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The representation of phase states in the multicomponent systems by graphical
images is used for estimation of the LV (x,= x,) azeotrope influence on SLV and
L=V equilibria. These theoretical investigations occurred from complications
arising at an ambient pressure drying (APD) synthesis of transparent and crack-
free bulk silica aerogels. During the empiric selection of azeotropic mixtures, the
negative azeotropes advantage over positive ones for this goal is determined and
substantiated in theory. As shown, the forecast must base not only on the critical
points of components (L = V), in which liquid and vapour become indistinguisha-
ble, but also on the triple points of components (SLV—crystal-liquid—vapour).
Using the P—-T—x phase diagrams, the prediction of ways to reach a supercritical
region at the ambient pressure is done. A good agreement between the theoreti-
cal results and experimental data is revealed.

IIpencraBienHa (asoBux piBHOBAr y 6araTOKOMIIOHEHTHUX CHCTEMAaX METO-
o0 rpadivHoro 3006paskeHHs BUKOPUCTOBYBAJIOCA JJIA OIIiHKY BILJINBY a3€0T-
pouy LV (x,=x,) Ha piBHOBaru SLV ta L=V. [lani TeopeTnuHi qociigxeHHs
BUKOHYBaJNCS Yepe3 BUHUKHEHHS YCKJAIHEeHb IIPU CUHTE3i mposopux i 6es-
IeeKTHNX KPeMHiH0BUX aeporeis cirocoboM aTMmocdepuoro cyiriaus (APD).
ITpu emoipuusnomy Bim6opi aseoTponHUX cyMmilieit 6yJ10 BUSHAYEHO i TEOPETH-
YHO OOI'DYHTOBAHO IepeBary BUKOPHUCTAHHSA HETaTUBHUX a3e€0TPOIIB HaJ IO-
BUTUBHUMU 3aJJ1d 3a3HaueHoi Mmetu. [[okasawHo, 1o IporHo3a Mae 6yTH OCHO-
BAHOIO He JUIlle Ha KPUTUYHUX TOUKAX KOMIOHEHTiB L=V, B akux pigmua i
Iap CTaioTh HEPO3PiBSHEHHUMHU, aJie I Ha MOTPiMHUX TOUKAaX KOMIIOHeHTiB SLV
(kpucran—pigmuaa—mnap). ¥ mamiit pobori 3 BukopucranaaMm P—T-x-(pa3oBux
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JigrpaM IIOKas3aHO MOMKJINBICTL JOCATHEHHS HAAKPUTUYHOI 006JIaCTH 3a aTMO-
cepHOro THCKY. BUSIBIIEHO XOPOIITY BiIOBiIHICTh MisK TEOPETUUHUMHU Ta €K-
CIIePUMEHTAJIbHUMU Pe3yJIbTaTaMU.

IIpencraBiernue Gha3oBBIX PaBHOBECUII B MHOTOKOMIIOHEHTHBIX CHCTEMAaX Me-
TOZOM TrpaduyecKoro M300paKeHMsi HCIIOJb30BAHO MIJA OIEHKM BINSHUS
azeorpona LV (x;= x,) Ha paBHOBecusa SLV u L =V. J[lanHbIle TeopeTUUYeCcKUe
HCCJIeAOBAHUA BBIMOJHAINCH 0 IPUYNHE BO3HUKHOBEHUA CJIOKHOCTEHN IIpuU
CUHTEe3e IPO3pauHbIX U 0e3medeKTHRIX KPeMHUEBBIX asporeseil criocoboM art-
mocdepHoil cymku (APD). IIpu smnupuueckom 0oTOOpEe a3e0TPOIMHBIX cMecei
OIlpeeIeH0 W TeOPEeTHYEeCKH OOOCHOBAHO IIPEMMYINECTBO MKCIIOJIb30BAHUS
HeraTHUBHBIX a3€0TPOIIOB HAJ HO3UTUBHBIMU AJIA dToi 1menu. ITokasano, uTo
IIPOTHO3 AOJI}KeH OBITh OCHOBAH HE TOJBKO HAa KPUTHUUYECKUX TOUKAX KOMIIO-
HEeHTOB L =V, B KOTOPBIX *KUAKOCTD U IIap CTAHOBATCS HEPA3JIUUNMBIMHU, HO U
Ha TPOMHBIX TOUKAX KOMIOHEHTOB SLV (KpucTajli—:KuUIKOCTh—Iap). B maH-
HOIT paboTe ¢ ucmoab3oBaHueM P—T—x-(}pasoBbIX AmarpaMM MOOKasaHa BO3-
MOYKHOCTb JOCTHIKEHUS CBEPXKPUTUUYECKON obJsiacTyu mIpu aTMOchepPHOM IaB-
genuu. OOHAPYIKEHO XOPOoIllee COOTBETCTBUE MEKIY TeOPeTUUYECKUMU U 9KC-
epUMeHTaJIbHBIMY Pe3yIbTaTaMU.
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1. INTRODUCTION

The remarkable material, nanostructure silica aerogel, was first created
by S. Kistlerin 1931 [1] but saw just a little development for these years.
Wide applications of this material that possess high specific surface ar-
ea, high porosity, low density, low dielectric constant, and excellent
heat insulation properties [2, 3], terminates complications of its produc-
tion. There are many research works concerning aerogel properties and
manufacture. The most attention is paid to drying of aerogels to make
the production of these materials more profit making.

Common procedure for transparent silica aerogels production in our
case included two-step sol—gel process using tetraethyl orthosilicate
(TEOS) (Aldrich, USA), as a silica precursor and isopropanol (Junsei, Ja-
pan) as a solvent. Isopropanol was exchanged than with n-butanol (Jun-
sei), and the gel surface was modified using 5% volume solution of tri-
methylchlorosilane (TMCS) (Alfa Aesar) in n-butanol. Next, the solvent
was exchanged in some steps with binary azeotropes like pore fluids.

Actually, the process of aerogels obtaining by azeotropic mixtures
evaporation on the final stages of ambient pressure drying has not been
reported in the literature. Authors [4] used the water—ethanol azeo-
trope as the solvent just in prime stage of synthesis for the production
of low-density silica gel. This material was prepared by the classical
two-step sol—gel method developed by Deshpande, Brinker and Scherer
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[56, 6], which includes the ambient pressure drying stage. This process
demonstrated the existence a greater total pore volumes and more
mesopores > 50 A in samples in comparison with the supercritical dry-
ing one. The main purpose of the azeotrope using [7] was to bind water
inside pores after sol—gel process, because their appearance finally
leads to increasing of the capillary pressure and then, during the
thermal drying, to the cracking of aerogels.

Authors of [8] used azeotrope mixtures of water and n-butanol-
saturated hydrocarbon (hexane, heptane, octane or nonane) for the
first time on the stage of washing. In three steps, gels were washed
successively with a 3:1 mixture of n-butanol and a saturated hydrocar-
bon, with a 1:1 mixture of n-butanol and a saturated hydrocarbon, fi-
nally, with only the saturated hydrocarbon. Per se, they had used azeo-
trope water, which necessarily remains inside of aerogel pores after
sol—gel process. Further, in the process of the choice of other suitable
azeotropic mixtures, first we could attempt to predict ways to get in a
supercritical region at ambient pressure. Physical properties data of
azeotropic mixtures were given from Azeotrope Databank by J. W.
Ponton and by book of John A. Dean [9]; we used the results of investi-
gations of the negative azeotrope for the methanol-propanal system in
the methanol-rich region [10].

2. THEORY

This prediction was made using the well-known method of the phase di-
agrams, which is the graphical representation of the equilibria between
the thermodynamically distinct phases. The main design principles were
created by Van der Waals [11]. Then, this method was highly developed
and it is a very powerful tool for predicting the state of a system under
different conditions [12]. It was determined with the accumulation of
experimental material that the prognosis can be based not only on the
critical points of components, in which liquid and vapour become indis-
tinguishable, but also on the triple points of components at which three
phases (solid, liquid and vapour) of that substance coexist in thermody-
namical equilibrium. In most cases, the phenomenon of azeotropy [13] is
examined only within the framework of the liquid—vapour equilibrium
LV and its characteristic features. Usually, there are extremes on the T—
x isobars of the boiling or on P—x isotherms of the evaporation. In addi-
tion, the interaction between azeotropic and solid-liquid equilibria SL
for several binary organic systems was investigated [14]. It was just the
partial investigations, but for the extensions of thermodynamic models,
a reliable knowledge of the phase equilibria behaviour as a whole is re-
quired. The experimental determination of the gas solubility in the liq-
uid phase along the SLV solid—-liquid—vapour equilibrium line of some
binary system was established, and these data plotted as P-T and T—x
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projections of the SLV-equilibrium line [15].

However, within the framework of the P-T—x-phase diagram of the
binary systems (where P—pressure, T—temperature, x—an independ-
ent co-ordinate of composition), the contiguity line of liquid L and va-
pour V surfaces corresponds to the LV azeotrope (more precisely
x; = xy). This line does not need to be a straight line; furthermore, it is
a segment, limited from one side by the surface of SLV monovariant
equilibrium of crystal-liquid—vapour, and from the other side, in the
simplest case, by the L =V curve, connecting the critical points of pure
components. The most obvious case relates to the P-T projection of P—
T—x phase diagram. If layering of liquid and equilibrium with partici-
pation of the crystalline phase and fluid is absent, the azeotrope x; = x;
is enclosed between VLS (SLV) and L =V lines (see Fig. 1). Certainly,
the presence of azeotrope influences VLS (SLV) and L =V line shapes.
From the other side, the existence of extremes on these lines is neces-
sary, but insufficient condition for existence of the azeotrope. We
would set constant P, T co-ordinates for the triple and critical points of
components A and B, and examine the interrelation of the azeotrope
x; = x,on the SL monovariant line and the L = V critical curve.

3. RESULTS AND DISCUSSION

We can use, for the convenience, P—T projections and T—x key isobaric
sections for the analysis of different variants. We should take into the
consideration the fact that order of phases at the heterogeneous equi-
libria is very important and agree that it will be certain increase of the
B component content.

I. The positive azeotrope appears in the A—B system and components
are mutually soluble without restriction in all of phase states.

A and B triple points for pure components, also K, and K critical
points are marked on the P-T projection (Fig. 1, a). The positions of
critical points are specially chosen [11].

AK , and BK; lines correspond to evaporation of liquids based on pure
components. Lines going out from A and B points straight up to the di-
rection of high temperatures represent the melting, and the ones move
away to the direction of low temperatures correspond to the sublimation
of crystals based on pure components. The AB curve is the only mono-
variant line of binary system and consists of two parts: AN, with the
LVS order of phases, and BN;,, with the VLS order of ones. In the N,
conditional non-variant point, being near to P,,,, a maximum of pres-
sure of the monovariant curve, compositions of liquid and vapour are
identical, and from it, the x;=x, line of azeotrope begins, which is
stopped in the K, critical point placed near-by a maximum of pressure
of the K ,K ; critical curve.

Dashed lines on the P—T projection (Fig. 1, a) are imaged isobars and
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their proper T—x isobaric sections (Fig. 1, b). Let us consider six key
isobars.

1. There is only the sublimation of the continuous solid solution S at
P, < Pgzand, in the same time, vapour V enriched by the B component.

2. The solid solution S begins to melt from the Py < P,< P, interval at
constant pressures, area of liquid L, enriched by the B component, appears
on the T—x section and the node of the VLS three-phase equilibrium arises.

3. Due to the melting of the solid solution on basis of the A compo-
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nent, the second local area of liquid L and another LVS node appear in
P, < P;< Py,yinterval.

4. Finally, typical T—x isobars for positive azeotropes with a mini-
mum of the pressure in the LV equilibrium appear at Py, < P, < Pg,.

5. With the further increasing of pressure, fluid F appears at the
beginning, for compositions enriched by the A component in the inter-
val Py < Ps < Py

6. Then, fluid F appears for compositions enriched by the B compo-
nent under achievement the Py < Ps < P4, interval of pressure.

Further, with the growth of pressure, areas of fluids extend, but,
firstly, the minimum disappears at Pg,,;, and then, at P, ., the equilibri-
um LV disappears for K,K 5, and the area of fluid F becomes continuous.

Evidently, in the case of positive-azeotropes using, it is possible to
reach the fluid area only at pressures higher than P of the critical points
of constituent components.

II. The positive azeotrope appears in the A—B system and components
restrictedly mutually soluble in the crystalline state.

It should be noted that triple and critical points for pure components
remain on the P-T projection (Fig. 2, a), and, accordingly, some lines
are stored too: the evaporation, the melting and the sublimation lines
for pure components, and the K,K critical curve. There are four mono-
variant lines: S, LV, VLS5, S,VS;, and S,LS; appeared in place of one
monovariant line of the two-component system. The mutual solubility in
the crystalline state is insignificant; therefore, vapour pressure in the
S,VS; equilibrium is an additive summation of vapour pressures for
pure components. The invariant equilibrium in the N(S,VLS;) point has
the eutectic character and the x; = x,, azeotrope line starts in the N, in-
variant point on the AN line. There is the change of the order phases
S,LV < S,VL in the N, point, which is near-by a maximum of the pres-
sure. We can analyse T—x-isobar sections (Fig. 2, b).

Similar to the previous case (Fig. 1, a), the dashed lines mark isobars
on the P-T projection, and their T—x-isobaric sections are resulted on
(Fig. 2, b).

1. There is only the sublimation of the S, and Sz limited solid solu-
tion at P; < Pg. There is the only S,V Sz node.

2. The solid solution based on the B component begins melting at
constant pressures from the Pz < P, < P, interval and, accordingly, the
area of liquid L, enriched by the B component, appears on the T—x-
isobaric section. Furthermore, another node of the VLS, three-phase
equilibrium appears.

3. The second local area of liquid L, due to the melting of the solid
solution based on the A component, and the third node S,LV appear in
the P, < P; < Py interval.

4. Finally, S,VS; and VLSj; equilibria disappear and S,LSz and S,VL
ones appear in the Py, < P, < Py, interval due to the presence of the
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X = xyazeotrope.

5. An interesting T—x isobar exists in a very narrow interval of pres-
sures. At the further increasing of the pressure in the Py, < P5 < P
interval, two nodes are realized with the same order of phases S,LV, and
aminimum of the pressure appears in the LV divariant equilibrium.

6. Then, the T—x isobar acquires characteristic for the positive azeo-
tropes shape with a minimum of the pressure in the equilibrium at the
Py < Pg < Py, interval. Unlike the cross-section (Fig. 1, b, 6), fusion is
in the equilibrium not with the continuous solid solution, but with two
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limited ones on basis of A and B components.

Further, the areas of fluids are broadening with the growth of the
pressure, and in the beginning, at Pg,,, a minimum disappears, and
then, at P, ,, for K,K, the LV equilibrium disappears, and the area of
fluid F becomes continuous.

Then, fluid F appears with growth of pressures for compositions en-
riched by the A component, then for compositions enriched by the B com-
ponent, and, finally, the area of fluid F becomes continuous (Fig. 1).

II1. The negative azeotrope appears in the A—B system and components
mutually soluble without restriction in all of the phase states.

Existence of the negative azeotrope, in this case, is related to the
presence of a minimum of the pressure (P,;,) on the monovariant AB
curve [3]. More complex variant (Fig. 3, a), with P, and T,,,, on the AB
curve has shown on P—T projection. The monovariant line consists of
three parts: AN, with the VLS order of phases, N;;,Ng, with the LVS or-
der of ones, and BN, with the LSV order of phases. Compositions of liq-
uid and vapour are identical in the N;; conditional invariant point, and
the x; = x;; azeotrope line of the azeotrope begins from this point. Com-
positions of crystal and vapour are identical in the Ng, conditional in-
variant point, and the x5 = x, line of the congruent sublimation of crys-
tal begins from this point, get-away toward low pressures. The condition
of obligatory congruent sublimation of binary crystals explains the sta-
tistical predominance of positive azeotropes (Fig. 1), in which this con-
dition is absent, in the comparison with negative ones.

Let us consider key T—x isobars (Fig. 3, b, 1-6).

1. There is only the congruent sublimation of the continuous solid
solution S in the absence of liquid L at P; < Py

2. The local area of liquid L, capable to evaporate, appears from the
Py, < Py< Pygy interval at the constant pressures. At the same time,
there are two azeotropes: along with the congruent sublimation of the
solid solution S, there is the congruent evaporation of liquid L, richer
in the A component. There are the VLS and LVS nodes of the three-
phase equilibria.

3. The solid solution S halts the congruent sublimation in the
Pyg, < Py < Py interval, and for the high-temperature node, it changes
the order of phases to LSV on the T—x cross-section.

4. The pressure of the B triple point (Pz < P, < P,) is exceeded and
the area L spreads to the B component.

5. T—x-isobars with a minimum of pressure in the LV equilibrium,
characteristic for negative azeotropes, appear at Py, < Py < Pyuy.

6. The (T—x)g isobar (Pgaz < P¢ < Pg,) holds the greatest interest, be-
cause fluid F appears in the wide interval of concentrations, at pres-
sures below the critical points pressures for pure components.

At the further increase of the pressure (Pg, < P < Pgp), fluid F first
spreads to the A component, and then, under reaching the P > Py in-
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terval, the area of fluid becomes continuous.

The systems with the limited mutual solubility in the crystalline state
and the systems, in which compounds appear, are of particular interest.
IV. The negative azeotrope and the crystalline phase based on the AB
compound, which sublimates and melts congruently, appears in the A—B
system.

On the P-T projection (Fig. 4, a), except for the triple and critical
points for pure components, invariant points of eutectic equilibria are
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present: N, (VS,LS,z) and N, (S,sLSsV), and N, Ng,, Ng, conditional
invariant points. Accordingly, the monovariant lines appear. Two of
them are co-sublimation of two crystalline phases VS,S,z and S, xSV
(get-away toward low pressures from N; and N,), also S,LS ,z and S,zLSg
co-melting lines (vertical ones spreading toward high pressures from N,
and N,), and three lines of crystal-liquid—-vapour: AN; (VS,L), N,N,
(VLS,z) and BN, (LSg5V). The N;N, monovariant line with the change of
phases order: VLS, < VS, zL < S,zVL < S,sLV in points Ng;, Ng,, and
Ny, from which xg,5= x;, X545= Xy, and x; = x,, azeotropes lines start, is
of particular interest.

Mutual solubility of A and B components in the crystalline state is
insignificant. We can consider T—x-isobaric sections (Fig. 4, b).

1. There is the incongruent sublimation of S, and Sy limited solid
solutions, and the congruent sublimation of the S,; binary crystalline
phase at P; < Py,. There two nodes exist: V.S,S,z and S,zSzV.

2. The solid solution, rich in the A component, begins to melt at con-
stant pressures from the Py, < P, < Py interval. The area of liquid L ap-
pears and instead of the S,zSzV node S,zLSg, LSV and S, zLV nodes
appear on the T—x section.

3. The area of liquid L spreads to B component, and the LSzV node
disappears in the Py < P; < Py, interval.

4. Then, liquid L rich with the B component begins the congruent
evaporation, besides, the P,; pressure is exceeded and liquid L rich
with the A component appears at Py, < P, < Pygy-

5. An interesting T—x isobar exists in Pyg,< P5< Pyg; narrow inter-
val of pressures. The binary crystalline phase melts incongruently,
liquid L rich with the B component evaporates congruently, aiming to
unite with liquid L based on the A component.

6. The T—x isobar acquires a characteristic form for negative azeo-
tropes with a minimum of the pressure at P> Pyg;. There is the con-
gruent melting of the AB binary phase at low temperatures.

Further, with increase of pressures, fluid F appears, similar to the
previous case.

4. CONCLUSION

It is clear that the graphical phase-diagrams method makes possible
to improve experimental information concerning the equilibrium
states. Usually, it is used in the research and industrial development to
save large amounts of time and resources by reducing the experimental
work and by making thermodynamic predictions available especially
for the multicomponent systems.

It has ascertained experimentally that the application of positive aze-
otropes initially could not be very successful, because the pressure above
them is higher than above pure components in isothermal conditions.



THE SELECTION OF AZEOTROPES AT AMBIENT PRESSURE DRYING OF AEROGELS711

P

S 5o
78.\ Sa A Sa
A B A BA
T
v O v 9
/\
i 1
L
L
S [Saa Sn
Sa S |||f'Sa S |||J' S Si
A BaA BA B
Fig. 4.

Apparently, it is possible to get in the supercritical region for nega-
tive azeotropes at pressures below critical points of pure components.
We have used some binary negative azeotropic mixtures like pore fluids
in our experimental work and obtained transparent, crack-free bulk
samples of silica aerogels. It would pay to try other compounds for aero-
gels production, such as triple azeotropic mixtures. We are sure that
there will be a great number of the additional phenomena related to the
presence of the third component. As it has been noticed earlier, the sys-
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tems that possess the limited mutual solubility in the crystalline state
and those, in which the chemical compounds appear, are of significant
practical interest. It is possible to expect the considerable decline of the
evaporation pressure of liquid—vapour azeotrope, as compared to the
evaporation of liquid components. Such systems exist, but they are
scantily known now.
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