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Abstract

Objectives. To study the possibility of hydroxyacetone-phenol binary mixture (a constituent of a
mixture of phenol production by the cumene method) separation in flowsheets based on the use
of distillation special methods. This is the addition of separating agents to increase the relative
volatility of the components of the original mixture, and the variation of pressure in the columns.
Methods. A computational simulation in Aspen Plus® was used as the research method.
Mathematical modeling of the vapor-liquid equilibrium was carried out using a local compositions
model Non-Random Two Liquid. The viability of the latter was confirmed by comparing experimental
and calculated on phase equilibrium data, and azeotropic data. The average relative error does
not exceed 3%.

Results. The dependence of the composition and boiling point of the hydroxyacetone—phenol
azeotrope on pressure was determined in a computational experiment (as the pressure increases,
the azeotrope is enriched with phenol). The possibility of using a complex of columns operating
under different pressures to separate the mixture was shown (the shift of the azeotrope
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is about 9%). The change in the relative volatility of components of the original mixture in
the presence of a high- (diethylene glycol) and a low-boiling (acetone) separating agent was
investigated. Both solvents are selective agents used in extractive and re-extractive distillation
processes. Three technological separation flowsheets containing two distillation columns were
proposed.

Conclusions. The study established the operation parameters of the columns (number of
theoretical stages, feed stages of the original mixture and separating agent, and reflux ratio) and
energy consumption (total heat supplied to the columns boiler) of three separation flowsheets
ensuring the production of products of a given quality (not less than 0.99 mol fractions).
The flowsheet with diethylene glycol is characterized by the lowest energy consumption.
It is recommended that complexes of extractive and re-extractive distillation be further optimized.
This enables the second product of cumulus production—acetone—to be involved in the
technological cycle.

Keywords: phenol, hydroxyacetone, vapor-liquid equilibrium, extractive distillation, re-extractive
distillation, pressure-swing distillation complexes
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AHHOMAyus

IMenu. Hccnedosamb 803MOINHOCMb pas0eseHUsl CMeCU 2UOPOKCUAUemOH-peHoN (cocmas-
Jsirowell cmecu npouzeoocmed PeHona KYMONbHbIM MemoooMm) 8 cxemax, 6asupyrouuxcs Ha
UCNONBL308AHUU CNeYUAIbHBIX NPUEeMO8 peKkmuguKrkayul: 006a8ieHUU pa30essitouux azeHmos,
NosbLUULAULUX OMHOCUMENbHYIO lemyuecmsb KOMNOHEHMO08 UCXOOHOU CMeCU, U 8apbUPO8AHUU
0aenieHUst 8 KOJIOHHAX.

MemooOsl. B kauecmsee MmemoOd UCCACO08AHUSL NPUMEHSIICS GbIUUCAUMENbHLIIL 9KCnepu-
MeHm 8 cpede npozpammHozo kKomnaekca Aspen Plus®. Mamemamuueckoe modenupogaHue
pasHosecust IKUOKOCMb-NAp NPo8OO0UTIOCHL C UCNOJAb308AHUEM MOOENU JIOKAbHbIX COCMaso8
Non-Random Two Liquid. AdexkeamHocmb nociedHezo0 noomeepiKoeHa CpasHeHUem IKCnepu-
MEHMANIbHBLX U PACUEMHBIX OAHHBIX 0 pA3080M PABHOBECUU, OAHHBLX 060 a3eomponuu; CpeoHss
omHocumenvHas owubra He npesbliuana 3%.

Pe3synemamel. B gvluuciumenvHOM sKcnepumeHme onpedeseHd 308UCUMOCMmb cocmasa U
memnepamypbl KUneHus. azeompona 2u0poKCUAUEemMOH-peHos om oOaeneHusl (npu yeenuue-
Huu oaeseHust azeompon obozawjaemcst peHOs0M), NOKA3AHA B03MONHOCMb UCNOb308AHUSL
KoMnieKca KOJOHH, pabomarouwux nod pasHbim OdesieHuem, 0si pasdeseHust cmecu (cosuz
azeompona cocmasensiem nopsioka 9%). HccnedogsaHo usmeHeHue OmHOCUMENbHOU Jemy-
yecmu napsvl KOMNOHEHMO8 UCXOOHOU CMeCu 8 NPUCYMCmeUU MmsiKesio- (OUSMULeH2UKOb)
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u Jsieekokunsiujezo (auemowr) pasdensiiouiezo azeHma. Oba pacmeopumenss s8ASIOMCSL ceneK-
MUBHBbIMU G2EHMAMU OJIsl NPOUECCO8 IKCMPAKMUBHOU U PeIKCMpaKmueHol peKkmugpukayuu.
IIpednorkeHbl mpu NPUHYUNUALHBLE MEXHOI02UUeCKUe CXembl pasdeneHusl, cooeprkawue oge
peKMUPUKAUUOHHbLE KOSIOHHBL.

Bwieoodst. OnpedesieHbl cmamuueckue napamempsvl pabombl KOJOHH (WUCAO Meopemuueckux
mapesiok, Homepa mapesox nooauu UCXOOHOU cmecu U pazldensouiezo dzeHma, ¢preamosoe
YUCTIO0) U 9HEep2o3ampamsl (CYMMApHbLE HARPY3KU HO KUNSIMUALHUKU KOJIOHH) mMpex cxem pasoe-
JleHust, obecneuusaroujue noayueHue npooyKkmos 3a0arHozo0 Kauecmaa (He Huxke 0.99 mon. doneti).
HaumeHbuwiumu saHepeozampamamu XapaKmepusyemest cxema ¢ OusmunieH2auKonem. [ns oano-
Hellwell onmuMu3ayul peKomeHO08aHbL KOMNIEKCbl IKCMPAKMUBHOU U pPesKCcmpaKmueHol
pexmucurayuu. ITocnedHsist no3gosiem 808/eUb 8 MEXHOI02UUECKUT YUK 8MOPOll NpooyKkm
KYMObHO20 NPOU3B00CMBA — AUEMOH.

Knroueesle cnoea: ¢eros, 2u0porKcuayemot, naposKudKocmHoe pagHogecue, SKCmpaKmueHast,
DpesaCMpaKmueHast peKmuguikayus,, KOMNIEKCbl C 8apbUpPO8aHUEM 0ABNEHUS 8 KOJIOHHAX

Jlna yumuposanusn: TaranoB W.C., PerroBa E.B., ®ponkoBa A.K. Cxembl pasnesneHusi OMHAPHOH CMECH THIPOKCHAIICTOH-
(heHOIN ¢ UCTIONB30BAHUEM CICLHAIBHBIX METONOB pekThdukaimu. Touxue xumuueckue mexnonoeuu. 2023;18(5):415-425. https:/doi.

org/10.32362/2410-6593-2023-18-5-415-425

INTRODUCTION

Phenol is a large-scale product of industrial
organic synthesis, the main amount of which is
obtained by the cumene method [1-4]. The combination
of an aromatic ring in the phenol molecule, which
ensures a fairly high thermal stability of the
compound, and a hydroxy group, which has increased
polarity compared to the alcohol hydroxyl and is
one of the strongest ortho-para-orienting substituents,
creates favorable conditions for the versatile use of
phenolic products [5].

Wide application of phenol in various industries!?
constantly tightens the requirements for the purity

! Chemie Mania: World consumption of phenol. URL:
http://www.chemiemania.ru/chemies-8878-1.html. Accessed
April 13, 2023.

2 Analytical portal of the chemical industry: Global
phenol market: installed capacity and demand forecast. URL:
https://www.newchemistry.ru/printletter.php?n_id=4044.
Accessed April 13,2023.

of the target product’. By-products formed at the
stage of chemical transformations are dimethylbenzyl
alcohol and acetophenone. In addition to these
high-boiling substances, other components, such as
hydroxyacetone (HA), 2-methylbenzofuran (2-MBF)
and mesityl oxide, are also formed in small
quantities [6—11]. The negative effect of HA on the
quality of phenol is manifested in the fact that in
distillation columns, as well as at the stage of
catalytic purification of raw phenol from impurities
using heterogeneous catalysts at high temperatures,
a condensation reaction of HA with phenol occurs
to form 2-MBF. This heterocyclic compound is
colorless, but during storage it easily forms colored
resinous products, which deteriorates the color
of the phenol. Eliminating the formation of HA
and completely removing it from products using

3 GOST 23519-93. Interstate Standard. Technical
synthetic phenol. Specifications. Moscow: IPK Izdatelstvo
standartov; 1996.
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conventional distillation is a technically intractable
task due to the presence of limitations imposed by
vapor—liquid equilibrium (VLE) [6]. Previously, a
method was proposed for producing high-quality
phenol by reducing the content of 2-MBP at the
stage of catalytic purification of phenol and
changing the technology of distillation of the
separated products. To achieve conditions that meet
the requirements for phenol of the highest quality
category, it was necessary to significantly complicate
the traditional distillation flowsheet by introducing
additional azeotropic-extractive distillation columns
and installing more efficient trays in a number of
columns. These measures, although not radically,
solved the problem of purification from HA and
2-MBP: phenol of the required quality is produced
at most plants, but it is too expensive, and any
failures in the composition of the initial mixture
entering the separation result in a decrease in
quality [7].

Despite the proposed chemical and technological
solutions, the task of improving the quality of phenol
remains relevant and requires an assessment of
the prospects and conditions for the use of special
separation techniques in order to achieve the required
purity of the target product (phenol). In this regard,
the aim of this work is to find alternative options
for separating a HA-phenol mixture, allowing
reducing the HA content in the products of
phenol synthesis using the cumene method.

OBJECTS AND METHODS OF RESEARCH

The binary component of the industrial mixture:
HA-phenol was chosen as the object of study.
Some  physicochemical characteristics of the
components at atmospheric pressure are presented in
Table 1.

In order to evaluate options for the separation
of a mixture of a specific composition, information
is needed on the VLE under various conditions,
in particular, when varying pressure and when
additional substances are added to the system.
To obtain the required data and further calculate
the distillation process, the method of mathematical
modeling of VLE in the Aspen Plus® V. 10.0
software package* (dAspenTech, USA) using the
Non-Random Two Liquid (NRTL) equation was
used. The binary interaction parameters of the
NRTL equation (Table 2) were taken from [7] and
used to calculate the VLE at a pressure
of 0.2 atm (Table 3).

The choice of reduced pressure is due to
the fact that at atmospheric pressure there is
a high probability of HA decomposition at
temperatures above 145°C. At a pressure of 0.2 atm
the temperature of the mixture does not
exceed 135°C.

As follows from the data presented, the description
of the VLE of the HA-phenol binary system
at a pressure of 0.2 atm is generally satisfactory.

Table 1. Physicochemical characteristics of phenol and HA at a pressure of 1 atm [7]

Name Gross formula M, g/mol T,, °C n? d>, g/lem’
Phenol CHO 94.11 181.8 1.5426 1.063
HA CHO, 74.08 145.5 1.4295 1.082
Note: M is the molar mass, g/mol; T, o, is the boiling point, °C; n,*° is the refractive index; d,%° is density, g/cm’.
Table 2. Binary interaction parameters for the NRTL equation [7]
Component i Component j . a, ; bﬁ .
HA Phenol —-0.798 -0.291 1.341 1.113 0.3

Note: a,a,
into account the non-ideality of the mixture.

b,, b, are parameters taking into account the binary interaction of components i/, j-i; ¢, is the parameter taking

4 Aspen Plus®is a powerful software designed for modeling processes in the chemical, petroleum, energy, and many other
industries. The model obtained in a computational environment allows engineers and researchers to design and optimize various

chemical processes and systems.
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Table 3. Comparison of experimental [7] and calculated data on the VLE of the HA (1)—phenol (2) system at a pressure of 0.2 atm

Yua» Mol fact. Uncertainty errors y, T,°C Uncertainty errors T
X,,,» mol fract.

exp. calc. abs., mol fract. rel., % exp. calc. abs., °C rel., %

0.000 0.000 0.000 0.000 0.00 131.84 131.65 0.19 0.14
0.044 0.044 0.041 0.003 6.82 133.00 131.71 1.29 0.97
0.100 0.119 0.117 0.002 1.59 132.80 131.53 1.27 0.96
0.200 0.290 0.285 0.005 1.69 131.20 130.18 1.02 0.78
0.400 0.700 0.649 0.051 7.26 125.00 123.17 1.83 1.47
0.500 0.818 0.784 0.034 4.18 120.00 118.32 1.68 1.40
0.600 0.890 0.876 0.014 1.61 115.00 113.38 1.62 1.41
0.700 0.937 0.934 0.003 0.33 110.50 108.79 1.71 1.55
0.800 0.970 0.968 0.002 0.19 105.05 104.78 0.27 0.25
0.900 0.989 0.990 —0.001 0.08 101.13 101.44 —-0.31 0.31
1.000 1.000 1.000 0.000 0.000 98.45 98.78 —0.33 0.34
Average 2.637 Average 0.87

Note: x,,, y,, are the HA concentrations in liquid and vapor phases, respectively, mol fract.; T is the boiling point

of the mixture. (1) A component of the mixture with a lower boiling point (in this case, HA), (2) A component of the mixture with

a higher boiling point (phenol).

Therefore, the parameters of the binary interaction
of the NRTL equation (Table 2) can be used in the
future to calculate the distillation process.

RESULTS OF COMPUTATIONAL
EXPERIMENT

The HA-phenol system is characterized by
the presence of an azeotrope with a maximum
boiling point (at constant pressure), which indicates
significant negative deviations of the system from
ideal behavior and, accordingly, the predominance
of strong interactions of opposite molecules. The
latter imposes thermodynamic restrictions on the
process of conventional distillation and requires
the use of special distillation techniques based on
the principle of redistribution of concentration

fields [12] between separation areas with different
sets of final products. The method of extractive
distillation (ED) [13, 14], which has proven itself
to be an energy-efficient separation process,
including mixtures containing phenol, has been
widely used for the separation of mixtures of
various natures [15-17].

To assess the possibility of using and
operating conditions for separation complexes for
a HA-phenol mixture, additional information was
obtained on the effect of pressure on the composition
of the binary azeotrope and potential separating
agents (SA) (high-boiling diethylene glycol (DEG)
and low-boiling acetone) on the relative volatility
of the starting components. Table 4 shows the
characteristics of a binary azeotrope at different
pressures, which indicate the presence of a noticeable
azeotropic shift in the considered pressure range.
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Table 4. Calculated characteristics of azeotropes at different pressures

Pressure, atm X, Mol fract. T, °C
0.1 0.990 114.07
0.2 0.959 131.71
1.0 0.902 182.45

Note: x,,, is the concentration of HA in azeotropic mixture; 7' is the azeotropic mixture boiling point.

ﬂf ‘UZ
—o> o

L

L x

Fig. 1. Flowsheet I of separation of a mixture
of HA (1)—phenol (2) at a pressure of 0.1 atm and 1.0 atm
in columns / and 2, respectively. £ is the amount of initial
mixture, kmol/h; D is the distillate flow, kmol/h;
W is the bottom flow, kmol/h.

Figure 1 shows a schematic diagram of
separation (I), representing a complex of two columns
operating at different pressures.

The calculation of the distillation process was
carried out at 100 kmol/h of the initial mixture
(feed to column 7). The HA content (x,,) in the
initial mixture was 0.7 mol fract. (model composition).
The initial mixture was fed into the column at a
temperature 7 close to the boiling point of the
mixture. Requirements for the quality of the resulting
products: HA content x,, = 0.995 mol fract., phenol
content x, = 0.999 mol fract. When calculating the
distillation process, optimization of parameters:
overall efficiency of the column N (number of
theoretical stages, NTS), numbers of feed stages
for the feed mixture streams (N,) and SA (N,),
as well as the reflux ratio R was carried out
using the Sensitivity Analysis module. The model
composition of the initial mixture was chosen

to establish the general principles of separation of
the HA-phenol mixture of the final composition
(to exclude the situation of dilution of the mixture
with the target product).

Table 5 shows the material balance and
operating parameters of the columns of Flowsheet I,
which represents a complex of two columns
operating under a pressure of 0.1 and 1.0 atm, respectively.

The course of the lines of constant relative
volatility of the HA-phenol pair in the presence
of DEG (Fig. 2) and acetone (Fig. 3) shows that
DEG (high-boiling SA, T,, = 244.8°C) and acetone
(low-boiling SA, T, = 56.0°C) increase the volatility
of HA relative to phenol in mixtures with a high
phenol content. For a model composition containing
0.7 mol fract. HA, in the presence of DEG, the
relative volatility of HA decreases slightly, but
remains high enough to realize the extractive effect.

Thus, in the first case, it is possible to organize
the ED process [13-14], and in the second case,
the process of re-extractive distillation (RED) [15].

Figure 4 shows the structures of the ED
(Flowsheet II) and RED (Flowsheet I1I) complexes.

Flowsheets II and III are antipodean flowsheets
and differ in the recovery of final products: in the
first case (Fig. 4a) HA and phenol are recovered
as the distillate flows; in the second (Fig. 4b)—as
the bottom flows. An essential requirement for the
functioning of the first column of both flowsheets
is the organization of a counterflow of the initial
mixture (F) and SA.

The calculation of the ED and RED process
was carried out using the binary interaction
parameters of the NRTL equation taken from [7],
the NIST database’, or modeled using the UNIFAC
equation. The quantity and composition of
the initial mixture, as well as the quality
requirements for HA and phenol, correspond to
Flowsheet I; purity of SA x,, = 0.999 mol fract.

5 Aspen Plus® V. 10.0 database. NIST Chemistry WebBook
URL: https://webbook.nist.gov/. Accessed April 22, 2023.
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Table 5. Material balance and operating parameters of distillation columns at different pressures

Distillate (D) Bottom flow (W)
Col.No. | P,atm | N,NTS | N, R 0,0 KW
Flow rate / x,, (T, °C) Flow rate / x,,, (T, °C)
1 0.1 60 3 3 70/0.995 (82.11) 33.41/0.021 (97.77) 3575.6
2 1.0 70 17 2 30/0.001 (165.15) 3.41/0.098 (182.45) 1287.8
Total energy consumption 4863.3

Note: Flow rate is the number of flows, kmol/h; x,,, is the concentration of HA in the flow, mol fract.; T'is the flow temperature
(distillate/still), corresponds to the boiling temperature at a given composition of the distillate/still, °C. The plates are numbered
from the top of the column. O, , is the energy consumption of the boiler, kW.

Acetone
L 5%&1

HA W Y WW - Phenol

.9 08 07 06

Fig. 2. Isoline diagram of the relative volatility of the Fig. 3. Isoline diagram of the relative volatility
HA-—phenol binary system in the presence of DEG (SA) of the HA—phenol binary system in the presence
at a pressure of 0.2 atm, a. is the relative volatility of acetone (SA) at a pressure of 0.2 atm, o is the
of the components. relative volatility of the components.
,_07 9 I_DZ 9 /CU
SA > b b,
i J
oy
7 2
W.
7 Vi ?
SA
W,
| Lvs  Lus

(a) (b)

Fig. 4. Structures of the ED (Flowsheet 11, a) and RED (Flowsheet I1I, b) complexes. £ is the flow of the initial mixture, kmol/h;
D is the distillate flow, kmol/h; W is the bottom flow, kmol/h.
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An important indicator of the ED and RED
processes is the SA consumption, which ensures
its selective action. Therefore, at the first stage of
optimization of the parameters of the corresponding
columns of Flowsheet II and III, a ‘“manual”
selection of the SA flow rates and pressure in the
column necessary to achieve the specified purity
of the product streams was carried out, and in
most cases the quality of the products exceeded
the specified one. Next, the Design Specs and
Sensitivity Analysis modules were used.

The calculation results for the ED and RED
processes are presented in Table 6.

DISCUSSION OF RESULTS

The data from the computational experiment
showed that in all three options the required
quality of product flows was achieved. The most
efficient option for separating an HA—phenol mixture
is the ED process with high-boiling SA (DEG).
As one would expect, the RED mode with low-
boiling SA (acetone) requires the highest (almost
twice as much as in ED) energy consumption,
which is due, among other things, to the higher
ratio of SA (2.0 compared to 1.2 in ED), which

it is necessary to evaporate twice to isolate acetone
in the distillates of both columns of the RED
complex. Flowsheets I and III differ slightly in energy
consumption (8.6%).

A comparison of the ED and RED modes
shows a significant reduction in the total energy
consumption in the first column of the ED complex,
which is associated with the additional ease
of isolating HA as a product with a minimum
boiling point in the distillation region, which
belongs to the mixture of F|) + SA gross composition.
In this case, at close levels of supply of the initial
mixture and SA, we can talk about the process of
conventional distillation of a ternary mixture of
HA-phenol-DEG. A feature of this mode is the
production in the cube of a column of a composition
belonging to a separatrix [14], which, due to
curvature, touches the side of the DEG-—phenol
triangle in the DEG concentration range of
0.65-1.0 mol fract. (Fig. 5). The latter leads to a
decrease in the content of HA impurities in the
bottom product of the ED column, which otherwise
would be about 1.0-1.5%.

Despite the high energy consumption of
the RED complex, its main advantage is the
involvement of acetone in the technological process—
the second target product of the cumene method

Table 6. Material balance and operating parameters of distillation columns of the ED and RED complexes

Distillate (D) Bottom flow (W)
Col.No. | P,atm | N,NTS | N,/N,, | R 0, kW
Flow rate / x,, / x, (T,°C) Flow rate / x, / x, (T, °C)

ED complex (SA/mixture ratio = 120 : 100)
1 0.2 16 9/6 0.67 70/0.996 /0.004 (98.88) 150/0.002 /0.198 (172.69) 1602.0
2 0.2 20 6/— 1.45 30/0.001/0.999 (131.69) 120/0.000 / 0.008 (190.91) 1111.0
Total energy consumption | 2713.0

RED complex (PA/mixture ratio = 200 : 100)
1 0.35 60 7/53 0.15 270/0.259/0.000 (34.24) 30/0.001/0.999 (147.44) 3050.0
2 1.0 11 7/- 0.08 200/0.002 /0.000 (56.18) 70/0.999/0.000 (143.61) 2230.0
Total energy consumption | 5280.0

Note: Flow rate is the number of flows, kmol/h; x,,, .

and x_ are concentrations of HA and phenol in the flow, respectively, mol fract.;

T'is the flow temperature (distillate/still), corresponds to the boiling temperature at a given composition of the distillate/still, °C. The
plates are numbered from the top of the column. Q, , is the energy consumption of the boiler, kW.
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(b)

Fig. 5. Distillation lines in the concentration triangle of the HA—phenol-DEG system (a)
and a fragment of the diagram (b), reflecting the features of the location of the separatrix in the vicinity
of the DEG—phenol side at a pressure of 0.2 atm.

[I,‘E’IS n,\1’n u,‘is u,;u 0,25 n,ysln n,ysls n,;n n,;:.s 0,50 0,55 0,60 0,65 0,70 0,75 0,80 0,85 0,90 n,g‘%\Phenﬂl
131,71 C
(a)
for the production of phenol, which is not
in full demand today. This circumstance
undoubtedly increases the prospects for further

optimization of the RED process and its use
in industry.

CONCLUSIONS

New physicochemical information was
obtained on the phase behavior of binary and ternary
systems by using mathematical modeling of the
VLE of the HA-phenol system at three pressures
and in the presence of potential SAs (DEG, acetone).
This formed the basis for the development of
variant flowsheets based on the use of special
techniques, and explanation of the separation
results from the perspective of thermodynamic-
geometric analysis of the phase diagram.
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