zi
3 A3 Iy
A4 / \A5

Scheme of the reaction paths of the thermal isomerization of
o-pinene.

(A, is o-pinene, A, is limonene, A; is (4E, 6Z- +
4E, 6E-allo)ocimenes, A, is (0- + B-)pyronene, and As
are other products).

It was found that a supercritical reaction medium

makes it possible to increase the rate of reaction by sev-
eral orders of magnitude at an unchanged selectivity for

Concentration, %

100
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60 -
40 -
20
: 1 1 |
0 50 100 150 200 250 300

Contact time, min

Fig. 6. Dependence of the concentrations of (/-3) o-pinene
and (/'-3") limonene on contact time in the isomerization of
a-pinene in supercritical alcohols at 300°C and 100 atm: (/,
1') in methanol, (2, 2') in ethanol, and (3, 3') in 1-propanol.
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Fig. 7. The temperature dependence of (/) the conversion (x)
of o-pinene and the yields (y) of (2) limonene, (3) 4E, 6Z-
alloocimene, (4) 4E, 6E-alloocimene, and (5) (o + B)-pyro-
nenes. Points and solid lines refer to experimental and calcu-
lated data, respectively. P = 120 atm.

the formation of limonene and alloocimene isomers.
The maximum yields were 52 and 38%, respectively.

Isomerization of «-pinene in a supercritical
water—ethanol solvent. We experimentally studied the
effect of water as a cosolvent and catalyst for the reac-
tion of o-pinene isomerization in a supercritical water—
ethanol solvent [31]. At 7= 384°C and P = 230 atm, an
increase in the concentration of water in the reaction
mixture resulted in an increase in the rate of reaction
and the selectivity of target product (limonene) forma-
tion. Water subjected to ionization exhibited the prop-
erties of an acid catalyst. The mathematical treatment
of experimental data allowed us to quantitatively eval-
uate and separate the contributions of radical and ionic
processes to the overall rate of reactions that occur in
the thermal isomerization of a-pinene.

Isomerization of B-pinene in supercritical etha-
nol. Our studies [32] demonstrated that the thermolysis
of B-pinene in supercritical ethanol occurred at a higher
temperature than that in the thermolysis of o-pinene,
but the former reaction occurred over a narrower tem-
perature range (Fig. 8). We calculated preexponential
factors for the rate constants of both of the reactions
and activation energies. In the reaction of [B-pinene
isomerization, the numerical values of these parameters
were much higher. The maximum yield of B-myrcene at
400°C was as high as 72%, and the reaction performed
in supercritical ethanol can be used for preparative pur-
poses. A study of the enantiomeric composition of the

ANIKEEV
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Fig. 8. Effect of temperature on the thermolysis of B-pinene
in supercritical ethanol: (/) B-pinene, (2) B-myrcene, (3)
limonene, (4) para-mentha-1(7),8-diene, and (5) other
products. Residence time, 70 s; P = 120 atm; initial concen-
tration of B-pinene, 0.1 mol/L.

thermolysis products of P-pinene, o-pinene, and
limonene allowed us to better understand the mecha-
nisms of decomposition of these monoterpenes.

EFFECT OF THE PRESSURE
OF THE SUPERCRITICAL FLUID ON THE RATE
CONSTANTS OF CHEMICAL REACTIONS

The dehydration of 2-propanol and the decomposi-
tion of nitro ethers in supercritical water [5, 6, 11, 24,
33, 34], as well as the isomerization of o-pinene in
supercritical ethanol [30, 31], were studied. It was
found that the pressure (density) of the reaction mixture
considerably affects the rates of chemical reactions
(rate constants) at a constant temperature (Figs. 9-11).
This phenomenon is characteristic of reactions in solu-
tions, including supercritical solvents (e.g., see [35,
36]). In the general case, the specific interaction
between the solvent and reactants in it is responsible for
the effect of the pressure of the supercritical solvent on
the rate constant of a chemical reaction. The degree of
this effect depends on both the nature and properties of
the supercritical solvent and the character of the above
interaction.

The effect of the density (pressure) of the supercrit-
ical solvent on the rate of chemical reactions was stud-
ied using two different approaches (models): a thermo-
dynamic model based on the transition state theory and
amodel that implies that the reaction is catalyzed by the
H;0* ions formed because of water dissociation in the
critical region. Of course, the latter model is applicable
to reactions occurring in supercritical water.
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Fig. 9. Dependence of the concentrations of (/—4) 2-propanol and (/'—4') propylene on contact time in the reaction of 2-propanol
dehydration at 393°C in supercritical water with the following density, g/ml: (Z, 1') 0.34, (2, 2") 0.42, (3, 3') 0.503, or (4, 4') 0.583.
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Fig. 10. The pressure dependence of the apparent reaction rate constant of decomposition of (a) nitromethane, (b) nitroethane, or

(c) 1-nitropropane in supercritical water.

In terms of the former model, the nature of the acti-
vated complexes was hypothesized and their thermody-
namic parameters were calculated. The transition state
theory allows one to find a relationship between the rate
constant of a chemical reaction and the activation vol-
ume. The activation volumes are calculated based on
the experimental pressure dependences of Ink,,. Then,
to test the adequacy of the chosen model, the activation
volumes are calculated as the difference between the
partial molar volumes of the transition complex and the
starting reactant. To calculate the partial molar volumes
of the activated complex and the starting reagent, RKS
cubic equations of state are used in most cases.

With the use of the latter approach (for reactions that
occur in supercritical water), it is believed that the rate
of reaction is proportional to the concentration of H;O"
ions, which are formed as a result of water dissociation
in the supercritical region and act as a homogeneous
catalyst. In all of the test reactions, an increase in the
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concentration of H;O%, as the density (pressure) of
supercritical water was increased, unambiguously cor-
related with the experimental pressure dependences of
the reaction rates.

NANOPARTICLES AND ULTRADISPERSE
DIAMONDS

Thermodynamics of the gas-liquid-solid equilib-
rium: Formation of nanoparticles in a supercritical
solvent. SCFs are attractive media for the synthesis,
modification, and formation of nanoparticles from inor-
ganic and organic materials and for encapsulation.
These nanostructures and materials exhibit unusual
properties, which are different from those of bulk ana-
logs. The experimental design was made based on a
thermodynamic model that allowed us to calculate the
equilibrium and phase states of fluid—solid systems
over wide ranges of temperature, pressure, and compo-
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Fig. 11. The pressure dependence of (/) the conversion (x) of
o-pinene in an isomerization reaction and the yields (y) of (2)
limonene, (3) 4E, 6Z + 4E, 6E-alloocimenes, (4) (¢t + )-pyro-
nenes, and (5) other products. Points and solid lines refer to
experimental and calculated data, respectively.

sition changes [37]. The boundaries of the parameter
region in which a substance is released as a solid phase
at the corresponding chemical composition of the start-
ing mixture and at certain amounts and ratios between
a solvent and an antisolvent in this mixture were calcu-
lated. The parameters of the critical point and fluid—
solid boundary lines were calculated as applied to a
mixture of ethanol, carbon dioxide, and phenanthrene
(C4H,p). Conditions for the separation of a mixture
with a specified composition into solid, liquid, and gas
phases were found, and the composition, amounts, and
properties of each of the resulting equilibrium phases
were determined (see Fig. 12). We found that the choice
of the parameters of the supercritical state of a mixture
plays a crucial role in the optimization of conditions for
the formation of the solid phase in the course of the
rapid adiabatic expansion of a fluid.

Treatment of a diamond mixture with supercrit-
ical water. Recently, attention has been focused on
studies of carbon nanostructures. Among the various
synthesized carbon nanomaterials, so-called ultradis-
perse nanodiamonds, which are obtained in the detona-
tion of carbon-containing solid explosives with a nega-
tive oxygen balance, should be distinguished. The area
of application of ultradisperse diamonds can be broad.
Although the productivity of this technique is high, the
resulting product (detonation soot or diamond mixture)
contains various carbon structures and species. The
concentration of a diamond phase in these products is
about 3545 wt %. As a rule, the starting mixture is
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Fig. 12. Phase diagrams on the 7-P plane and characteristic
trajectories (dashed lines) of the adiabatic expansion of a
mixture containing 5 mol % C;4H;(, 80 mol % CO,, and
15 mol % C,H5OH. Top points /-5 refer to specified initial
temperatures 7T;;; at P;,;; = 360 atm, and bottom points cor-
respond to the final temperatures 7§, of an adiabatic expan-
sion process at the specified final pressure of Pg, = 1 atm:
(a) critical point of a two-phase equilibrium and (b) critical
point of a three-phase equilibrium.

treated at elevated pressure and temperature with liquid
or gaseous oxidizing agents to separate the diamond
phase and to remove water-insoluble impurities. Sulfu-
ric acid and nitric acid mixtures, sulfur dioxide, and
chromic anhydride are used as the oxidizing agents.

However, chemical purification with the use of
strong acids can result, on the one hand, in the oxida-
tion of the diamond phase and the surface contamina-
tion of diamonds with various functional groups and,
on the other hand, in the release of a large amount of
corrosive wastes. Thus, the problem was formulated to
study the treatment of a detonation carbon mixture pre-
pared at the FNPTs Altai (Biisk) both in supercritical
water and in supercritical water with hydrogen perox-
ide added. The experiments were performed in an auto-
clave reactor in supercritical water at 390 + 5°C and
285 = 5 atm. After adjusting the temperature and pres-
sure, the process was performed for 4 to 6 h.

The phase composition of the solid phase before and
after the treatment of the mixture in supercritical water
was studied by electron microscopy (HRTEM and
SEM) and X-ray diffraction (XRD).

According to HRTEM data, the initial sample of the
mixture—detonation carbon (Fig. 13a)—consisted of a
uniform carbon material in terms of density with nano-
structures of various types: amorphous carbon, onion
carbon, and diamond nanocrystals.

The interaction of carbon from a mixture of nanodi-
amonds with supercritical water results in the forma-
tion of a large amount of gas products, mainly CO and
CO,, which suggest the deep oxidation of the carbon
phase in supercritical water.

Vol. 50  No. 2
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Fig. 13. HRTEM images of (a) a detonation carbon mixture and (b) the same mixture after treatment with supercritical water with

the participation of hydrogen peroxide decomposition products.

An analysis of the HRTEM images of detonation
carbon samples after treatment with supercritical water
with the participation of hydrogen peroxide decompo-
sition products indicated (Fig. 13b) that onion carbon
was converted into graphene fibers, degraded, or oxi-
dized. According to the results of XRD analysis, the
fraction of the diamond phase in the samples treated
with supercritical water increased from 34-45 to
75 wt %.

SIMULATION AND OPTIMIZATION
OF PROCESSES AND REACTORS
FOR CHEMICAL REACTIONS
IN SUPERCRITICAL FLUIDS

Special features of physicochemical transformations
under supercritical conditions should be taken into con-
sideration in the mathematical simulation of processes,
reactors, and process flowsheets in which chemical reac-
tions occur in SCFs. Differences between the physico-
chemical and thermodynamic properties of SCFs and
ideal gas atmospheres and the dependence of the kinetics
of chemical reactions on the pressure (density) of the
medium belong to these special features [19].

Oxidation of phenol in supercritical water in a
perfectly mixed reactor. Ermakova et al. [38, 39] sim-
ulated a perfectly mixed reactor for the oxidation of
phenol in supercritical water. The oxidation of phenol
in supercritical water occurs by a complicated mecha-
nism [40] with the formation of intermediates, such as
acetic acid, which are subsequently oxidized to CO,
and water. It is believed that adiabatic conditions occur
in the reactor. Oxygen was used as an oxidizing agent,
which was prepared by the decomposition of hydrogen
peroxide in a heat exchanger upstream of the reactor:

C(HO + 40,1, %CH3COOH +3C0,; (D

CH,COOH + 20, X2%,.2C0, + 2H,0; (10)
CcH,0 + 70, ™™, 6C0, + 3H,0. (11T
KINETICS AND CATALYSIS  Vol. 50 No.2 2009

The rate equations of reactions (I)—(III) were chosen
based on published data [40, 41].

The mathematical model of the perfectly mixed
reactor includes the material and thermal balance equa-
tions

Fi=y =y +q(T*, P,y*")1 = 0

(21)
(i=1,2,...,Ny),
NS
Fyoo= Y v Hi(y'’, T, P)
. i=1 22)
—y Y yH(y™, T, P) = 0.
i=1
Here,
Ny
Y=N"IN', Y= 1+1) g, T1=Vo/N,
i=1
i = nj/N" and y" = n]"/N (23)

NS NS
(NO = Zn? and N = Zn?m].
i=1 i=1
Ny . . .

q; = 2]. =, Z;iR; is the rate of formation/consumption
of the ith mixture component (in mol 1! s71); Z; is the
element of the jth row and the ith column of the matrix
of stoichiometric coefficients of chemical reactions; R,
is the rate of the jth chemical reaction in the reactor as
a prescribed function of temperature, pressure (molar

. 0
volume), molar fractions, and rate constants; n; and

out

n; are the molar flows of the ith mixture component
at the reactor inlet and outlet, respectively (mol/s); yo*
is the Ng-dimensional vector of the mole fractions of
components in the reactor and, correspondingly, in the
outgoing flow from the reactor; 7°" is the temperature
in the reactor and outgoing flow; P is the pressure in the
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Fig. 14. Dependences of (a) the conversion of (/) methanol and (2) phenol and (b) the temperature of the reaction mixture in the
reactor on the residence time at the following concentrations of methanol in the starting mixture, %: (/) 1.69, (2) 1.57, (3) 1.43,

(4) 1.29, and (5) 1.09.

system; Vy is the reactor volume (1); and H, are the par-
tial molar enthalpies of the individual components
(cal/mol). The molar volume of the mixture (I/mol) is
designated by V., (T, P, y°).

The algorithm for solving this problem was based
on the well-known arc-length integration method [42].
The contact time T served as the continuation parame-
ter. A two-step predictor—corrector algorithm with
Euler predictor and Newton corrector steps was used.

In accordance with previous calculations [38, 39],
the above model has three steady-state solutions, which
can be demonstrated clearly using the dependence of
the conversions of both initial or intermediate sub-
stances and reaction products on contact time as an
example (Fig. 14a). Figure 14a shows the dependences
of methanol and phenol conversions on T. The shape of
the dependences of the temperature of the adiabatic
heating of a mixture at various initial methanol concen-
trations on contact times (Fig. 14b) also suggests a mul-
tiplicity of steady states. Numerical analysis demon-
strated that the multiplicity of solutions depends on the
nonlinear behavior of the heat capacity of the reaction
mixture in the critical region of parameters and on the
presence of methanol in the starting mixture.

Simulation and optimization of process parame-
ters for the oxidation of organic compounds in
supercritical water. Ermakova and Anikeev [43] con-
sidered a process flowsheet for the oxidation of acetic
acid with hydrogen peroxide in supercritical water; this
flowsheet served as a prototype for a pilot plant. On the
one hand, acetic acid chosen as a reagent is a target or
intermediate compound in decomposition reactions of
many organic substances. On the other hand, it partici-
pates in a rate-limiting step of the process. Methanol
dissolved in water served as a fuel, and hydrogen per-
oxide served as an oxidizing agent.

The mathematical models of the individual compo-
nents of the process flowsheet are coupled to each other
by mass and heat flows. Each particular model takes
into account special features of processes occurring
under supercritical conditions: changes in the thermo-
dynamic properties (enthalpy, heat capacity, and criti-
cal parameters) of the reaction mixture depending on
the pressure, temperature, and composition of this mix-
ture at various points along the apparatus.

The main reaction paths in the transformations of
the participants of acetic acid oxidation in supercritical
water (reactions (I)—(III)) are given above. The model
equations have the following forms:

dy, 1 dyl .. .
- y[q,-—yidr} (i=1,2,..,N): (24
ar 1] < d
_ Ay,
= | H)-¢.T— 2
i véi §<q, =5, dt} (25)
d N Ny
Y _ —
it - z%, qi = sziRj' (26)
i=1 j=1
Initial conditions (at T = 0):
F = FO’ = 17 i = ?’ T = TO’
v y 0 y 27
¢, = ¢,(T).

Here, vy = F/F°, © = V/F; F°, T° and y? are the flow
characteristics at the reactor inlet; F is the substance
flow (mol/s); y; (i = 1, 2,..., N) is the mole fraction of
the ith component; g; is the rate of conversion (forma-
tion) of the ith component (mol 1! s71).
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The calculation and optimization of the process
flowsheet should mainly demonstrate the main special
features of chemical reactions in supercritical water as
a solvent. Ermakova and Anikeev [43] also studied the
effects of entry parameters, fuel and oxidant concentra-
tions, and process conditions in particular units of the
flowsheet on the complete oxidation of acetic acid at
minimum apparatus sizes.

Effect of the imperfection of the reaction mixture
on the Fischer-Tropsch synthesis in a supercritical
solvent. With the use of published data on the kinetics
of the Fischer—Tropsch reaction in the presence of a
commercial catalyst based on iron oxide, Ermakova et
al. [44] constructed a kinetic model taking into consid-
eration the effect of the nonideal reaction mixture on
the rate of the reaction. The imperfection was taken into
account using fugacity coefficients, which were calcu-
lated from a modified RKS equation of state. The
Schulz—Flory distribution equations were derived for
saturated and unsaturated hydrocarbons as functions of
the fugacity of CO and H, in the reaction mixture. The
model proposed describes the reaction kinetics in the
temperature range of 523-623 K and the pressure range
of 6-100 atm. Based on the calculation of critical
parameters of the mixture, a method of fitting the nature
and optimum concentration of a supercritical solvent
was proposed. A comparative analysis of processes
occurring in a supercritical solvent and in the absence
of a solvent was performed. It was found that the reac-

tion rate and the total yield of C, olefins, including a
target fraction of Cs—C,;, can be considerably increased
under supercritical conditions.

OXIDATION OF TRINITROGLYCEROL
AND DIETHYLENE GLYCOL DINITRATE
IN SUPERCRITICAL WATER

The results of the studies of the reaction kinetics and
thermodynamics and mathematical simulation were
used in the design of a pilot plant for complete oxida-
tion of a mixture of trinitroglycerol and diethylene gly-
col dinitrate, which are wastes from explosive manu-
facturing processes, in supercritical water [45]. The
plant with a throughput of 30-40 1/h with a tubular reac-
tor was developed at the FNPTs Altai. Hydrogen perox-
ide, air, or a combination of air with ammonium nitrate
served as an oxidizing agent. Acetone was chosen as a
fuel.

The degree of oxidation of trinitroglycerol and
diethylene glycol dinitrate was 99.9-100% in the
majority of regimes. The plant was stable in operation
in a controllable mode.

With the use of air for the oxidation of nitro esters in
supercritical water in all of the regimes, the complete
oxidation of the nitro ethers was performed over the
temperature range of 414—689°C. At the same time, a
temperature higher than 600°C was required for the
Vol. 50  No. 2
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complete oxidation of acetone to carbon dioxide and
water.

Atmospheric oxygen and ammonium nitrate were
used as oxidizing agents for the oxidation of complex
organic wastes. The initial concentration of organic
wastes in water was 9.1% (including 65-75% dimeth-
ylformamide, 15-25% acetic acid, 4-10% ethanol, 2—
5% toluene, and up to 10% unidentified impurities),
and the concentration of an inorganic oxidant (ammo-
nium nitrate) in the initial solution was 1.7%. Ammo-
nium nitrate was a good oxidizing agent for organic
compounds.

The tests demonstrated the high efficiency of
decomposition and oxidation of a wide variety of
organic wastes from explosive manufacturing pro-
cesses in supercritical water.

In this publication, only a small portion of our stud-
ies that demonstrate the efficiency and promise of the
use of SCF solvents for the chemical conversion of
organic compounds is considered. Heterogeneous and
homogeneous catalytic reactions, as well as biological
processes, in SCFs are of considerable interest. Unique
results can be obtained in the chemistry of polymers in
supercritical solvents. Studies in all of the above areas
are in progress, and new interesting results will inevita-
bly be obtained.
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