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Abstract: Advanced processes, which are alternatives to ordinary distillation, are essential to dehy-
drate azeotropic alcoholic mixtures for biofuel production. In that regard, this work focuses on the
analysis of heterogeneous azeotropic distillation for the separation of a 2-propanol + water mixture
in order to recover the alcohol with a sufficiently low water content. By comparing the performances
of various entrainers on the basis of ternary maps, isooctane was selected for further process analysis.
An advantage it poses is related to the fact that traces of it within the recovered dehydrated alcohol
are highly welcome with a view to its subsequent use as a fuel. Aspen Plus® V11 software was
employed for the simulation of the process, thus filling the gap existing in the literature due to the
lack of studies on the process analysis of the heterogeneous azeotropic distillation of the 2-propanol +
water system using isooctane as an entrainer.

Keywords: alcohols; azeotropes; biofuels; dehydration; heterogeneous azeotropic distillation; isooc-
tane; 2-propanol; water

1. Introduction

The need for reducing the consumption of fossil fuels and increasing the use of re-
newable energy has caused a growing interest in biofuels. In particular, alcoholic mixtures
resulting from bioprocesses can be effectively used as fuel substitutes or additives with
a view to increasing the octane number, ensuring a better combustion, reducing harmful
exhaust pipe emissions, and thus protecting the environment. Indeed, light alcohols are
directly used as a blendstock with gasoline in many countries such as Brazil, Europe and
the USA [1]. Among them, ethanol and butanol can be mentioned, which have been proven
to reduce life-cycle greenhouse gas emissions when produced from biomass and waste
feedstock [2], though some problems are encountered when operating these processes [3,4],
and high costs are involved in the downstream product recovery [5,6]. According to Zhu
et al. [7], bioethanol recovery from fermentation broths involves energy consumptions
that account for 60–80% of the total biofuel production consumption. In that regard, an
important aspect to be taken into account is related to the concentration and final dehydra-
tion of the fermentation broth, which affect the price of the alcohol product, especially if a
high purity is required, as for direct combustion or gasoline mixing purposes [8]. Indeed,
even tiny amounts of water within the blend can lead to phase splitting, which in turn can
cause engine troubles and malfunctions. For example, in fuel-grade ethanol the presence
of water affects the physicochemical properties of ethanol–biodiesel blend fuels, with a
negative impact on their combustion [9]. Hence, the dehydration of azeotropic alcoholic
mixtures represents a crucial step for biofuel production, and alternative processes to
ordinary distillation need to be found.

Vacuum distillation, extractive distillation, heterogeneous azeotropic distillation,
liquid–liquid extraction including salting-out extraction [10], pervaporation [11] and ad-
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sorption are examples of the possible advanced technologies required to obtain alcoholic
fractions with sufficiently low water contents. Among them, the extractive distillation
(ED) and the heterogeneous azeotropic distillation (HAD) processes represent the most
commonly employed and competitive options for anhydrous alcohol production. HAD, in
particular, is a widely used technique to separate azeotropic alcoholic mixtures into their
components: in such a process, an additional compound, called entrainer, causes liquid–
liquid phase separation over a broad range of compositions in the ternary phase diagrams.
This liquid–liquid phase split allows us to move across the distillation boundaries caused
by the existence of azeotropes within the mixture.

In that regard, it is important to point out that the choice of the entrainer to be added is
a key aspect: various factors, including safety, environmental effects, corrosion, availability
and price, need to be taken into consideration. In addition, major concerns are represented
by the analysis of the structure of the residue curves and distillation line maps associated
with the resulting mixtures [12,13].

Several studies have been published on the subject of HAD, with particular reference
to advantages and disadvantages, heterogeneous phase diagrams, residue curve maps and
column sequencing [12,14–20]. Furthermore, the optimization, dynamics and control of the
process configuration have been addressed [21–26].

More in depth, several papers are available with reference to HAD processes for the
dehydration of alcoholic mixtures. In particular, in the case of ethanol + water mixtures,
the solvents which are typically employed are isooctane, benzene and toluene: practical
examples of ethanol dehydration with the use of isooctane as an entrainer have been
analyzed by Cairns and Furzer [27], as well as Font and co-workers [28]. A two-column
sequence, for instance, has been envisaged in case the ethanol is to be used as a fuel:
by means of such a process configuration, a mixture containing ethanol and isooctane is
obtained, meeting the ASTM specifications given by the American Society for Testing and
Materials for an ethanol-based fuel E95. In parallel, Gomis et al. [29] have analyzed the
viability of a HAD process with isooctane as an entrainer to dehydrate ethanol and to obtain
a mixture of ethanol + isooctane, for use as gasoline and with a water concentration lower
than 50 ppm. The attention of the authors was particularly focused on the importance
of the thermodynamic model to be used to carry out the simulations: as a matter of fact,
the model has to accurately predict the phase splitting, and possible differences between
experimental and simulation results can be attributed to the inappropriate calculation of
the liquid–liquid equilibria (LLE).

Regarding cases in which benzene and toluene are employed as entrainers for ethanol
dehydration processes, various studies have been published [18,20,24,30,31]. With specific
reference to Luyben’s work and analysis [24], rigorous simulations of the process, involving
a preconcentrator, the azeotropic and entrainer recovery column, have been carried out by
means of Aspen Plus®: as emphasized in the paper, the simulation of the first preconcentra-
tion column is not critical. Instead, the same is not true for the other two columns involved
because of the two associated recycle streams: converging recycle streams is quite often
very difficult, especially when considering a highly non-ideal phase equilibrium system.
Moreover, multiple steady states can be found, depending on the initial values considered
for the various parameters.

In addition to isooctane, benzene and toluene, various other hydrocarbons can be
regarded as candidate entrainers for ethanol dehydration processes. As a matter of fact,
systems composed of ethanol, water and hydrocarbons are extremely important in the
fuel industry, where ethanol + gasoline blends, with sufficiently low amounts of water,
are widely employed. Thus, the use of a hydrocarbon as an entrainer has the advantage
that any remaining quantity within the recovered alcoholic fraction would not pose a
problem for its subsequent use as a fuel. For instance, Gomis and co-workers [32,33]
have analyzed the vapor–liquid–liquid equilibria (VLLE) and the vapor–liquid equilibria
(VLE) for ethanol + water + heptane and the ethanol + water + hexane systems. Besides
this, Pequenín et al. [34–36] have investigated the VLLE and the VLE behavior of various
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systems involving ethanol, water and various hydrocarbons as solvents (cyclohexane,
heptane, isooctane, toluene). In the end, as suggested by Pienaar [30], diisopropyl ether
(DIPE) can also be considered as a feasible entrainer in the case of ethanol dehydration by
HAD processes.

With reference to 2-propanol + water mixtures, instead, the commonly employed en-
trainers are cyclohexane and benzene. Chien and co-workers [37] have shown two different
and feasible column sequences to obtain a 2-propanol product stream when starting from
an aqueous alcoholic mixture (69% mol 2-propanol and 31% mol water). Additionally, in
the case of a more diluted 2-propanol + water mixture, Arifin and Chien [38], as well as
Luyben and Chien [39], have analyzed and optimized different column sequences with the
use of cyclohexane as an entrainer.

Further studies on the subject of 2-propanol dehydration processes with cyclohexane
or benzene as an entrainer have been published [15,21,22,26,30,40]. In addition, DIPE can
be envisaged as a possible entrainer [30], while other studies are related to the potentiality
of using isooctane for the separation of 2-propanol + water mixtures [41,42], analysing
phase equilibria.

Tables 1 and 2 summarize the entrainers that have been considered in the literature
works for the separation of the ethanol + water mixture (Table 1) and 2-propanol + water
mixture (Table 2), focusing either on thermodynamic equilibrium measurements or on the
proposal of separation sequences.

Further papers related to HAD for the separation of aqueous alcoholic mixtures can
also be mentioned [30,43–55]. Gomis et al. [43], for instance, have analyzed the n-butanol +
water + n-hexane system, whilst Pienaar et al. [44] have considered the VLLE and the VLE
for the ternary systems n-propanol + water + DIPE and n-propanol + water + isooctane.
Indeed, alternative entrainers to the carcinogenic benzene need to be found. Consequently,
hydrocarbons such as hexane to octane and their isomers have been proposed as candidates,
with cyclohexane being the most popular one. Additionally, common fuel additives such
as DIPE and di-n-propyl ether (DNPE) have also been recommended. In the end, many
studies which are related to the VLLE and VLE of aqueous alcoholic mixtures and amyl
alcohol (1-pentanol) as a possible entrainer have been published [52,56–60].

The present paper focuses on the separation process of a 2-propanol + water mix-
ture by means of an HAD process, as this has been investigated less than the ethanol
+ water mixture, particularly from a process point of view. As a matter of fact, when
considering mixtures obtained from bioprocesses, 2-propanol is one of the most abundant
alcoholic components.

At first, relying on what is available in the scientific literature on the subject, various
candidate entrainers have been identified and their performances have been compared on
the basis of ternary maps. Once isooctane was identified as the most appropriate solvent
for the separation, process simulations were carried out with AspenTech’s Aspen Plus®

V11 [61] commercial simulation software using the Non-Random Two-Liquid (NRTL)
thermodynamic model with built-in parameters. Ultimately, with particular reference to
the HAD, the present paper is intended to fill the gap due to the lack, in the pertinent
literature, of works focused on the dehydration of aqueous 2-propanol mixtures with the
use of isooctane as an entrainer. Indeed, most of the literature is centred on HAD processes
with the use of isooctane for the separation of ethanol + water mixtures. On the other hand,
HAD processes for the dehydration of aqueous 2-propanol mixtures typically involve
benzene or cyclohexane as solvents. Moreover, the few papers available on 2-propanol +
water + isooctane ternaries are related to the study of phase equilibria for the exploitation of
the potential of such an entrainer for 2-propanol dehydration, without reference to process
analysis. It is also important to highlight that the use of isooctane as an entrainer can be
extremely beneficial in the case of 2-propanol dehydration: traces of such an entrainer do
not pose a problem within the recovered dehydrated alcoholic product with a view to its
subsequent use as a fuel.
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Table 1. List of entrainers considered in the literature for the dehydration of ethanol.

Entrainer Literature Source Focus of the Study

benzene
Cairns and Furzer [27]

New simulation method for
three-phase distillation using a

modified phase-stability analysis
Luyben [24] Process simulation
Pienaar [30] Process simulation

cyclohexane Gomis et al. [45] VLE and VLLE data

toluene
Gomis et al. [62] VLE and VLLE data
Zhao et al. [31] Process simulation

isooctane or
2,2,4-trimethylpentane

Cairns and Furzer [27]
New simulation method for

three-phase distillation using a
modified phase-stability analysis

Font et al. [28] VLE and VLLE data

Gomis et al. [29]
Analysis of process viability by an

experimental procedure and an
equilibrium-model-based simulation

cyclohexane + toluene Pequenín et al. [36] VLE and VLLE data
cyclohexane + isooctane Pequenín et al. [34] VLE and VLLE data
cyclohexane + heptane Pequenín et al. [35] VLE and VLLE data

diisopropyl ether (DIPE)
Hwang et al. [49] LLE data

Pienaar [30] VLE and VLLE data; process
simulation

Pienaar et al. [44] VLE and VLLE data
diethyl ether Gomis et al. [63] VLLE data

pentane Magnussen et al. [64] 1 Simulation method 1

hexane Gomis et al. [33] VLE and VLLE data
n-heptane Gomis et al. [32] VLE and VLLE data
p-xylene Gomis et al. [46] VLE and VLLE data

n-butanol
Newsham and Vahdat [65] VLE data

Gomis et al. [63] VLLE data
Iwakabe and Kosuge [66] VLLE data

2-butanol Iwakabe and Kosuge [66] VLLE data

1-pentanol Fernandez-Torres et al.
[58] LLE data

ethyl acetate

Van Zandijcke and
Verhoeye [67] VLE data

Lee et al. [68] VLE and VLLE data
Gomis et al. [63] VLLE data

Donis et al. [69] Feasibility of heterogeneous
batch-extractive distillation

n-butyl acetate Younis et al. [70] VLLE data
methyl ethyl ketone Younis et al. [70] VLLE data

1 as reported by Cairns and Furzer [27].

Table 2. List of entrainers considered in the literature for the dehydration of 2-propanol.

Entrainer Literature Source Focus of the Study

benzene Cho and Jeon [40] Process simulation

cyclohexane

Verhoeye [54] VLE and LLE data
Prokopakis et al. [71] 1 Simulation method 1

Wang et al. [26]
Experiment using a laboratory-scale

sieve plate distillation column;
dynamic simulation

Chien et al. [21] Dynamics and control of a HAD
column
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Table 2. Cont.

Entrainer Literature Source Focus of the Study

Chien et al. [22]
Operation and decoupling control of

a heterogeneous azeotropic
distillation column

Chien et al. [37] Design and control of a complete
HAD column

Arifin and Chien [38] Combined preconcentrator/recovery
column design

Kraemer et al. [15] Shortcut-based design

Isooctane or
2,2,4-trimethylpentane

Arda and Sayar [41] LLE data
Otero et al. [42] LLE data
Font et al. [72] VLE and VLLE data

Rastegar and Jessen [51] LLE data
This work Process simulation

diisopropylether (DIPE)
Hwang et al. [49] LLE data
Lladosa et al. [50] VLLE data

Pienaar [30] Process simulation
dichloromethane Sayar [52] LLE data

1,2-dichloroethane Sayar [52] LLE data
2-methylbutyl acetate Sayar [52] LLE data

1-butanol Aicher et al. [73] VLE and LLE data
1-pentanol Sayar [52] LLE data

phenylmethanol Sayar [52] LLE data
cyclohexanol Sayar [52] LLE data

1-methylcyclohexanol Sayar [52] LLE data
dibenzyl ether Sayar [52] LLE data
octanenitrile Sayar [52] LLE data

1 as reported by Cairns and Furzer [27].

2. Methods

HAD can be reasonably regarded as a valuable option for the separation of the 2-
propanol + water mixture. Indeed, the presence of a homogeneous azeotrope at 80.18 ◦C
and with 67.2% mol 2-propanol hampers the separation of the two components by means of
ordinary distillation, and the HAD process can be effectively employed for the separation
to be accomplished.

Aspen Plus® V11 [61, AspenTech, Burlington, MA, USA] has been identified as the
most suitable software because of the ability of its thermodynamic package, NRTL, to
accurately reproduce the experimental equilibrium data for the operating conditions of
interest, with low pressures and a highly non-ideal liquid phase. In addition, the data bank
of the built-in NRTL parameters for the system under study, also considering the selected
candidate entrainers, is complete.

Firstly, it was used to build ternary maps which help in the selection of the entrainer
to be used in the separation of the 2-propanol + water mixture by HAD. Then, it was
employed for the simulation of the process that aims at the separation of a mixture of
the two components comprising 65% mol 2-propanol, which is assumed to be near the
2-propanol and water azeotropic composition. As illustrated in the schematic flowsheet
in Figure 1, the process consists of two columns, namely the HAD column (COLUMN
1) and the entrainer recovery column (COLUMN 2), which have, respectively, 30 and
25 equilibrium stages and are operated at atmospheric pressure. The first column, into
which the fresh feed (FF), the distillate from the recovery column (D2) and the organic reflux
(OR) from the DECANTER are fed, separates pure 2-propanol at the bottom (B1) and the
top vapour V1 close to the ternary azeotrope. The organic phase exiting the DECANTER,
which contains mostly the entrainer, is totally refluxed back to the HAD column, while the
aqueous phase (AO, aqueous outlet), still containing a significant amount of 2-propanol,
is fed into the recovery column. The bottom stream (B2) of this column is pure water,
and the distillate (D2) is recycled back to the HAD column. In the first column, the mass
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purity of the bottom product B1 was set equal to 99.75%, so as to limit the water content
to 2500 ppm by weight. As for the second column, the mole purity of the bottom product
B2, rich in water, was set equal to 99.95% for limiting the impact on the downstream water
treatment process. In order to obtain an indication about this, the Theoretical Oxygen
Demand (ThOD) for the aqueous stream exiting the separation process was computed:
such a parameter, corresponding to the amount of oxygen required to completely oxidize
the organic components within the stream, provides an indication of the carbon yield
of the separation process, as well as of the impact on the downstream water treatment
process. As a matter of fact, the higher the ThOD value, the higher the carbon content
within the aqueous stream and the worse it is in terms of the carbon yield of the separation
process. Moreover, if ThOD values are too high, the aqueous stream weighs too much on
the downstream water treatment process. In this work, a maximum value of 3–4 gO2/L
was considered as the target for the process simulation so as not to burden the water
purification process. The two specifications for the 2-propanol product and water product
have been achieved in the simulation by varying the flow rate of the bottom product of
the respective columns. More details about the set-up of the simulation are reported in the
Section 3.2.
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Figure 1. Scheme of the heterogeneous azeotropic separation of the 2-propanol + water mixture: AO,
aqueous phase exiting the decanter; B1, bottom product of COLUMN 1; B2, bottom product of COL-
UMN2; COLUMN1, heteroazeotropic distillation column; COLUMN2, entrainer recovery column;
D2, distillate product of COLUMN2; FF, fresh feed; OR, organic phase exiting the DECANTER; V1,
vapor stream exiting the top of COLUMN1.

3. Results

This section deals with the results obtained for the selection of the entrainer (Section 3.1)
and for the process simulation carried out using isooctane as an entrainer (Section 3.2).

3.1. Entrainer Selection

As was thoroughly shown in the introductory paragraph, the typical solvents used
for the separation of azeotropic mixtures involving 2-propanol and water are benzene
and cyclohexane [24,37,38,40]. Nevertheless, isooctane can be potentially considered as a
suitable entrainer for the separation of aqueous 2-propanol solutions: ternary 2-propanol
+ water + isooctane mixtures have been analyzed, and the extracting capability of the
entrainer was estimated by making reference to distribution coefficients and separation fac-
tors [41,42,51,55]. In that regard, it is also necessary to mention that, unlike the commonly
employed benzene, isooctane is not carcinogenic. Moreover, as was previously mentioned,
traces of such an entrainer, which is a typical hydrocarbon in gasoline, are useful within
the recovered 2-propanol fraction with a view to its subsequent use as a fuel. Hence, the
purity requirements for the dehydrated 2-propanol product fraction do not need to be
extremely tight [29,32,34–36,43,44]. In addition, amyl alcohol can also be considered as
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a candidate entrainer for the separation of 2-propanol + water mixtures, considering the
relevant literature on phase equilibria [56–60].

In order to compare the performances of the various entrainers, ternary maps showing
the heterogeneous azeotrope point, the liquid–liquid phase splitting region and the associ-
ated tie lines have to be considered. Figures 2–4 represent such diagrams, respectively, in
case of the systems 2-propanol + water + benzene, 2-propanol + water + cyclohexane, and
2-propanol + water + isooctane.
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According to Luyben and Chien [39], the comparison of entrainers’ performances has
to be carried out by making particular reference to the material balance lines associated
with the process inside the ternary maps. As a matter of fact, if we are considering an
ideal case, as illustrated in Figure 1, for the separation of the fresh feed (FF), the bottom
stream (B1) of the heteroazeotropic column (COLUMN1) reaches the composition of pure
2-propanol, whilst the top vapor stream (V1) approaches the ternary azeotrope. The stream
D2, instead, exiting the top of the recovery column, is located at the distillation boundary.
Thus, with reference to such an ideal case, the flowrate of the vapor stream from the top of
the heterogeneous azeotropic column can be estimated by means of Equation (1), where b
and a are obtained by drawing a line between the summation point FF + D2 and the organic
reflux exiting the decanter (OR), and a line between B1 and V1 inside the ternary diagram:

V1 f lowrate = B1 f lowrate× b
a

(1)
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As a consequence, the position of the ternary azeotropic point and the slope of the
tie line passing through it are fundamental. Indeed, the estimated vapor flowrate is much
lower if the ternary heterogeneous azeotrope is located lower and if the OR point is placed
more favorably in the ternary diagram, i.e., so that the material balance line drawn from
the point of FF + D2 to the point of OR is such that it is not very closed to the point of the
ternary azeotrope, which would lead to a greater top vapor flowrate from the lever rule.
As a result of a lower vapor flowrate from the HAD column, a lower OR flowrate is sent
back to the heterogeneous azeotropic column, and a much lower flowrate of the aqueous
stream (AO) exits the decanter and enters the entrainer recovery column. In other terms,
less reboiler duty is required to generate the boil-up, and smaller diameters are found.
Ultimately, from this perspective, the best ideal entrainer to be added is the one that only
forms one additional minimum-boiling heterogeneous azeotrope with water. As a matter
of fact, if we examine the corresponding ternary map, the flowrate of the vapor stream
from the top of the heterogeneous azeotropic column would be further reduced.

Hence, in order to compare the entrainers, Figures 5–7 show the ternary diagrams
with the material balance lines associated with the heterogeneous azeotropic distillation
process. As can be noticed by examining b and a for the various cases, benzene turns out to
be the best possible entrainer, followed by isooctane and cyclohexane.
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Additional papers can be considered in order to compare the various candidate
entrainers [30,33,37,44,69]. In particular, with reference to what was reported by Gomis,
Pienaar and their co-workers [30,33,44], the comparison of solvent performances should
be based on the slope of the tie line passing through the heteroazeotropic point. As
a matter of fact, the efficiency of the process is improved when the amount of water
eliminated in the decanter of the heterogeneous azeotropic distillation column is greater.
Therefore, by considering that the vapor stream exiting the top of the column is close to
the heteroazeotropic point, the composition of the aqueous phase of the tie line containing
the heteroazeotrope is related to the amount of water eliminated after condensation and
decantation: when the water content of the aqueous phase is lower, a larger quantity
of all of the components needs to be recirculated within the system (OR stream), with a
consequent increase in the operating costs. Thus, by examining the ternary maps shown in
Figures 2–4, it can be noticed that the water content in the case of benzene as an entrainer
is much higher (ca. 90% mol) than in the case of cyclohexane (ca. 60% mol) or isooctane (ca.
58% mol). Consequently, benzene can be regarded as the best entrainer for the separation
of the 2-propanol + water mixture, whilst, with reference to cyclohexane and isooctane,
remarkable differences are not found.

The analysis carried out with the aid of the ternary maps allows the observation that
benzene is the most appropriate entrainer as far as the HAD process is concerned for the
separation of the mixture under investigation. Nevertheless, as it is carcinogenic, alternative
solvents need to be found: in addition to cyclohexane, which was already analyzed in
several literature papers (as summarized in Table 2), isooctane can be reasonably taken
into consideration. Indeed, cyclohexane and, even more, isooctane do not pose a problem
within the recovered alcoholic fraction with a view to its subsequent use as a fuel.

On the contrary, amyl alcohol is not directly comparable to the other entrainers, as it
entails the formation of a binary heterogeneous azeotrope, which is not even minimum-
boiling: the ternary diagram conformation, shown in Figure 8—and, in turn, the required
process configuration—are unavoidably different from the ones envisaged so far (as shown
in Figures 2–7). Nonetheless, amyl alcohol might be considered as a potential solvent,
with its own process configuration, and it might turn out to be even better than benzene,
cyclohexane and isooctane, as the water content in the aqueous phase exiting the decanter
would be approximately equal to 100%. However, a conflicting aspect has to be unavoidably
considered: because the homogeneous 2-propanol + water (67.28–32.72% mol) azeotrope
is characterized by a normal boiling point temperature of 80.18 ◦C, the 2-propanol, with
a normal boiling point temperature of 82.05 ◦C, corresponds to a saddle point. It is, thus,
evident that a process configuration involving amyl alcohol as an entrainer cannot work:
if we are trying to simulate the heterogeneous azeotropic distillation column in order to
obtain the required alcohol from the top and the heteroazeotrope from the bottom, it would
not be possible to reach a distillate composition beyond that of the 2-propanol + water
homogeneous azeotrope.

As a result of the analysis presented above, isooctane was regarded as a feasible and
viable entrainer for the separation of the 2-propanol + water mixture, thus filling the gap
existing in the literature due to the lack of studies on the process for the separation of such
a mixture using isooctane as an entrainer.
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3.2. Process Simulation

According to the outcomes of the entrainer selection analysis presented in the previous
section, the simulation of the HAD process with the use of isooctane was carried out by
means of the Aspen Plus® V11 [61] commercial software.

In more detail, several attempts have been made to properly simulate the configuration
and meet the targets related to the 2-propanol product fraction and the aqueous stream: as
highlighted by Luyben [24], the simulation of the two columns involved in such a process is
extremely challenging because of the need to converge the two recycle streams in a highly
non-ideal phase equilibrium system. Consequently, at first, the process configuration
shown in Figure 9, with the two recycle streams (REFLUX and RECYCLE) not closed,
was simulated: by referring to Luyben’s work and by examining the ternary map for the
system under investigation, first-guess values were considered for the definition of the
REFLUX and RECYCLE streams, and calculated values were obtained (CALCREFL and
CALCRECY in Figure 9). As a subsequent step, the first-guess values were manually
adjusted in an attempt to reduce, as far as possible, the extremely high variations related
to the REFLUX/CALCREFL and RECYCLE/CALCRECY flowrates, composition and
temperatures. For this purpose, Aspen Plus Dynamics® was also exploited: the sizing of
the process vessels as well as the checking of the pressure levels throughout the flowsheet
were carried out, and the process simulation, with all of the pumps and valves required,
was exported from Aspen Plus® to Aspen Plus Dynamics®. After much effort, the problem
of converging the recycle streams and closing the two loops was solved (Figure 10).
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The results obtained imply that, in the case of 100 kmol/h of the 2-propanol + water
mixture, available at 25 ◦C, a heteroazeotropic column (COLUMN1) with 30 stages, ex-
cluding the condenser, is required. The feed mixture to be separated enters the column
at stage number 3 (counting from the top). Instead, the inlet stage for the organic phase
(SOLV, 114.72 kmol/h) exiting the DECANTER is number 1, and the inlet stage for the
stream (REC-FEED, 187.66 kmol/h) exiting the top of the recovery column (COLUMN2)
is number 2. Moreover, the diameter of COLUMN1 turns out to be equal to 1.663 m. The
energy consumption related to the reboiler is equal to 4.019 MW, whilst the duty of the
heat exchanger (HEATEXCH) needed for the condensation of the top vapor stream turns
out to be 3.529 MW.

A decanter (DECANTER) and a recovery column (COLUMN2) with 25 stages are
also necessary. The aqueous stream (AO) exiting the decanter enters the column at stage
number 10 (counting from the top). In addition, COLUMN2′s condenser duty, reboiler
duty and diameter turn out to be equal, respectively, to 8.395 MW, 8.756 MW and 2.122 m.

Further considerations related to the temperature levels at the top and at the bottom of
the columns should be made. The HAD process is characterized by COLUMN1′s condenser
and reboiler being operated at 71.12 ◦C and 81.95 ◦C, respectively: cooling water can be
used at the condenser, while even exhaust steam can be used at the reboiler. On the contrary,
for COLUMN2, 72.64 ◦C is the operating temperature of the condenser and 99.64 ◦C is the
operating temperature of the reboiler. Thus, cooling water can also be employed at the
condenser in this case, and low-pressure steam is required for the operation of the reboiler.
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By applying such a process, the two required targets are met: the water content within
the 2-propanol stream is equal to 2500 ppm by weight, whilst the ThOD value of the
aqueous stream exiting the bottom of COLUMN2 is estimated to be 3.671 gO2/L. A further
consideration is related to the ratio, equal to 3.4, between the flowrate of the aqueous phase
(AO) exiting the decanter and entering COLUMN2, and the flowrate of the 2-propanol
product stream (B1): evidently, a high flowrate is going from the HAD column to the
recovery column, and is recycled back.

Figure 11 summarizes the results obtained by making reference to the ternary map for
the system under study: the points corresponding to the various streams in Figure 10 as
well as the material balance lines for the two columns are shown.
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4. Conclusions

The dehydration of azeotropic alcoholic mixtures is essential in downstream separa-
tions involved in biofuel production, and alternative processes to conventional distillation
need to be considered. In this context, this work was focused on the analysis of the hetero-
geneous azeotropic distillation (HAD) process, with the aim of dehydrating a 2-propanol
+ water (65–35% mol) mixture and obtaining an alcoholic product stream to be used as
a biofuel. The scope of this work was to fill the gap existing in the pertinent literature
due to the analysis of heterogeneous azeotropic distillation processes for the dehydration
of aqueous 2-propanol mixtures with the use of isooctane as an entrainer. Indeed, sol-
vents that are typically considered to produce dehydrated 2-propanol streams are benzene
and cyclohexane. On the other hand, isooctane is usually employed for the separation
of ethanol + water mixtures, whilst the few papers available on 2-propanol + water +
isooctane ternaries are related to the examination of the potentialities of such an entrainer
for 2-propanol dehydration, without reference to process analysis.
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By referring to the triangular maps of the corresponding ternaries, the performances
of various candidate entrainers have been compared: benzene turns out to be the most
appropriate entrainer to be used for the separation. Nevertheless, as it is carcinogenic,
alternative entrainers are necessary, and in that regard, isooctane can be identified as
a feasible and viable option. On the contrary, the possibility of using amyl alcohol as
entrainer has to be discarded.

The simulation of the process with the use of isooctane as an entrainer, which was
not reported in previous literature works, was carried out by means of the Aspen Plus®

V11 commercial simulation software using the NRTL thermodynamic model with built-in
parameters. The procedure that was followed to overcome the difficulties experienced
in closing the loops related to the two recycle streams to the heteroazeotropic column
(namely, the organic phase exiting the decanter and the distillate stream exiting the top of
the recovery column) was explained, and the results were discussed with the aid of the
corresponding ternary map, which showed the points representing the different streams at
stake together with the material balance lines. The simulated process was able to recover
2-propanol with a water content limited to 2500 ppm by weight from the bottom of the
first column, and to obtain water from the bottom of the second column at a mole purity
of 99.95% to limit the impact on the downstream water treatment process. Considering
100 kmol/h of 2-propanol + water mixture to be separated, the energy consumptions are
related to the reboiler (4.019 MW) and the condenser (3.529 MW) of the first column, and
to the reboiler (8.756 MW) and condenser (8.395 MW) of the second column.
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