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ABSTRACT: Bioethanol is among the most promising of biofuels because it has an energy content similar to gasoline while
generating lower pollutant emissions than gasoline. But, in order to be used as an automotive fuel mixed with gasoline, ethanol must
have less than 0.5 wt % of water. To achieve required ethanol purity, in light of the fact that the ethanol—water mixture forms an
azeotrope, unconventional separation techniques such as extractive distillation or azeotropic distillation are necessary. However, the
purification of ethanol using conventional distillation followed by extractive distillation has the disadvantage of high cost of services.
Thus, this study proposes alternative hybrid systems using liquid—liquid extraction and extractive distillation. The use of n-dodecane
as entrainer for liquid—liquid extraction and glycerol as entrainer for extractive distillation has been considered. The proposed
systems are analyzed and a comparison is done on their performance in terms of energy and total annual cost. It has been found that
the hybrid scheme presents both lower total energy consumption and lower total annual cost as compared to the traditional
purification scheme with conventional distillation and extractive distillation.

1. INTRODUCTION

At present, a major concern of humankind is ensuring its
energy supply for the future. Energy is used in transportation,
industrial processes, heating devices, and so on—an almost
limitless number of applications. Traditionally, energy require-
ments have been satisfied using fossil fuels such as petroleum
derivatives. However, in recent years a decline in petroleum
production has been observed, and this trend is predicted to
continue over the coming decades. Moreover, fossil fuels are
partially responsible for the accelerated increase in the concen-
tration of greenhouse gases in the atmosphere, leading to an
increase in the Earth’s temperature. In response to the above
factors, a variety of efforts have been undertaken to find alter-
native sources of energy, which must be renewable, clean, and
inexpensive. Biofuels, which are fuels produced from biomass,
meet the first two requirements: they are obtained from renew-
able sources, and they produce lower emissions than fossil fuels.
In the transportation industry the most promising candidate to
replace gasoline as fuel for gasoline engines is ethanol. This
alcohol has a higher octane number, broader flammability limits,
and higher heats of vaporization than gasoline." Furthermore,
ethanol can be used mixed with gasoline and also used directly in
existing spark-ignition engines, and thus no additional engine
modification investment is required. To these performance
advantages can be added the lower greenhouse gas emissions
of ethanol, as compared to gasoline. The main disadvantages of
ethanol as fuel include its lower energy density and lower vapor
pressure as compared to gasoline, and its miscibility with water."
Ethanol can also be used as a fuel for electric power generation, in
fuel cells, and in power cogeneratlon systems, and also as a raw
material in the chemical industry.”? It has been established that if
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ethanol replaces gasoline as automotive fuel, greenhouse gas
emissions will be reduced by more than 85% when considering
the entire fuel life cycle.* In recent years, the countries with the
highest production of ethanol worldwide have been Brazil, the
United States, and Canada.” Moreover, it has been predicted that,
by 2022, a third of energy requirements in the United States will
be satisfied by fuels obtained from blomass, and at least half of
that proportion will be fulfilled by ethanol.®

Bioethanol can be produced from sources with a high content
of sugars, or materials that can be converted into sugars, such as
corn, sugar cane, sugar beet, and even sweet sorghum.” However,
since these crops are used for human food, alternative sources are
required. A potential solution to this problem is to use ligno-
cellulosic compounds, such as crop residues, sawdust, sludges,
and livestock manure, as raw material. Using such nonedible
biomass to produce ethanol also reduces the biofuel’s cost of
production. The production of bioethanol from lignocellulosic
materials basically consists of four steps: dehgmﬁcatlon, depo-
lymerization, fermentation, and purification.® The delignification
step involves the separation of cellulose, hemicellulose, and lignin,
so the molecules of cellulose and hemicelluloses can be further
treated to obtain sugars. In the depolymerization step, the
lignocellulosic biomass is hydrolyzed with enzymes or acids as
catalysts, obtaining sugars such as glucose, xylose, and arabinose.”

Special Issue: AMIDIQ 2011

Received:  April 30, 2011
Accepted:  June 21,2011
Revised: ~ June 20, 2011

Published: June 21,2011

5847 dx.doi.org/10.1021/ie200932g IInd. Eng. Chem. Res. 2012, 51, 5847-5855



Industrial & Engineering Chemistry Research

Figure 1. CS-1 conventional separation sequence.

Sugars are then fermented, usually with yeast or bacteria, to
obtain mainly ethanol and water. In the purification step, ethanol
must be separated from water. The final product must contain
less than 0.5 wt % of water in order to be useful as automotive fuel
in combination with gasoline, or as oxygenate for gasoline.
Nevertheless, purification by conventional distillation is not
possible because the ethanol—water mixture forms an azeotrope
when a purity of 96 wt % of ethanol is reached. Thus, non-
conventional methods are necessary to achieve the required
ethanol purity. One alternative to obtain pure ethanol is to use
conventional distillation to preconcentrate the ethanol to purity
levels close to the azeotrope, and then reach the desired purity by
using extractive distillation. The main purpose of extractive
distillation is to modify the relative volatilities of the components
of a given mixture by using an entrainer. One entrainer used to
separate ethanol—water mixtures is ethylene glycol, and recently
the use of glycerol has been proposed to separate such mixtures
using extractive distillation.'”"! Other proposals for the purifica-
tion of bioethanol include the use of ionic liquids as solvents,'*
schemes involving pervaporation membranes,"”'* and pressure-
swing distillation systems.'® It has been reported that the
industrial oil company Sasol Ltd. uses n-dodecane as a solvent
to extract light alcohols, such as ethanol and 2-propanol, from
water.'® Liquid—liquid extraction could thus be an alternative to
separate ethanol from water. However, liquid—liquid extraction
alone is unable to produce the purity levels required for
bioethanol. Therefore, in this study we propose the use of hybrid
systems of liquid—liquid extraction and extractive distillation
to reduce energy consumption and total annual costs for the
purification step in the bioethanol production process. The
liquid—liquid extraction is done using n-dodecane as entrainer,
reducing the concentration of water; in a second separation
stage, extractive distillation is used to reach the desired ethanol
purity using glycerol as entrainer. The performance of the
proposed separation strategy is then compared to that of the
purification process involving conventional distillation and
extractive distillation.

2. METHODOLOGY AND CASES OF STUDY

In this section the three analyzed purification processes will be
presented. The design methodology for each set of equipment in
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Figure 2. Optimization method for the CS-1 sequence.
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the different alternatives will be described, together with the strat-
egy to minimize process energy consumption. The method used
to calculate total annual cost is also presented.

2.1. Design Methodology. To analyze the processes under
consideration, simulations have been performed in the commer-
cial simulator Aspen Plus. The feed stream for all the alternatives
analyzed is 100 Ib mol/h with a composition of 90 mol % of water
and 10 mol % of ethanol. This is a typical yield for fermentation of
sugar cane bagasse.'” This stream enters the purification process
at 30 °C and 1 atm. The vapor—liquid equilibrium has been
calculated using the NRTL equation for determination of the
activity coefficients, using the binary parameters provided by the
simulator.

Three different processes have been analyzed. First, a conven-
tional separation sequence (CS-1) is considered. A scheme for
such a sequence is presented in Figure 1. This separation method

99.47 Cot g-
0.1 0.2 03

04 0.5 0.6
N-DODECANE

0.7 08 09

Figure 3. Ternary map for the ethanol/water/n-dodecane mixture.

involves the prepurification of ethanol using conventional dis-
tillation until a maximum feasible purity is achieved. This
purity will be lower than the composition of the azeotrope. The
bottoms stream consists of water with a purity of 99.99 mol %.
The concentrated ethanol is then treated in an extractive distil-
lation column, using glycerol as entrainer, aiming for a purity of
99.99% in mole fraction of ethanol. Once the ethanol has been
purified, an additional conventional distillation column is used to
purify the glycerol so it can be reused. The waste stream resulting
from this separation step consists of about 0.99 kmol/h, contain-
ing water with small quantities of ethanol and glycerol (around
85 mol % of water). The conventional distillation column is
designed using the Winn—Underwood—Gilliland method, and
its reflux ratio is manipulated until the maximum feasible purity
for ethanol is reached. For the extractive distillation column, an
initial design is supposed. This initial design must allow reaching
the desired purity for ethanol, with a recovery higher than 98 mol %.
Once the design specification for ethanol has been fixed, the
degrees of freedom of the column are modified one by one, aim-
ing to reduce the energy requirements for the separation. The
methodology used for the optimization of the CS-1 sequence is
shown in Figure 2, where Ngp, is the number of stages in the
extractive distillation column, Fgry gp1 is the glycerol feed stage
in the extractive distillation column, Fgprop.gp; is the ethanol
feed stage in the extractive distillation column, and Fgyy/Frron
is the molar flow rate ratio between glycerol and ethanol feed
streams. The distillation column where the entrainer is purified
is a conventional system, and thus the Winn—Underwood—
Gilliland method is once again used to find the design of this
column, aiming for a purity of 99 mol % for glycerol.

For the two alternative schemes proposed, the possibility of
prepurifying the ethanol by using liquid—liquid extraction with
n-dodecane as entrainer is considered. To prove the ability of
n-dodecane to separate water from ethanol by liquid—liquid
extraction, Figure 3 shows the ternary diagram for the ethanol/
water/n-dodecane mixture at 1 atm. The diagram shows two
azeotropes, one being the ethanol—water azeotrope and the
other an azeotrope between water and n-dodecane. This azeo-
trope, however, occurs at a high purity of water, at a temperature

Figure 4. AS-1 alternative separation sequence.
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distillation column. Once the design specifications have been
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consumption in the extractive distillation column. The optimiza-
tion methodology used for the sequence AS-1 is shown in
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achleved? and some water. The extraction agents are purified in a conven-
YES tional distillation train, separating first the water and, in a second
‘on"omimum column, the n-dodecane and the glycerol. Both columns are
achieved?
ing for a purity of 99 mol % for n-dodecane and glycerol.
The second purification alternative (AS-2) is shown in Figure 6.
Figure S. Optimization method for the AS-1 sequence. In this separation scheme, ethanol is prepurified in a liquid—liquid
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Figure 6. AS-2 alternative separation sequence.
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Figure 8. Effect of glycerol/ethanol molar feed ratio on energy con-
sumption of the extractive distillation column for CS-1.

extractive column using n-dodecane as extraction agent. Then,
the stream containing ethanol, n-dodecane, and some water
enters a distillation column, where n-dodecane is recovered.
Ethanol is then obtained with a purity of 99.99 mol % in an
extractive distillation column, using glycerol as entrainer. In a
final separation stage, glycerol is recovered to be reused as
entrainer. To design the liquid—liquid extraction column and the
extractive distillation column, an initial guess is required, aiming for
a recovery higher than 98 mol % for ethanol and a purity of 99.99
mol % at the top of the extractive distillation column. The
conventional distillation column following the liquid—liquid ex-
traction column is designed using the Winn—Underwood— Gilli-
land method, aiming for a purity of 99 mol % for n-dodecane in the
bottoms stream. Once the design specifications are reached, an

Table 1. Design Characteristics of Columns in the CS-1
Sequence

D-1 ED-1 D-2
number of stages 20 26
feed stage 10 24
entrainer feed stage 4
feed molar flow (kmol/h) 45.36 541 4.15
entrainer molar flow (kmol/h) 3.18
distillate flow (kmol/h) 541 444 0.99
bottoms flow (kmol/h) 39.94 4.15 3.15
temperature, top (K) 351.35 351.47 361.05
temperature, bottoms (K) 373.16 439.97 554.25
design pressure (kPa) 101.35 101.35 101.35
reflux ratio 6.1902 1.1341 0.3863
heat duty (GJ/h) 178 0.27 015
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Figure 9. Effect of n-dodecane/ethanol molar feed ratio on energy
consumption of the extractive distillation column for AS-1.

analysis of the design variables is performed to reduce energy
consumption in the conventional distillation column and the
extractive distillation column. The optimization method is the
same as that used for the AS-1 sequence (Figure 5), but it presents a
higher number of degrees of freedom. The next piece of equipment
is a conventional distillation column, where glycerol is recovered
with a purity of 99 mol %, with a waste stream at the top of the
column containing around 99 mol % of water, with a molar flow
rate of 0.93 kmol/h. This column is designed using the Winn—
Underwood—Gilliland method.

2.2. Costs Calculations and Emissions Analysis. Total
annual cost has been calculated for the different purification
alternatives under study. To perform such calculations, the Guthrie
method"® has been used. For a given process, the total annual
cost (TAC) is thus given by

where Cg is the annualized equipment cost and Cy is the cost of
the utilities required to keep the process operating. The equip-
ment cost has been annualized considering S years as the time to
recover the investment. The utilities costs are given by the costs
of the cooling water and the costs of the steam used to supply the
process with thermal energy. The material for the construction of
all the equipment has been considered to be carbon steel, since
there are no extreme operating conditions and the components
involved in the process are not especially corrosive. In addition,
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Figure 10. Effect of locations of feed streams on energy consumption of
the extractive distillation column for AS-1: (a) glycerol feed stream, (b)
ethanol feed stream.

8400 h of operation per year are considered. The calculated costs
have been updated using the Chemical Engineering Costs Index.
Since energy cost represents the most significant contribution to
the total annual cost,"® and the solvents are recovered to be
reused, thus avoiding the continuous use of fresh entrainers, the
cost corresponding to the solvents has not been considered in the
costs calculations.

To compliment the performance analysis, emissions of carbon
dioxide due to the generation of steam to provide thermal energy
to the process are calculated. The methodology used to deter-
mine such emissions has been reported by Gadalla et al.** Natural
gas has been considered as fuel to deliver the energy required
to produce saturated steam at a pressure of 10000 kPa. This
pressure level has been selected to satisfy the temperature levels
at all the reboilers in the process.

3. RESULTS AND DISCUSSION

The first analyzed process is the conventional distillation and
extractive distillation sequence. In the first column, ethanol is
purified to 92.95 mass % (i.e., 83.76 mol % of ethanol). Once the
ethanol has been prepurified, the stream enters the extractive
distillation column. The effect of the number of stages on the
energy requirements has been analyzed, and it has been found
that increasing the number of stages does not have a significant
effect on heat duty. Thus, 26 stages have been selected as the
number of stages for the column, which allows performing the
desired separation with an acceptable number of stages and heat
duty. Figure 7 shows the effect of the location of the glycerol feed
stream and the location of the ethanol feed stream on the energy

1.65

16

Qgpy (GI/h)
;

14

1.35

0 0.5 1 15 2 2.5

Ferv/Feion

Figure 11. Effect of glycerol/ethanol molar feed ratio on energy
consumption of the extractive distillation column for AS-1.

consumption of the extractive distillation column. According to
Figure 7a, in order to reduce the energy requirements of the
column, the glycerol stream must be located in a stage close to
the top of the column. From Figure 7b, it can be seen that the
ethanol feed stream must be located in a stage close to the bot-
toms of the column. The positions of feed streams allow better
contact between the ethanol stream and the entrainer, enhancing
the separation. The effect of the glycerol/ethanol molar feed ratio
on the energy requirements is shown in Figure 8. The mol flow of
glycerol required to perform the separation is relatively low, but
enough to achieve the desired ethanol purity, which has been
fixed as a design specification. For lower flow rate ratios than
those shown in Figure 8 (about 0.4), the design specification for
ethanol is not achieved. Once the analysis of the extractive
distillation column has been carried out, a third column is used
to purify the glycerol. This column has been designed to obtain a
molar purity of 99% for the glycerol in the bottoms of the
column. The main design characteristics of the columns involved
in the CS-1 purification scheme are shown in Table 1.

The results for the AS-1 purification sequence are as follows.
Since the separation in the extractive distillation column depends
on the separation taking place in the liquid—liquid extraction
column, the analysis of energy requirements will take into ac-
count the variables in the liquid—liquid extraction column and
the extractive distillation column. The impact of the number of
stages in the liquid—liquid extraction column on the energy
requirements of the extractive distillation column has been found
to be almost insignificant. The impact of the molar feed ratio for
n-dodecane and ethanol/water feed to the liquid—liquid extrac-
tion column on the heat duty is presented in Figure 9. It can be
seen that a low flow rate for n-dodecane is required to perform
the prepurification of ethanol from the ethanol/water mixture
with a low heat duty in the extractive distillation column. For
molar ratios lower than 0.19, ethanol purity has not been
achieved. Once the main degrees of freedom for the liquid—
liquid extraction column have been analyzed, the study focuses
on those corresponding to the extractive distillation column. The
number of stages in the extractive distillation column has an
insignificant impact on the energy consumption. Figure 10 shows
the effect of the location of the feed streams on energy require-
ments. It can be seen that, to reach a low heat duty for the extrac-
tive distillation column, the glycerol stream must be located in a
stage close to the top of the column and the ethanol stream must
be located in a stage close to the bottom of the column. These
results are similar to those obtained for the extractive distillation
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Table 2. Design Characteristics of Columns in the AS-1
Sequence

E-1 ED-1 D-1 D-2
number of stages 20 20 10 12
feed stage 20 18 6 7
entrainer feed stage 1 3
feed molar flow (kmol/h) 45.36 15.44 29.14 28.03
entrainer molar flow (kmol/h) ~ 9.98 18.14
top stage flow (kmol/h) 39.90 4.44 1.11 9.80
bottoms stage flow (kmol/h) 15.44 29.14 28.03 1823
temperature, top (K) 302.89 35147  366.65  489.04
temperature, bottoms (K) 300.15S 48143 52495  559.53
design pressure (kPa) 101.35  101.35  101.35  101.3$
reflux ratio 44556  0.9551 1.4898
heat duty (GJ/h) 139 0.51 L12
(a) 15
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Figure 12. Effect of locations of feed streams on energy consumption of
the extractive distillation column for AS-2: (a) glycerol feed stream, (b)
ethanol feed stream.

column in the CS-1. The effect of the glycerol/ethanol molar feed
ratio is shown in Figure 11. A molar ratio between 1 and 1.3 is
required to obtain lower energy consumption for the extractive
distillation column. For molar ratios lower than 0.5, it has been
not possible to obtain the desired ethanol purity. Once the
required parameters for the liquid—liquid extraction column and
the extractive distillation column have been found, the conven-
tional distillation columns are designed to purify the n-dodecane
and the glycerol. These columns are designed to obtain a molar
purity of 99% for both entrainers. The main design characteristics
of the columns involved in the AS-1 purification scheme are
shown in Table 2.
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Figure 13. Effect of glycerol/ethanol molar feed ratio on energy
consumption of the extractive distillation column for AS-1.

Table 3. Design Characteristics of Columns in the AS-2
Sequence

E-1 D-1 ED-1 D-2
number of stages 20 16 18 15
feed stage 20 13 15 7
entrainer feed stage 1 3
feed molar flow (kmol/h) 45.36 15.44 5.39 4.60
entrainer molar flow (kmol/h) 9.98 3.63
top stage flow (kmol/h) 39.90 5.39 442 0.9349
bottoms stage flow (kmol/h) 15.44 10.05 4.60 3.6654
temperature, top (K) 30294 35144 35147  309.67
temperature, bottoms (K) 300.09 475.17 447.40 555.88
design pressure (kPa) 101.35 101.35 101.35 101.35
reflux ratio 0.023 1.4498 1.9999
heat duty (GJ/h) 099 0.32 022

Table 4. Total Energy Requirements for the Analyzed
Sequences

Qr (GJ/h) Posavings
Cs-1 2.19 0
AS-1 3.02 —37.15
AS-2 1.54 30.03

We will now consider the results for the AS-2 sequence. The
design for the liquid—liquid extraction column has been con-
sidered to be the same as that obtained for the AS-1 sequence,
since said design has proven to be appropriate to perform the
separation with the lowest energy consumption for the extractive
distillation column. Once the liquid—liquid extraction occurs, a
conventional distillation column is used to purify the n-dodecane
to a purity of 99 mol %. The distillate stream enters the extractive
distillation column. Since the molar flow entering the column is
different from the molar flow of the AS-1 sequence, the degrees
of freedom for this column must be analyzed. As observed for the
other cases, the influence of the number of stages on the extrac-
tive distillation column’s energy requirements is quite small. The
effect of feed stream locations on energy requirements for the
extractive distillation column is shown in Figure 12. As expected,
the glycerol stream must be located on the top stages of the

5853 dx.doi.org/10.1021/ie200932g |Ind. Eng. Chem. Res. 2012, 51, 5847-5855
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Table 5. Cost Analysis Results (USD x 10°/year)

equipment utilities TAC
CS-1 58.14 611.31 669.44
AS-1 75.96 719.55 795.51
AS-2 6295 291.64 354.59

Table 6. Emissions of Carbon Dioxide

CO, emissions (kg/h)

CS-1 214.1
AS-1 293.6
AS-2 149.8

column, and the ethanol feed stream must be located near to the
bottoms of the column. For molar ratios lower than 0.5, ethanol
purity has not been achieved. Figure 13 shows variation in energy
requirements with the glycerol/ethanol molar feed ratio. It can
be seen from this figure that the glycerol molar flow required to
perform the separation with a low heat duty is relatively low, with
a glycerol/ethanol ratio of around 0.8. Once the ethanol has been
purified, the glycerol is recovered with a purity of 99 mol % in a
conventional distillation column. Design characteristics of the
columns in the AS-2 purification scheme are shown in Table 3.

The total energy requirements for all the analyzed processes
are presented in Table 4, together with the energy savings taking
the CS-1 separation scheme as a basis. It can be seen that,
when the two entrainers enter the extractive distillation column
(AS-1), the total energy requirements in the process are higher
than those of the conventional separation sequence. On the other
hand, if the n-dodecane is separated from the ethanol/water mix-
ture before entering the extractive distillation column, energy
savings of around 30% over the CS-1 are obtained. Thus, in terms
of energy consumption, the best alternative is the AS-2 sequence,
first preconcentrating the ethanol by liquid—liquid extraction,
next separating the n-dodecane, then purifying the ethanol in an
extractive distillation column, and finally recovering the glycerol
used as entrainer in the extractive distillation system.

Total annual costs have been calculated for the three analyzed
sequences. Table S presents the results of these calculations.
Even considering that the AS-2 sequence requires four pieces of
equipment and the CS-1 sequence requires only three, according
to Table S the total annual cost for the AS-2 sequence is approx-
imately half of the total annual cost for the CS-1 sequence. The
AS-1 sequence proves to be more expensive than the CS-1 be-
cause of its high steam requirements. Finally, in Table 6 the
results of the emissions analysis are shown. Given the low energy
duty required for the AS-2 sequence compared with the other
sequences, this sequence has also the lower CO, emissions
among the analyzed systems, thus having the potential of a low
environmental impact in terms of thermal energy distribution.
Thus, it can be stated that, in terms of energy consumption, costs,
and CO, emissions, the AS-2 sequence is the most promising
scheme among the systems under study.

4. CONCLUSIONS

Alternatives have been proposed for the purification of a
typical mixture of ethanol—water obtained from fermentation
of biomass. These new schemes involve the use of n-dodecane as
entrainer in a liquid—liquid extraction system to preconcentrate

the ethanol from the ethanol—water mixture, followed by extrac-
tive distillation with glycerol as entrainer. This method is expec-
ted to require less energy to perform the separation than the
traditional distillation-extractive distillation sequence, since the
liquid—liquid extraction column requires no energy input.
According to the results, among the alternatives under analysis,
the most promising is the system involving preconcentration of
ethanol in a liquid—liquid extraction column using n-dodecane as
entrainer, followed by separation of the n-dodecane from the
mixture containing ethanol and the remaining water, and finally
purification of the ethanol, using extractive distillation with glycerol
as entrainer. This process requires less energy than the traditional
separation sequence and has lower carbon dioxide emissions.
The alternative process requires more equipment than the tradi-
tional one; even so, the estimated costs are lower for the propo-
sed scheme because of its lower energy requirements. The other
proposed separation method resulted in higher energy consump-
tion, CO, emissions and costs, because a higher molar flow is
processed in the extractive distillation column.
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