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Objectives. The conditions for the effective application of the sharp distillation technique (without
a component distributed between the distillate and bottom flows) for the separation of quaternary
zeotropic mixtures containing components with similar volatilities were determined. The area
of energy advantage for the flowsheet based on the preliminary fractionation of the mixture,
compared with the flowsheet, the first distillation column of which works based on the indirect
separation mode, was identified for an ethyl acetate-benzene—toluene-butyl acetate system.
Energy savings of up to 20% were achieved. The direct and indirect distillation modes can become
competitive when the point of the original composition is located near single K-surfaces or in a
region with a different ratio of distribution coefficients. Sharp distillation is not suitable for the
separation of a mixture containing a pair of components exhibiting relative unity volatility with
medium boiling points.

Methods. The mathematical modeling in the Aspen Plus V.10.0 software package was chosen
as the research method. The simulation was based on the Wilson local composition equation. The
relative errors in the description of the phase equilibrium did not exceed 3%.

Results. The structure of the vapor-liquid equilibrium diagram and diagram of surfaces of the
unit component distribution coefficients were studied for the ethyl acetate—benzene-toluene—
butyl acetate and acetone—toluene-butyl acetate—o-xylene systems. Flowsheets based on the
sharp, indirect (both systems), or direct (second system) distillation modes were proposed. The
distillation process was simulated, and the parameters of the column work were determined (the
quality of the substances meets the State Standard requirements of the Russian Federation for
minimal energy consumption).

Conclusions. Recommendations regarding the use of sharp distillation for the separation of
quaternary mixtures containing components with similar volatilities were devised.

Keywords: distillation, sharp distillation, liquid—-vapor equilibrium, components relative volatility,
components distribution coefficients.
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IMenu. /[na pekmugurayuu uemolpexKoMnoOHeHMHbIX 3e0MPONHbLLX cmecell, COOePIKAULUX KOM-
NnoHeHmMul ¢ OAUSKUMU Jlemyuecmamu, onpeoeneHsvl Ycriosus sghgpexmusHocmu npumeHeHus
NPOMENIYMOUH020 3a0aHH020 pasdeneHus (Npu omecymemeuu KoMnoHeHma, pacnpeoesierHHozo
MeXKOY OUCMUANSIMHBbIM U KYbo8blm nomokamu). Ha npumepe cucmemsl smunayemam—6eH30/1—
moayon-oymunayemam evloeseHa obracme dHep2emuueckoz0 Npeumyuiecmaa cxemol, OCHO-
B8AHHOU HA UCNOJL308AHUU NPedsapumenbH020 (PPAKYUUOHUPOBAHUSL CMECU, NO CPABHEHUIO CO
cxemoti, nepeast peKmupuKaAyUoOHHAsL KOJIOHHA KOmMopol pabomaem no emopomy 3a0aHHOMY
pazodeneruio. KoHoMusL sHepeozampam cocmasasem 0o 20%. Peanuzayus nepgozo u 8mopozo
3a0aHH020 pa30esleHUsL MOXKem CMmams KOHKYPEHMHOU NPU PACNOS0IKEHUU MOUKU UCXOOHO20 CO-
cmasa 8busu eduHuuHsblx K-nogepxHocmell unu ¢ obsiacmu ¢ 0pysum coomHouleHuem Kosgpgu-
yuermos pacnpeoesneHust. IIpomexxymouHoe pasdesneHue He moxKem Oblmb peKomeHO08aHO 015
pasoeneHust cmecu ¢ 6auUsKoll K eOUHUYE OMHOCUMEeNbHOU lemyuecmbsbio napbl KOMNOHEHMO8 CO
CpedHUMU memnepamypamu. KUNeHusl.

MemoovsL. B kauecmee memood ucciedo8amus 8bl6paHo Mamemamuueckoe Mooeauposaue 8
npozpammHom Komnnerxce Aspen Plus V.10.0. ModenupogaHue 0CHO8bl8AI0CH HA YPABHEHUU JLO-
KanweHozo cocmasa Wilson. OmHocumenbHble ouubKu onucanust pazoeozo pasHosecust He npe-
svuuarom 3%.

Pesynoemamet. FHccnedosarHa cmpykmypa Ouazpammsbl NaAporKUOKOCmHO20 pasHogecust u oua-
2pammol nogepxHocmell eOUHUUHBbLX KO3hhuyueHmos pacnpeoesieHust KOMNOHEeHMo8 Ot cucmem
amunayemam-6eH3on-monyon—-oymunayemam U AUEMOH—MONYON—-OYMUNAUEMAM—O0-KCUTON.
IIpednosxeHsbl cxembl, OCHOBAHHBLE HA UCNONBI08AHUU NPOMEIYMOUHO20, 8MOopoz0 (0be cucmembt)
uniu nepgozo (emopast cucmema) 3a0aHHo20 pasdeneHust. [IpogedeH pacuem npoyecca pekmugu-
Kauuu u no0obpaHsl napamempsl pabombl KOJIOHH, obecneuusaroujue noayueHue seuiecms, Kave-
cmeo Komopulx omeeuaem mpebosarHusim I'OCT npu MUHUMANLHBIX 9HEpP203ampamax.

Buteoout. Ha ocHoge npogedeHHblX UCCAe008aHULL CHOPMYAUPOBAHBL PEKOMEHOAUUU NO UCNOJb-
308AHUIO NPOMEIKYMOUHO20 pasdeseHusl NPU peKmuUpPuUKaAYUU UeMblPexKoOMNOHEHMHbLX cmecell,
€O00epAaAUUX KOMNOHEHMBL ¢ OAUKUMU ilemyUuecmsimu.

Knroueevle cnoea: peKxmugurayus, NpomesKymouHoe pasdeneHue, pasHogecue HKuUoKocmp—
nap, OMHOCUMeTbHAsL leMyUuecms KOMNOHEHMOo8, KoaghguyueHmbl pacnpedesieHust KOMNOHEHMO8.

Jlna yumuposanus: Temexonnesa M.E., Maesckuit M.A., I'aranos U.C., ®ponkoBa A.B. O0nactu 3HEpreTHIeCKOro NpenmMyIie-
CTBA CXEM pa3/ICIICHHUsI CMECEH, ColleprKalliX KOMIIOHEHTBI ¢ OJTM3KUMHU JIeTy4ecTsIMU. TorKue xumuueckue mexronocuu. 2020;15(3):7-20.

https://doi.org/10.32362/2410-6593-2020-15-3-7-20

INTRODUCTION

Choosing an energy-efficient version of the
separation flowsheet is one of the key challenges in
basic organic and petrochemical synthesis. This is
primarily because the separation unit of the reaction
mixture accounts for 60-80% of the total energy
consumption [1-3]. Developing a separation flowsheet
for multicomponent mixtures is a polyvariant task,
since the same mixture can be separated using different
modes (direct, indirect, or sharp distillation) or using

special methods [1, 2, 4-8]. The formulation of
practical recommendations for the use of a particular
technique or method will significantly reduce the
time expended at the pre-project development stage
of the separation technology.

In [9], we evaluated the possibility of using sharp
distillation (provided that there is no component
distributed between the cube and the distillate) for
the separation of quaternary non-ideal mixtures
containing azeotropes and/or components with similar
volatilities. Based on the analysis of the diagrams
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of surfaces of the unit component distribution
coefficients, the areas of compositions are identified
for which the use of the sharp distillation mode is
not only possible but also potentially more energy-
efficient than the direct or indirect distillation modes.

In this paper, a comparative analysis of the
separation flowsheets of multicomponent zeotropic
mixtures (containing components with similar
volatilities) based on various types of separation
modes is carried out. The conditions, under which
sharp distillation is more energy-efficient than other
separation modes, as well as the restrictions to its
application, are determined.

The objects of research are quaternary systems:
ethyl acetate (EA)-benzene (B)-toluene (T)-butyl
acetate (BA) (a mixture of solvents produced by
biodegradable polymers [10]) and acetone (A)-toluene
(T)-butyl acetate (BA)—o-xylene (0-X) (a mixture
of solvents produced by epoxy primers [11]). Both
systems are zeotropic and contain pairs of components
with similar volatiles: ethyl acetate—benzene and
toluene—butyl acetate.

MATERIALS AND METHODS

Phase equilibrium modeling was performed in the
AspenPlus V.10.0 software package using the Wilson
equation:

—Z A,ix/.
EkA/'kxk

J

Iny, =1-1In

ZAijxj
J

G
T*’

b,
where 4, =a, +7’+ c; InT+d,T+ a, a, b[j and bji

are the parameters of the Wilson equation.

This equation has been proven to be instrumental
in the study of the phase equilibrium of homogeneous
systems, including the changes in the external
conditions. This model is chosen to enable the
simulation of the phase equilibrium and the distillation
process at low pressures.

The parameters of the binary interaction and
errors in the description of the phase equilibrium are
given in Table 1.

RESULTS AND DISCUSSION

Based on the analysis of the phase equilibrium
curves of the binary systems, ethyl acetate—benzene
and toluene—butyl acetate [12—13], it was shown
that the separation of ethyl acetate from benzene
using conventional distillation is impossible under
any condition. This fact restricts the use of direct
distillation for the separation of the EA-B-T-BA
mixture. The separation of toluene from BA without
special methods is possible in a distillation column
at a low pressure (the relative volatility of the
components is increased by more than 1.5 times).
Thus, for the separation of the EA—-B-T-BA mixture
at the first stage, it is possible to use a sharp distillation
(at reduced pressure) specified separation technique;
for the A-T-BA—0-X mixture, any technique can be
utilized.

The efficiency of using a particular separation
technique for mixtures of different compositions
characterized by different ratios of component
distribution coefficients was evaluated. To select the
original compositions, diagrams of the unit surfaces
of the component distribution coefficients were
constructed (Fig. 1).

The area of compositions in which the
distribution coefficients of two components are

Table 1. Wilson equation parameters for the binary constituents of the benzene (B)—toluene (T)—ethyl acetate
(EA)-butyl acetate (BA) and acetone (A)-toluene (T)-butyl acetate (BA)—o-xylene (0-X) systems

Binary system a, a, b, b, AT, % AY, %
B-T —1.5857 2.3275 634.7787 —913.6505 0.17 1.06
B-EA 8.2122 —11.6434 —2841.5425 4010.0664 0.07 0.31
B-BA 0 0 —19.0272 54.5272 0.20 1.12
T-A* 5.10951 —4.14947 —2010.08 1570.5 0.20 0.94
T-BA* —2.0001 1.53945 951.97 —848.68 0.27 4.56
EA-BA 0 0 —5.6575 —15.65 0.37 1.67
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Table 1. Continued

Binary system a; a, 4 bﬁ AT, % AY, %

A-T
0.8857 —0.8619 —461.065 247.597 0.57 1.47
A-BA 0 0 —0.1353 —87.2465 0.44 0.55
A-o-X 0 0 —-163.265 —-96.3392 0.00 0.10
A Xk
T-o-X 0 0 ~151.016 126.916 . -
_ X kk

BA—0-X 0 0 245.808 —409.273 - —

Note: *parameters are estimated from experimental data [12—-14];

**parameters were evaluated using the UNIFAC model.

Kgp> 1
Kg 1pa<1
LBA® ~ )

Fig. 1. Diagrams of the unit K-surfaces of the systems: ethyl acetate (EA)-benzene (B)—toluene (T)-butyl acetate (BA) (a)
and acetone (A)-toluene (T)-butyl acetate (BA)—o-xylene (0-X) (b) at 760 mm Hg.

characterized by a value greater than one, and the rest
by less than one, is favorable for the implementation
of sharp distillation. For the system shown in Fig. 1a,
this area occupies a significant part of the composition
simplex. For the system in Fig. 1b, this region is quite
narrow, which is due to the proximity of the volatile
components with intermediate boiling points (toluene
and butyl acetate).

For the EA-B-T-BA system, the points of
original compositions belonging to different
secants are selected (secant 1 corresponds to the
equimolar ratio of benzene, toluene, and butyl
acetate; for secants 2, 3, and 4, the compositions are
enriched with butyl acetate, benzene, and toluene,
respectively). For each section, five compositions
are considered, corresponding to sections 1-5 with

constant concentrations of ethyl acetate: 0.05 (1),
0.25(2), 0.45 (3), 0.65 (4), and 0.82 (5). The original
composition of the mixture is represented by two digits,
the first of which indicates the number of the secant, and the
second—the section number. Composition 2.1 (x,, = 0.05,
x, =0.05,x.=0.3, x,, = 0.6 mol. fractions) belongs
to the area where only butyl acetate is a highly volatile
component; the other components are highly volatile.
Other compositions are characterized by the following ratio
of distribution coefficients: K, > 1, K,> 1, K. <1,K,, <1.

For the A-T-BA-0-K system, two original
compositions, belonging to regions with different
ratios of distribution coefficients, will be considered:
equimolar (K, > 1, K. >1,K,, > 1,K  <1)andx, =0.04,
x;=0.32,x,,=0.32,x = 0.32 mol. fractions (K, > 1,
K>1LK, <LK <l.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2020;15(3):7-20
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For each system, the separation flowsheets for
different structures are proposed, the distillation
process is simulated, and the parameters of the
columns are selected to ensure the production of
substances whose quality meets the requirements of
GOST (benzene No. 5955-75; ethyl acetate, butyl
acetate No. 8981-78; toluene No. 14710-78; acetone
No. 2768-84; o-xylene No. 9410-78) with minimal
energy consumption (the column reboiler duty is
considered).

T
EA,B B Fi]\A
SA
EA, B, T, BA
4
2
< 3
)
<
&5
BA

a

Ethyl acetate—benzene—toluene—butyl acetate system

Two flowsheets are proposed for the separation of
the mixtures (Fig. 2).

The parameters of the columns (NTS: the
number of theoretical stages; P: the pressure
(mm Hg); F, . /F_ : the ratio of the amounts of the
initial mixture and the separating agent (SA); FS:
the feed stage; R: the reflux ratio), as well as the
energy consumption (Q) for both flowsheets and
20 original compositions, are shown in Tables 2—-5.

EA,B,T EA,B Bi Ej
SA
EA, B, T, BA
— 1 2 3 4

EA, SA

b

Fig. 2. Ethyl acetate (EA)-benzene (B)—toluene (T)-butyl acetate (BA) mixture separation flowsheets based
on the sharp (a) and indirect (b) distillation modes (separating agent (SA): phenol).

Table 2. Parameters of the columns work of the separation flowsheets shown in Fig. 2

(for the original compositions from 1.1 to 1.5)

NTS P FS R NTS P FS R 0,
Column (F,../Fs) mix/SA (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 1.1 (x,, = 0.04, x, = 0.32, x = 0.32, x,, = 0.32 mol. fract.)
1 34 760 14 2.7 1189.2 36 100 10 1.1 1551.0
2 24 (1/1) 760 13/6 1 766.6 34 760 18 1.7 850.1
3 36 760 6 4.8 222.0 24 (1/1) 760 13/6 1 766.6
4 32 110 10 3.5 1492.7 36 760 6 4.8 222.0
>0 =3670.5 >0 =3389.7
The original composition of the mixture is 1.2 (x_, = 0.25, x, = 0.25, x_ = 0.25, x,, = 0.25 mol. fract.)
1 24 760 14 2 1346.9 24 100 9 1 1669.5
2 30 (1/1.7) 760 9/4 3 608.6 24 760 12 1.4 1064.2
3 22 760 9 3 987.4 30 (1/1.7) 760 9/4 3 608.6
4 24 110 12 3.8 1230.6 22 760 9 3 987.4
>0=4173.5 >0 =4329.7

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Table 2. Continued

NTS P FS R 0, NTS P FS R 0,
Column (F,../Fs) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 1.3 (x,, = 0.46, x, = 0.18, x, = 0.18, x,, = 0.18 mol. fract.)
1 32 760 19 1.4 1413.6 28 100 8 0.4 1419.1
2 36 (1/3) 760 10/4 1.3 1417.2 32 760 21 1.2 1278.3
3 28 760 5 1.3 1172.5 36 (1/3) 760 10/4 1.3 1417.2
4 36 110 12 3.1 766.6 28 760 5 1.3 1172.5
>0 =4769.9 >0 =5287.1
The original composition of the mixture is 1.4 (x,, = 0.64, x, = 0.12, x_ = 0.12, x,, = 0.12 mol. fract.)
1 36 760 23 1.3 1598.5 28 100 8 0.3 1417.1
2 36 (1/4) 760 10/4 1.3 1943.1 32 760 22 1.3 1582.6
3 32 760 5 1.6 1791.0 36 (1/4) 760 10/4 1.3 1943.1
4 32 110 11 3.5 559.7 32 760 5 1.6 1791.0
>0 =15892.3 >0 =6733.8
The original composition of the mixture is 1.5 (x,, = 0.82, x, = 0.06, x, = 0.06, x,,, = 0.06 mol. fract.)
1 36 760 24 1.2 1751.0 24 100 8 0.2 1339.1
2 32 (1/5.5) 760 11/4 0.9 2885.0 32 760 21 1.3 1821.2
3 32 760 5 2.1 2708.6 32 (1/5.5) 760 11/4 0.9 2885.0
4 32 110 11 3.6 285.9 32 760 5 2.1 2708.6
>0 =17630.5 >0=8753.9

Note: the separating agent is phenol.

Table 3. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 2.1 to 2.5)

NTS P FS R 0, NTS P FS R 0,
Column (F,../Fs) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 2.1 (x,, = 0.05, x, = 0.05, x, = 0.3, x,, = 0.6 mol. fract.)
1 58 760 16 8 832.6 37 100 11 43 2296.7
2 33 (1/2) 760 11/6 0.5 175.7 36 760 15 4.6 509.8
3 28 760 6 1.3 125.9 33(1/2) 760 11/6 0.5 175.7
4 37 110 12 6.1 2195.6 28 760 6 1.3 125.9
20=3329.8 Y0 =3108.1
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Table 3. Continued

NTS P FS R 0, NTS P FS R 0,
Column (F../Fo) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 2.2 (x_, = 0.25, x, = 0.039, x, = 0.237, x,, = 0.474 mol. fract.)
1 37 760 17 2.5 960.1 36 100 10 2.1 1900.8
2 32 (1/5) 760 11/5 0.5 882.2 33 760 20 1.9 767.9
3 33 760 5 2.1 818.2 32 (1/5) 760 11/5 0.5 882.2
4 40 110 12 5.7 1638.4 33 760 5 2.1 818.2
>0 =4298.9 >0 =4369.1
The original composition of the mixture is 2.3 (x_, = 0.45, x, = 0.029, x, = 0.173, x,, = 0.348 mol. fract.)
1 36 760 21 1.6 1176.5 33 100 9 1.2 1689.8
2 33 (1/5.5) 760 13/5 0.4 1550.1 28 760 18 1.6 1131.9
3 28 760 5 22 1525.1 33 (1/5.5) 760 13/5 0.4 1550.1
4 37 110 12 6.2 1283.6 28 760 5 22 1525.1
>0 =5535.3 >0 =5896.9
The original composition of the mixture is 2.4 (x_, = 0.65, x, = 0.0184, x, = 0.1108, x,,, = 0.2208 mol. fract.)
1 37 760 25 1.4 1485.0 28 100 8 0.7 1519.8
2 32 (1/6.5) 760 12/5 0.5 2599.0 29 19 1.8 1686.3
3 33 760 5 2.6 2443.6 32 (1/6.5) 760 12/5 0.5 2599.0
4 37 110 12 6.1 810.9 33 760 5 2.6 2443.6
>0 =7338.5 >0 =8248.7
The original composition of the mixture is 2.5 (x_, = 0.85, x, = 0.008, x, = 0.048, x,, = 0.094 mol. fract.)
1 36 760 25 1.3 1786.6 29 100 9 0.2 1172.9
2 33 (1/8) 760 15/8 0.4 4075.4 32 760 21 1.8 2152.2
3 36 760 5 32 3689.0 33 (1/8) 760 15/8 0.4 4075.4
4 33 110 12 7 395.0 36 760 5 32 3689.0
>0 =9946.0 >0=11089.5
Note: the separating agent is phenol.

The stage numbering begins at the top of the column. To
separate the pair of components: ethyl acetate—benzene,
phenol, recommended in the literature [15], is used,
which increases the volatility of benzene relative to that
of ethyl acetate.

Figure 3 shows graphs of the dependence of the
total energy consumption of the separation flowsheets
on the concentration of EA in the original mixture (for

secants 1 and 2). For the compositions located in the
other two sections, similar graphs were not obtained
because the energy consumption of the flowsheet
based on the sharp distillation is lower than that of
the flowsheets, the first column of which operates in
the indirect distillation mode.

The graphs, shown in Fig. 3, were used to
determine the coordinates of the intersection points

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Table 4. Parameters of the columns work of the separation flowsheets shown in Fig. 2

(for the original compositions from 3.1 to 3.5)

NTS P FS R 0, NTS P FS R 0,
Column (F../Fs) mix/SA kW (F,./F) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 3.1 (x_, = 0.05, x, = 0.6, x, = 0.05, x,, = 0.3 mol. fract.)
1 30 760 15 1.8 1616.23 30 100 7 1.4 1745.58
2 30 (1/1) 760 14/7 1.2 1123.41 36 760 23 1 1318.31
3 32 760 5 6.2 359.27 30 (1/1) 760 14/7 1.2 1123.41
4 47 110 14 18.3 859.27 32 760 5 6.2 359.31
>0 =13958.18 >0 =4546.61
The original composition of the mixture is 3.2 (x,, = 0.25, x, = 0.474, x = 0.039, x,, = 0.237 mol. fract.)
1 30 760 15 1.4 1571.93 29 100 9 0.8 1629.03
2 22 (1/2.6) 760 10/6 2.4 1332.27 36 760 23 1 1606.97
3 24 760 5 4 1240.14 22 (1/2.6) 760 10/6 24 1332.27
4 47 110 14 18.5 671.34 24 760 5 4 1240.16
>0 =4815.68 >0 =5808.43
The original composition of the mixture is 3.3 (x,, = 0.45, x, = 0.348, x, = 0.029, x,,, = 0.173 mol. fract.)
1 30 760 16 1.4 1745.25 28 100 9 0.6 1674.92
2 38 (1/2.4) 760 9/4 35 1218.12 33 760 21 1 1850.27
3 20 760 5 1.6 1275.53 38 (1/2.4) 760 9/4 35 1218.19
4 47 110 14 18.5 500.86 20 760 5 1.6 1275.58
>0 =4739.76 >0 =6018.96
The original composition of the mixture is 3.4 (x,, = 0.65, x, = 0.2208, x, = 0.0184, x,, = 0.1108 mol. fract.)
1 30 760 16 1.4 1901.95 28 100 10 0.5 1720.68
2 38 (1/4.4) 760 10/5 8.5 1616.26 34 760 21 1 2043.17
3 24 760 5 2.4 2326.96 38 (1/4.4) 760 10/5 8.5 1620.69
4 47 110 14 18.3 313.27 24 760 5 24 2327.07
Y0 = 6158.44 2.0="7711.61
The original composition of the mixture is 3.5 (x,, = 0.85, x, = 0.094, x = 0.008, x,, = 0.048 mol. fract.)
1 30 760 17 1.5 2128.95 27 100 10 0.5 1756.05
2 38 (1/5) 760 10/4 29 2159.29 36 760 23 1.1 2239.51
3 23 760 5 22 2893.40 38 (1/5) 760 10/4 29 2164.64
4 47 110 14 16.4 137.03 23 760 5 22 2893.40
>0="7318.67 >0 =9053.60

Note: the separating agent is phenol.
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Table 5. Parameters of the columns work of the separation flowsheets shown in Fig. 2
(for the original compositions from 4.1 to 4.5)

NTS P FS R 0, NTS P FS R 0,
Column (F../Fs) mix/SA kW (F,./F,) mix/SA kW
Sharp distillation Indirect distillation
The original composition of the mixture is 4.1 (x_, = 0.05, x, = 0.3, x, = 0.6, x,, = 0.05 mol. fract.)

1 36 760 17 4 1543.79 25 100 9 0.4 1406.04

2 29 (1/0.8) 760 13/5 1 503.63 32 760 15 2.1 1244.33

3 22 760 5 33 209.09 29 (1/0.8) 760 13/5 1.3 580.73

4 25 110 10 1.1 1094.80 22 760 5 3.3 212.09
>0 =3351.31 >0 =13443.19

The original composition of the mixture is 4.2 (x,, = 0.25, x, = 0.237, x, = 0.474, x,, = 0.039 mol. fract.)

1 32 760 16 3 1769.60 23 100 8 0.3 1405.04

2 33 (1/2.4) 760 9/4 3.1 767.02 29 760 14 1.7 1540.01

3 23 760 5 1.7 729.90 33 (1/2.4) 760 9/4 3.2 788.41

4 25 110 10 1.1 864.99 23 760 5 1.7 730.26
>0 =4131.51 >0 =4463.72

The original composition of the mixture is 4.3 (x,, = 0.45, x, = 0.173, x, = 0.348, x,, = 0.029 mol. fract.)

1 30 760 16 3 2270.55 22 100 7 0.2 1368.67

2 38 (1/3.2) 760 10/5 7.9 1182.36 24 760 13 1.2 1641.69

3 22 760 5 1.6 1276.29 35(1/3.2) 760 10/5 7.5 1109.44

4 25 110 10 1.1 634.97 22 760 5 1.7 1287.29
>0 =5364.17 >0 =5407.09

The original composition of the mixture is 4.4 (x,, = 0.65, x, = 0.1108, x, = 0.2208, x,, = 0.0184 mol. fract.)

1 30 760 18 2.8 2621.59 20 100 6 0.2 1408.87

2 38 (1/6) 760 9/4 17 1533.78 23 760 13 1.3 2008.85

3 22 760 5 32 2825.41 38 (1/6) 760 9/4 17 1528.09

4 25 110 10 1.1 402.88 22 760 5 32 2817.44
>0 ="7383.66 >0 =7763.25

The original composition of the mixture is 4.5 (x,, = 0.85, x, = 0.048, x, = 0.094, x,, = 0.008 mol. fract.)

1 30 760 18 26 | 2907.61 18 100 5 0.2 1376.49

2 40 (1/9.5) | 760 11/5 50 1883.38 24 760 13 14 | 233991

3 24 760 5 4.9 5077.87 40 (1/9.5) | 760 | 11/5 50 1887.00

4 25 110 10 1.1 171.47 24 760 5 49 | 5075.90
Y0 = 10040.33 Y0 =10679.30

Note: the separating agent is phenol.
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74 Indirect distillation
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Fig. 3. Dependence of the energy consumption of the ethyl acetate—benzene—toluene—butyl acetate mixture separation
flowsheets on the content of ethyl acetate (EA) in the initial mixture:
(a) secant 1 (compositions 1.1-1.5); (b) secant 2 (compositions 2.1-2.5).

Fig. 4. Areas of energy advantage of the separation
flowsheet based on the sharp distillation (above O™ 9

indir
surface) and indirect distillation (below O™ 9, surface).

ndir

of the energy consumption dependences of the schemes
on the content of ethyl acetate in the original mixture:
for secant 1, x,, = 0.17 mol. fractions; for secant 2,
x,, = 0.29 mol. fractions. Figure 4 shows a qualitative
border (the surface is highlighted by hatching), where
the energy consumptions of the considered separation
schemes are almost identical.

The area of energy advantage of the flowsheet
shown in Fig. 2a is located above the surface QSharp ~0
diagram, and in Fig. 2b, it is located below Qi = Dinai
surface.

indir

Acetone—toluene—butyl acetate—o-xylene system

For the separation of this mixture, five flowsheets
of different structures are considered: the first column
implements the direct (Figs. 5a, 5b), indirect (Figs.
5c, 5d), or sharp (Fig. 5e) distillation mode. The
flowsheets in Figs. 5a and 5b and in Figs. 5c and 5d
differ in the use of the direct and indirect distillation
modes for the separation of the ternary mixture of
toluene—butyl acetate—o-xylene (acetone—toluene—
butyl acetate).

Preliminary calculations have shown that when
separating toluene from a mixture of butyl acetate—o-xylene,
it is impossible to achieve the required quality of
toluene, even at a pressure of 50 mm Hg. This is
because the volatility of toluene, in comparison with
that of butyl acetate, in a ternary mixture is lower
than that in a binary one.

The results of the simulation of the distillation
process (parameters of the columns and energy
consumption) for the other flowsheets are shown in
Table 6.

The results obtained show that for the A-T-BA—0-X
system, the use of sharp distillation for the separation
of the original mixture is uneconomical (energy
consumption is 20-30% higher compared to those for
other separation modes).

CONCLUSIONS

If the original composition of a quaternary non-ideal
zeotropic mixture, i—j—k— (T < 7}0 <T'<T)),belongs to
aregion for which the ratio, K, > 1,Kj> LK <1,K<I,
is observed, then we can recommend pre-fractionation
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BA A T,BA T

o-X 0-X BA
(a) (b)

A, T,BA A T A, T,BA AT T

A, T,BA, 0-X
2 3 2 3
T, BA
BA 0-X BA A
(c) (d)
A BA
2 b 3
N
<
m
T
0-X

(e)

Fig. 5. Flowsheets of the separation of the mixture: acetone (A)—toluene (T)-butyl acetate (BA)—o-xylene (0-X),
based on the direct (a)—(b), indirect (c)—(d) and sharp (e) distillation modes.

Table 6. Parameters of the columns work of the separation flowsheets shown in Fig. 5

0, o,
Column NTS P FS R KW NTS P FS R KW

The original composition of x, = 0.25, x, = 0.25, x,, = 0.25, x , = 0.25 mol. fract.

Direct distillation (Fig. 5b) Sharp distillation (Fig. Se)
1 20 760 11 0.6 491.3 48 760 16 4.6 2832.3
2 33 760 16 23 1687.3 24 760 18 0.7 388.6
3 36 110 12 44 1397.2 40 760 24 4.8 1476.6
>0 =3575.8 >0 =4697.5
Indirect distillation (Fig. 5c) Indirect distillation (Fig. 5d)
1 36 760 17 1.2 1868.0 36 760 17 1.2 1868.0
2 25 760 11 0.6 424.5 33 110 10 1.2 1208.5
3 40 110 13 4.5 1422.9 28 760 22 0.6 368.0
2.0=3715.4 Y0 =3444.5

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2020;15(3):7-20
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Table 6. Continued

Column NTS P FS R

0,
NTS P FS R o

The original composition of x, = 0.04, x = 0.32, x,, = 0.32, x_, = 0.32 mol. fract.

Direct distillation (Fig. 5b) Sharp distillation (Fig. Se)
1 20 760 9 3.6 213.7 80 760 24 8 3260.0
2 33 760 16 22 2090.1 24 760 13 1.6 110.5
3 36 110 12 3.1 1363.6 40 760 25 4.8 1889.5
>0 =13667.4 >0 =5260.0
Indirect distillation (Fig. 5c¢) Indirect distillation (Fig. 5d)
1 38 760 18 1.8 2056.5 38 760 18 1.8 2056.5
2 25 760 11 32 177.3 33 110 11 2.7 1469.6
3 36 110 12 3.1 1363.7 24 760 13 1.6 110.6
>0=13597.5 >0 =13636.7

for the first stage of separation. The region with the
specified ratio of distribution coefficients will occupy
a large part of the volume of the composition simplex
if the system is characterized by the presence of
components with similar volatilities for pairs i—j and/
or k—I/. When a mixture of compositions belonging to
this area are separated, the use of sharp distillation
will be more energy-efficient (up to 20% energy
savings) than the use of direct and indirect distillation
modes. The latter modes can become competitive
when the point of the original composition is located
near the unit K-surfaces or in a region with a different
ratio of distribution coefficients. These patterns are
illustrated using the ethyl acetate—benzene—toluene—
butyl acetate system as an example.
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