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Cmamba noceauwjena pa3pabomeie cxem pazoeieHUs cMecu pacmeopumesneil nPou36o0-
cmea Ou2udpoKeepyemuna OuIMuI0eslil Ighup + 2excan + smunayemam + IManos Ha OCHOGe ana-
AU3a CMPYKMypvl OUAzZpammsl RAPOHCUOKOCMHO20 pasHogsecus. Dazosoe pasnogecue & cucmeme
ousmunoeulii Ipup + 2ekcan + Imunayemam + IMAHO UCCIEO08AHO C NPUMEHEHUEM MaAmMemMamu-
uecko2o mooenuposanus ¢ npozpamme AspenPlus V.10.0. Ilapamemper ypasenenus Non Random
Two Liquid nozeonstom eocnpouszeodums dannvle RApoIHCUOKOCMHO20 PAGHOBECUS U A3EOMPONHDLE
C6OlICMEA CUCHEMbl C OMHOCUMENbHOI OWMUOKOIL, He npesviuiatouieii 5%. Ilokazano, umo cucme-
Ma xapakmepuszyemcsa Haauuuem mpex OUHAPHBIX A3e0mponoe (ceoylo6udH020 muna), a Ouazpam-
Ma OUCMUNIAYUOHHBIX JIUHUIL PA30UBAEMCA HA MPU 001aCMU OUCHULIAYUN 0BYMA Cenapampuye-
CKUMU NOBEPXHOCMAMU, NOPOHCOCHHBIMU A3EOMPONAMU IMUIAUEMAm — IMAHOJ U IMuiayemam —
2ekcan. N-memun-2-nupponuoon évlopan 6 Kauecmee pacmeopumeisa 0 nPoyecca IKCMPAKmMue-
HOUl peKmugukayuu na ocnoge ananusa aumepamypul. Paccuumana cenekmuenocms pazoenaio-
wie20 azeHma U NOKA3AHO, YWMO 8bIOPAHHLLI PACMEOPUMEIb 6 PA3HOI CIENneHU OKA3blédenm 6J1Us-
HUe Ha OMHOCUMEIbHYIO JlemyUecnb KOMNOHEHM 08 (nosbliaem 1emyuecms 2eKcana u Imunaye-
mama omHOCUMENbHO IMAHONA, A MAKMHCe JTemyuecmsb 2eKCAHa OMHOCUMENbHO Imunayemama).
Ilpeonoostcensvt 08e cxemuvl peKMUDUKAUUOHHO20 PA30EIEHUA CMECU, codeprcaujue KOJIOHHY bloe-
JNleHuA OuIMUN06020 IPupa u 06a KOMHIAeKca IKCHMPAKMUGHOU pekmuduxkayuu (pazoenenue
mpouinoil cmecu 2excan + smunayemam + smanosn). Cxemvl OMaAUYAIOMCA NOC1€0068AMENLHOCHILIO
evloenieHus KOMHOHEHMO6: 2eKcan, ymunayemam u smanoin. Iloooopansvt napamempuot pabomel Ko-
JIOHH (YUCNo mapenoxk, mapeaKa NUMAaHUs, Qaezmoeoe Hucio, COOMHOUIeHUEe KOJIUYECmea ucxoo-
HOII cMecu u pazoenaouiezo azeHma) omeeuaruue MUHUMAIbHbIM IHEP2Zo3ampamam u obecnequ-
earoujue nonyyeHue geulecme mogapHozo Kauecmea. Bulopan snepeoaghghexkmueniii éapuanm pasz-
oenenus.

KiroueBble ciioBa: AUTUAPOKBCPUCTUH, Pa3ACJICHUEC CMCCHU paCTBOpHTeHefI, OKCTpPAaKTUBHAsA peKTH(bH-
Kamus, a3€oTpoIl, CXeMa pa3acICHUA
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The paper is devoted to the development of diethyl ether + hexane + ethyl acetate + etha-
nol mixture (solvents of the dihydroquercetine production) separation flowsheets based on the
analysis of the structure of the phase diagram. The phase equilibrium of the quaternary system
was studied using mathematical modeling in the AspenPlus. The parameters of Non Random
Two Liquid model allow reproducing vapor-liquid equilibrium data and azeotropes characteris-
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tics with a relative error not exceeding 5%. It was shown that the system was characterized by the
presence of three binary azeotropes and the phase diagram was divided into three distillation re-
gions. Based on a literature analysis N-methyl-2-pyrrolidone was selected as a solvent for the ex-
tractive distillation. The selectivity of the separating agent was calculated and it was shown that
N-methyl-2-pyrrolidone influenced the relative volatility of components to varying degrees. Two
flowsheets containing a diethyl ether separation column and two extractive distillation complexes
were proposed. The flowsheets differ in the sequence of separation of the components: hexane,
ethyl acetate and ethanol. The distillation process was simulated and the operating column pa-
rameters (number of stages, feed stage, reflux ratio, solvent to feed volume ratio) were deter-
mined. Selected parameters meet the minimum energy consumption. An energy-efficient separa-

tion variant was chosen.

Key words: dihydroquercetin, solvents mixture separation, extractive distillation, azeotrope, separation

flowsheet
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INTRODUCTION

Diethyl ether, hexane, ethyl acetate and etha-
nol are commonly used as organic solvents in chemi-
cal and pharmaceutical industries [1-3]. The quater-
nary system containing these components (40% mol.
of diethyl ether, 16% mol. of hexane, 20% mol. of
ethyl acetate, 24% mol. of ethanol) forms in the pro-
cess of dihydroguercetin production and it needs to be
separated and the components should be recycled in
the extraction stages. However, this system contains
three binary azeotropes and hence it cannot be sepa-
rated using just conventional distillation. In order to
obtain substances of commercial quality it is neces-
sary to use special methods. One of the most effective
methods for separating homogeneous azeotropic mix-
tures is extractive distillation [4-11]. The main task in
this process is to find a solvent (extractive agent) that
changes relative volatility of the original components.
The same agent (depending on its amount) can have
different effects on the relative volatility of compo-
nents, which in turn can lead to polyvariance of the
structure of the separation flowsheet.

The paper presents the results of the study of
diethyl ether (DEE) + hexane (H) + ethyl acetate (EA)
+ ethanol (E) system phase diagram. Two flowsheets
that differ in the sequence of component separation
were proposed and the distillation columns operating
parameters corresponding to the minimum energy
consumption were determined.

METHODS

Mathematical modelling of phase equilibrium
of the diethyl ether + hexane + ethyl acetate + ethanol
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quaternary system was based on the Non Random
Two Liquid [12] equation using AspenPlus®.

> x7;G; ( > X TG
j Z Xj 'J A
Zxk kJL b %Gy
k

I
ny, = z Gy

WhereG = eXp( (Z” |I)
b..

Ty =a; +—+e; InT+f,T.
T 7

o =¢; +d; (T —273.15K);7; =0;G; =1.

The parameters of NRTL model are given in
table 1. The parameters a;; (a;;) for binary constituents
EA+E and DEE+E are -0.24 (-1.15) and -11.3 (11.7)
respectively (for the other binary constituents they are
zero). The relative uncertainties of vapor-liquid equi-
librium description do not exceed 5%.

Table 1
The parameters of NRTL model for DEE+H+EA+E
system at 101.325 kPa
Tabnuya 1. Iapamerpsl mogeau NRTL nuist cucremsl
DEE+H+EA+E npu 101,325 kPa

System bii bii Cii
H+E 738.64 497.81 0.47
H+EA 228.01 120.16 0.3
EA+E 282.96 524.42 0.3
DEE+EA 211.08 -167.63 0.3
DEE+H 429.77 -223.22 0.3
DEE+E 3707.0 -3421.4 0.3

To check the adequacy of the mathematical
modelling the experimental [13-15] and calculated
azeotropic data (composition and boiling temperature)
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have been compared (Table 2). The experimental data
are: azeotrope H + E (58.45 °C; xy = 66.25% mol.);
azeotrope H + EA (65.15 °C; x4 = 65.60% mol.); aze-
otrope E + EA (71.80 °C; xg = 45.25% mol.).
Table 2
Calculated azeotropic data and relative uncertainties
Tabnuya 2. PacyeTHble a3¢0TPOIHBIE JAHHbIC M OTHO-
CHTEJbLHBIE OIIHOKH

System 1-2 7,°C xp,%mol. |AYy, % |AT, %
H+E 58.35 66.18 0.17 0.11
H+ EA 65.18 66.87 0.05 1.93
E+EA 71.81 44.67 0.01 1.28

The results obtained confirm the adequacy of
the mathematical modelling and the possibility of us-
ing NRTL parameters (Table 1) for subsequent calcu-
lations.

RESULTS AND DISCUSSIONS

The phase diagram of DEE + H + EA + E
quaternary mixture contains three binary azeotropes,
two of which have an intermediate boiling point:
EA + Hand EA + E [16-17]. These azeotropes gener-
ate separate surfaces that divide composition tetrahe-
dron into three distillation regions (Fig. 1 — the boil-
ing points of the components are indicated in paren-
theses).

DEE (34,39)

E(78,31)

EA
(77,20)

H (68,73)
Fig. 1. Vapor-liquid equilibrium diagram of system
DEE+H+EA+E

Puc. 1. luarpaMma mapoKuAKOCTHOTO PABHOBECHSI CUCTEMBI
DEE+H+EA+E

DEE does not form azeotropes with other
components so it is possible to separate it using direct
distillation in first column. Distillation was simulated
with RadFrac routine of Aspen Plus. Sensitivity anal-
ysis was used to establish the operating conditions
(number of stage (N), reflux ratio (R), mixture feed
stage (NF)) for the column: N — 36; NF — 13; R = 2.7
(Feed (F) — 100 kmol/h)). Theoretical stages were
considered [18]. The purity of DEE (distillate flow) is
99.61% mol. Bottom flow contains mixture of the
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next composition: 26.51% mol. of hexane, 39.89% mol.
of ethyl acetate, 33.34% mol. of ethanol. The admix-
ture of the diethyl ether in the mixture is 0.26% mol.

Extractive distillation was used to separate the
mixture of H + EA + E. The analysis of the literature
[6, 19-21] has shown N-methyl-2-pyrrolidone (NMP)
can be used for this purpose. The missing parameters
of NRTL model were taken from the AspenPlus data-
base or were regressed using the UNIFAC model (for
EA + NMP, DEE + NMP binary mixtures).

In order to predict the results of extractive
distillation of H + EA + E ternary system with NMP
the relative volatility of the three component pairs
was calculated and the selectivity of the separating

agent (SA) was determined by the formula:

SSA_aSA

ar
where S** — the selectivity of SA; o** (ag) — the rela-
tive volatility of the components in the presence of
SA (for the original ternary or binary mixture).

The selectivity of the NMP (solvent to feed
volume ratio was 1/1) for component pairsH + E, H +
EA and EA + E was 4.9, 3.6 and 1.4, respectively. It
means that depending on the operating parameters of
extractive distillation column it is possible to get H or
binary mixture H + EA as a distillate product. Thus
two flowsheets with different structure can be pro-
posed (Fig. 2). Both flowsheets contain two extractive
complexes: ED,; — separation of H + EA + E ternary
mixture and ED, — separation of EA + E (Fig. 2 (a)) or
H + EA (Fig. 2 (b)) binary mixture. The selectivity of
NMP is higher for H + EA than for EA + E (2.6 via 2.0).

H

Fig. 2. Flowsheets of H+EA+E mixture separation: distillate of
first column contains H (a) or binary mixture H+EA (b)
Puc. 2. Cxewmnl pazaenenust cmecu H+EA+E: notokx nuctmiara
nepBoii KoJoHHBI conepxut H (a) nmu cmecs H+EA (b)

The distillation columns parameters of flow-
sheets proposed are given in Table 3 and Table 4 (the
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components are listed in the following order: H, E,
EA, DEE, NMP).The optimum parameters correspond
to minimum energy consumption (Q). All columns
work at atmospheric pressure.
Table 3
The distillation columns parameters for flowsheet pre-
sented in Fig. 2 (a)
Tabnuya 3. IlapameTpbl padoThl peKTHPUKANMOHHBIX
KOJIOHH CXeMbl, IIPe/ICTABJIEHHOM Ha puc. 2 (a)

Column (SA/F)| N | Ng(Nsp) R Q, MWit
K1 (1/0.75) 29 | 22(11) 0.9 0.36
K2 11 4 0.2 0.76
K3 (1/1.25) 30 19 (3) 2.0 0.75
K4 10 4 0.4 0.56
3Q = 2.43 MWt
Table 4

The distillation columns parameters for flowsheet pre-
sented in Fig. 2 (b)
Taénuua 4. IllapameTpbl padoThl peKTH(PUKAUOHHBIX
KOJIOHH CXeMBbl, npeacTaBjieHHoi Ha puc. 2 (b)

Column (EA/F)| N NE (Nga) R Q, MWt
K1 (1/1) 30 19 (6) 1.0 0.87
K2 13 5 0.3 0.55
K3 (1/1) 29 21 (9) 0.6 0.32
K4 9 4 0.4 0.41
>Q =2.15 MWt

The amount of separating agent depends on
its selectivity: the higher the selectivity, the smaller
the amount of solvent is required for mixture separa-
tion. The comparison of the energy costs for each
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complex of extractive distillation (ED; and ED,) of
flowsheets considered has shown that it is less ener-
gy-intensive to separate pure H than H + EA from the
ternary mixture (ED,), but more energy- intensive
extractive distillation of the binary mixture EA + E
(compared to H + EA) (a greater amount of solvent is
required and a higher reflux ratio of the first column
is needed to reduce the NMP content in the distillate).

CONCLUSIONS

Extractive distillation refers to energy-
efficient methods for azeotropic mixtures separation.
The disadvantage of the process is the addition of a
new substance that can pollute the product streams. If
all binary constituents of a homogeneous n-
component mixture contain azeotropes, then (n-1)
extractive distillation complexes are required to sepa-
rate it. Each complex will contain two columns (an
extractive distillation column and a separation agent
regeneration column). If a single selective solvent,
which affects the relative volatility of components in
different ways, is used, several separation flowsheets
of different structures (different sequence for the
components isolation) can be proposed. It was illus-
trated on the example of separation of hexane + ethyl
acetate + ethanol (after diethyl ether isolation) mix-
ture by extractive distillation with N-methyl-2-
pyrrolidone.
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