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Abstract

Fusel oil is a fermentation by-product composed of a complex mixture of alcohols (ethanol,
isoamyl, propanol, and butanol isomers) and water. The primary challenges lie in water
separation and the recovery of the valuable component, isoamyl alcohol. In this work, we
demonstrate an efficient separation process using a non-polar, non-toxic, water-immiscible
solvent, namely hexane, to reduce the water content of fusel oil from an initial 14 wt.% to
1.46 wt.% at a solvent to fusel oil ratio of 1:1 and to 0.55 wt.% at a 4:1 ratio. The proposed
separation process was designed with a 1:1 ratio to minimize equipment size. In the first
step, a decanter vessel enabled phase separation, followed by two distillation columns. The
bottom product from the second column achieved a purity of 99.29 wt.% isoamyl alcohol
(97.91 wt.% isomers and 1.38 wt.% hexanol) with a recovery rate of 97.33%. The distillate
flows were directed to the second decanter vessel, recovering 99.665% of hexane. This
study confirms the effectiveness of the proposed process in separation of highly valuable
isoamyl alcohol from fusel oil via a hybrid decanter—distillation scheme. The proposed
process attains a specific energy consumption in the reboilers of 0.65 kWh per kilogram
of product (equivalent to 1.21 kg of steam per kilogram of product). This represents a
notable improvement compared to the configuration reported by other authors for the
separation of isoamyl alcohol using divided-wall columns (DWC), which requires 2785 k]
per kilogram of product (i.e., 0.774 kWh per kilogram of product). An economic analysis
was performed to compare the process of separating isoamyl alcohol from fusel oil using
the minimum hexane ratio (1:1) and the maximum ratio (4:1). All cost values increased
significantly with higher solvent ratio. Remaining challenges include the purification of
waste aqueous streams and future valorization of the hexane—alcoholic mixture.

Keywords: fusel oil; hexane; isoamyl alcohol; decanters; distillation

1. Introduction

Fusel oil (FO), until recently considered a waste product resulting from alcoholic
fermentation, has gradually become a target for industrial waste recovery. In a circular
economy, desirable for sustainable development, it can become a raw material for use
in value-added products, while its recovery also contributes to reducing impact on the
environment [1].

Those countries that rank highly in production of alcoholic beverages or bioethanol
are also those that generate fusel oil on a large scale. In 2020, the USA was the global leader
in the field of bio-ethanol (53% of world production), followed by Brazil (30%), European
Union (5%), China (3%), India, Canada and Thailand (each with 2%) [2]. In the sugar
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fermentation stage of ethanol production, a considerable volume of fusel oil results as a
by-product, making it available in significant industrial quantities. Between 1 and 11 L of
fusel oil can be generated per 1000 L of ethanol, depending on the feedstock, fermentation
conditions and engineering technology applied [3-5]. Worldwide, the most popular raw
materials for fermentation are sugar cane, barley, corn, rice and sugar beet.

FO is a mixture of alcohols (isoamyl alcohol, ethanol, butanols and propanols) and
water, the composition of which depends on the raw material used in the fermentation
process of alcohol production, the yeast strain used, and the efficiency of its separation
from the resulting mixture after fermentation.

The composition of a fusel oil can be as follows: 41-87 wt.% isoamyl alcohol (3-methyl-
1-butanol), 1-20 wt.% water, 1-15 wt.% ethanol, 0-6 wt.% isobutyl alcohol, and 0-6 wt.%
other C3-C5 alcohols and other minor compounds [6]. A highly detailed report on the
composition of fusel oil was presented by Massa et al. [4]. For the beverage industry, fuel
oil is an undesirable fraction due to its aggressive odor, dark color, and possible toxicity
at high concentrations; however, in many industrial applications, it could be a valuable
raw material, and potentially a renewable resource. Fusel oil has become a valuable
resource with multiple applications in the chemical, cosmetic, energy, pharmaceutical, and
agricultural industries [4].

Isoamyl alcohol is the major component in FO, and there is great interest in its sepa-
ration from FO as an additional raw material for obtaining acetate esters, and primarily
isoamyl acetate, the aroma of which (banana or pear) gives it great applicability in the
perfumery, food, and pharmaceutical industries [7,8]. The composition of FO makes it
favorable in biodiesel production, FO playing the role of an acyl acceptor in transesterifi-
cation and esterification reactions for the production of esters. The literature reports [9]
that the testing of fatty acid fusel esters (FAFE) in diesel engines confirms their applicabil-
ity. Another potential use is the obtaining of bio-lubricants through esterification of FO
and oleic acid and transesterification of FO and palm kernel oil, with favorable results to
date [10,11].

The introduction of a percentage of oxygenated compounds in automotive gasolines
became mandatory in Europe after 2009 [12]. Numerous studies have shown the potential
of lower alcohols (methanol, ethanol, butanols) and ethers (ethyl-tert-butil-ether and ethyl-
tert-amyl-ether) as bio-components in ecologically friendly automotive gasoline, providing
benefits in both combustion performance and reducing the concentration of pollutants
in exhaust gases. An obvious consequence is the use of this alcoholic mixture of FO as a
fuel additive in spark-ignition engines. Much research has shown that it has a high octane
number (RON 106 and MON 103), high oxygen content (30.23 wt.%), and a unique boiling
point, making it favorable as a bio-component in gasoline [13-16]. Some research has
shown that blending diesel with FO up to a certain percentage leads to better combustion
performance and reduced emissions, proving the feasibility of fuel oil as an alternative
fuel [17,18].

The herbicidal and fungicidal potential of some compounds (Cs—Cg alcohols) has also
received attention [4].

The presence of a significant water content in fusel oil, along with a complex mix-
ture of alcohols, is a major disadvantage from the point of view of thermodynamic be-
havior. All alcohols when combined with water form binary homogeneous azeotropes
(ethanol/water; iso-propanol/water; 1-propanol/water) or binary heteroazeotropes (iso-
butanol/water; 1-butanol/water; 3-methyl-1-butanol / water; 2-methyl-1-butanol / water;
1-hexanol/water) and ternary heteroazeotropes (1-butanol/3-methyl-1-butanol/water).
All binary and ternary azeotropes/heteroazeotropes have minimum boiling point tem-
peratures in the temperature range reported by [3,6]. Separation of isoamyl alcohol from
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this mixture is a real challenge for researchers. According to theory, simple distillation in
several columns could be an option, and more individual alcohols would be obtained, but
the number of columns would be large, the process would be energy-intensive, and the
products obtained would be expensive. Other advanced technologies for the separation
of azeotropic alcohol/water mixtures are the following: vacuum distillation, azeotropic
distillation in the presence of various entrainers [19,20] or extractive distillation with se-
lected extractive agents [21], liquid-liquid extraction including salting-out extraction [22],
pervaporation [23] and adsorption. Only a few results of distillation-based studies for
the separation of alcohols from FO and especially isoamyl alcohol have been presented.
Mendoza-Pedroza et al. [6] developed a process for separation of isoamyl alcohol from the
fusel oil resulting from Colombian sugar mills. The FO composition was 12.6 wt.% ethanol,
14.3 wt.% water, 70.4 wt.% isoamyl alcohol, 1.4 wt.% 1-butanol and 1.3 wt.% iso-butanol.
The authors proposed an intensified configuration compared to the conventional scheme,
namely a flowsheet based on a divided wall column (DWC). The conventional configura-
tion consists of three simple distillation columns. The column (C-I) separates, as distillate,
a mixture of ethanol and water, while the bottom product is a stream containing C4—Cs
alcohols and some water. The distillate product of the column (C-II) is an ethanol-water
azeotropic mixture, and the bottom product is excess water. Column (C-III) is fed with the
bottom product from C-I. Column C-III is connected with a decanter (at the top), and the
aqueous phase of the decanter removes C4—Cs5 alcohols and water from the system. The
bottom product of the C-III column is isoamyl alcohol with 99 wt.% purity. In the intensi-
fied process using the divided wall column (DWC), the C-II column and C-III column are
merged into one unit. The DWC is thermally coupled with column C-I. Isoamyl alcohol is
obtained as the bottom product from the DWC, while the ethanol-water azeotropic mixture
is recovered as the top product. Water and C4 —alcohols are removed as a side stream from
the decanter connected to the intermediate sections of the DWC. The intensified alternative
ensures a reduction of around 20% in energy consumption and a decrease of about 72% in
the total annual cost (TAC).

Missyurin et al. [3] aimed to develop a technological process for separating most of
the constituent components of fuel oil, not only isoamyl alcohol. Moreover, the compo-
sition of fusel oil is complex, containing ethanol, iso-propanol, 1-propanol, iso-butanol,
and 1-butanol, in addition to water. The method excludes the introduction of potentially
toxic components into the process, such as entrainers or extractive-distillation solvents,
supporting the idea that the separated alcohols can be labeled as natural products. The sep-
aration process is complex and hybrid, combining liquid-liquid extraction with continuous
distillation, and also includes a batch distillation stage. It is divided into three sections: a
continuous liquid-liquid extraction section, coupled with the separation of excess water
from the extract stream by distillation; a continuous distillation section which includes
a column for ethanol recovery, two columns for the separation of isoamyl alcohol, and a
column for the recovery of propanols and butanols; and a batch distillation section for the
separation of iso-propanol, 1-propanol, iso-butanol and 1-butanol. The final products were
obtained at the following concentrations: 96.4 wt.% ethanol, 98.6 wt.% isoamyl alcohols
(sum of isomers), 99.4 wt.% 1-butanol, 70.9 wt.% iso-propanol (with 16.4 wt.% ethanol),
61.7 wt.% 1-propanol (with 38% water) and 81.8 wt.% iso-butanol (with 18.2 wt.% water).
Further purification is required for iso-propanol, 1-propanol, and iso-butanol. In contrast,
isoamyl alcohol can be directly used for esterification by acetic acid to synthesize valuable
isoamyl acetate [3].

As previously shown, fusel oil is a complex mixture of alcohols in which a valuable
component, isoamyl alcohol, predominates. However, its separation is challenging because
the mixture also contains water, which forms both homogeneous and heteroazeotropes with
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all alcohols. In this paper, we propose a novel approach to the separation of isoamyl alcohol
from fusel oil. For our study, we selected a fusel oil containing ethanol, propanols, butanols,
isoamyl alcohol (mixture of isomers), hexanol, and water. First, we aim to demonstrate
that hexane can extract all alcohols and separate water from fusel oil. We chose hexane
because it is a non-polar and non-toxic component, which is why it is also accepted in
the food industry as an extractive agent [24,25]. Hexane is valued in industry for its
chemical stability, suitable boiling point, low corrosiveness, high extraction efficiency, and
low cost [26]. However, its use in vegetable oil extraction raises health and environmental
concerns. Prolonged exposure to hexane vapors can impact the nervous system [27].
Additionally, hexane is an atmospheric pollutant contributing to smog formation and
can affect aqueous ecosystems [28,29]. For these reasons, researchers are seeking more
eco-friendly alternatives for extraction [26,30,31].

Experimentally, we demonstrate that, at various hexane to fusel oil ratios, the water
content remaining in the organic phase is very low (thousands of ppm). Next, from this
organic phase, through a process combining distillation with decanter vessels, we separate
isoamyl alcohol (mixture of isomers: 3-methyl-1-butanol of 95.18 wt.% and 2-methyl-1-
butanol of 2.73 wt.%) and obtain a mixture of alcohols and hexane with less than 1000 ppm
water. The proposed technological process for the separation of isoamyl alcohol was
simulated using AVEVA PRO/II v.2024 software. At the end of the study, we conducted an
economic analysis that included calculation of the fixed capital investment (FCI, updated
to 2023 by CEPCI), the annual capital charge (ACC), the annual cost of production (COP)
and total annual cost of production (TCOP) for a hexane to fusel oil ratio of 1:1 and 4:1.

To date, hexane has not been employed as a separating agent on its own, but rather as
a constituent of mixed entrainers for ethanol dehydration. For example, Gomis et al. [32]
utilized a gasoline fraction—where hexane represents one of the hydrocarbons present
in conventional gasoline, together with cyclohexane, isooctane, and toluene—whereas
Stratula et al. [33] employed a hexane-rich fraction.

2. Materials and Methods
2.1. Experimental Procedure

The fusel oil used in this work is the same as that employed in our previous study [3],
and it was supplied by the company Natural Ingredients RO; its chemical composition
is presented in Table 1 and is supported by the chromatogram shown in Figure S1 of the
Supplementary Materials.

Table 1. Composition of fusel oil (FO) [3].

Components Composition, wt.%
Ethanol 9.0
Iso-propanol 1.0
1-propanol 1.0
Iso-butanol 1.5
1-butanol 0.5
2-Methyl-1-butanol 2.0
3-Methyl-1-butanol 70.0
1-hexanol 1.0
Water 14.0
Total 100.0

Hexane, purchased from Merck (CAS number 110-54-3), has a purity of >99.5% (water
content < 0.005%) and was used without further purification.
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In four glass vials with stoppers, 1 mL of fusel oil was introduced into each vial. Then,
quantities of 1, 2, 3, and 4 mL of hexane were added to the four vials, respectively, thus
establishing different hexane to fusel oil ratios. The vials were shaken vigorously by hand
and subsequently left to stand for 24 h at room temperature.

Figure 1 depicts the glass vials after that 24 h period, clearly illustrating the formation
of two distinct phases: an upper organic phase (composed of alcohols and hexane) and
a lower aqueous phase (containing water, trace amounts of alcohols, and trace amounts
of hexane).

1 mL hexane+ 2 mL hexane+ 3 mL hexane+ 4 mL hexane+
1mLFO 1mL FO 1mL FO 1 mL FO

==

Figure 1. Phase separation in FO/hexane samples.

From each sample, the upper organic phase was carefully withdrawn to analyze the
water content by Karl-Fisher (KF) titration. The KF instrument used in our investigations
was the KF titrator K90365 (Koehler, New York, NY, USA). Table 2 displays the calcu-
lated relative error after measuring the water content of the organic phase three times for
each sample.

Table 2. Statistical errors of the experimental data.

Arithmetic Standard Standard Error  Relative Standard
Experiment Subcode  Value, ppmw. Mean Deviation, of the Mean Deviation
7= b 5= /B SEM = - RSD = 3-100%
la 14,478
1 HiLn}:E)%e + b 14,595 14,630 172.188 99.41 1177
1c 14,817
2a 11,398
2 HiLn?f?age + 2b 11,291 11,390 95.253 54.994 0.836
2¢ 11,481
h 3a 8551
3 Iquf’;age + 3b 8617 8587 33.406 19.287 0.389
3c 8593
h 4a 5469
4 I?me);age + 4b 5512 5493 21.932 12.662 0.399
4c 5498

2.2. Methodology of Simulation and Process Description

In this section of the paper, we describe the design methodology of the process for
removing water from fusel oil using hexane, followed by the separation of isoamyl alcohol
from the organic phase. To configure the process and select the most suitable operating
parameters for the equipment, we employ simulations performed in AVEVA PRO/II v.2024
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software. Thermodynamic properties and vapor-liquid as well as liquid-liquid phase
equilibria were modeled using the NRTL (Non-Random Two-Liquid) thermodynamic
framework, complemented by the UNIFAC group-contribution model.

The NRTL (Non-Random Two-Liquid) model is recommended for application to
strongly non-ideal mixtures and partially miscible systems [34]. Since fusel oil is a mixture
of eight alcohols and water, with the addition of hexane, the resulting thermodynamic
system comprises 45 binary mixtures. To accurately represent the vapor-liquid and liquid—
liquid phase equilibria for each binary mixture, the corresponding interaction parameters
must be known. The selected NRTL model is a liquid-activity model characterized by eight

binary interaction parameters ajj, aj;, b bji, Cij, Cjir &, B, where i, j denote each of the ten

1]s
components considered. The ability of t]his activity-coefficient model to correctly and com-
prehensively describe the thermodynamic behavior of the binary systems involved in the
mixture—namely, vapor-liquid equilibrium (VLE), liquid-liquid equilibrium (LLE), and/or
vapor-liquid-liquid equilibrium (VLLE)—depends largely on the availability of binary
interaction parameters. The PRO/II software package includes a database of interaction
parameters obtained from experimental data, which is frequently updated. For most of the
binary systems in the mixture, VLE, LLE, and VLLE interaction parameters for the NRTL
model are available in the AVEVA PRO/II v.2024 database. For the remaining systems,
the missing interaction parameters were estimated within the NRTL framework using
the “fill” option with the temperature-dependent UNIFAC-Lyngby group-contribution
model, which predicts interaction parameters based on the functional group contributions
of the components [35]. The Supplementary Materials provide tabulated values of the
binary interaction parameters for the thermodynamic systems considered in this study.
The interaction parameters were estimated for 12 binary mixtures using the UNIFAC
group-contribution method.

To remove almost all water from fusel o0il, a non-polar and non-toxic solvent was
chosen, namely hexane. It remains in the organic phase along with the alcohols, although
a small amount of alcohol is lost in the aqueous phase. We chose a 1:1 hexane to fusel oil
ratio to minimize the circulation of hexane flow in the plant and to avoid increasing the
size of the equipment.

In the decanter Dc1, at 40 °C and 1.2 barg, an aqueous phase (AP 1) and an organic
phase (OP 1) are separated. The organic phase feeds the distillation column C1. The distil-
late D1 comprises primarily ethanol and hexane (with minor amounts of other alcohols).
The bottom product of column C1, denoted B1, is practically water-free; it is a mixture of
alcohols in which isoamyl alcohol predominates and serves as feed to column C2. Distillate
D2 contains ethanol, iso-propanol, 1-propanol, iso-butanol, 1-butanol, hexane, and trace
losses of 2-methyl-1-butanol and 3-methyl-1-butanol. The purpose of column C2 is to
separate isoamyl alcohol as the bottom product (B2) with a minimum concentration of
99 wt.%. The operating conditions of columns C1 and C2 are detailed in Table 3.

Table 3. The operating conditions of columns C1 and C2.

Parameters Column C1 Column C2

Number of trays 181 201!
Feed tray number 12 11
Top pressure, barg 1.1 1.1
Bottom pressure, barg 1.2 1.2

Top temperature, °C 77.57 88.57

Bottom temperature, °C 102.16 157.14
Reflux ratio, molar 1.0 3.0

! Nlumbered from top to bottom.
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FUSEL OIL
—

—>
HEXANE

Legend:

Distillates D1 and D2 are combined in a mixer and subsequently routed into decanter
Dc2. In the organic phase (OP 2), nearly all hexane and alcohols (ethanol, iso-propanol,
1-propanol, iso-butanol, 1-butanol) are recovered. This will be the subject of a separate
investigation, including experimental blending of gasoline at various ratios. The aqueous
phases AP 1 and AP 2 are currently designated as waste; a future study will examine
their treatment, as their present composition excludes discharge to wastewater treatment
facilities. The proposed flowsheet of isoamyl alcohol separation from fusel oil is depicted

in Figure 2.
Dc2
" OP2
Condenser 1 Condenser 2 HEXANE+
C2 - C40H
AP 2
D1 B2
Dc1
c1 Cc2
OP1
AP1

%. | T 4.

Reboiler2  |soamyl alcohol

Reboiler 1

C1- Distillation column 1; C2- Distillation column 2; Dc1- Decanter vessel 1; Dc2- Decanter vessel 2;
D1- Distilatte product 1; D2-Distillate product 2; B1- Bottom product 1; B2- Bottom product 2;

AP1- Aqueous product from d ter 1; AP2- Aq product from decanter 2;

OP1- Organic product from decanter 1; OP2- Organic product from decanter 2.

Figure 2. The proposed flowsheet for isoamyl alcohol separation from fusel oil.

Simulations of the proposed technological process for the separation of isoamyl alcohol
were conducted in steady state mode, using the Chemdist algorithm for mass and heat
balances and phase equilibria calculations of both columns within the AVEVA PRO/II
v.2024 software package.

2.3. Methodology of Cost Estimation

In this work, the fixed capital investment (FCI) and total cost of production (TCOP)
estimations are performed based on data from Towler and Sinnott [36]. The fixed capital
investment is made up of the following:

FCI=ISBL + OSBL + EC + CO (1)

where ISBL is the inside battery limits investment (including direct field costs, such as cost
of major equipment, bulk items, civil work, installation labor and supervision, and indirect
field costs, such as temporary construction costs, field expenses and services, construction
insurance, labor benefits and burdens, and miscellaneous overhead items); OSBL is the
offsite cost; EC is the engineering cost (referring to the contractor charges, detailed design
and other engineering services); and CO is contingency charges.

In this work, the inside battery limits (ISBL) investment included only the direct field
cost. Hence, the ISBL is reduced to a fixed capital cost. Fixed capital cost (C) is based on an
estimate of the purchase cost of the major equipment items required for the process, and the
other costs (such as equipment erection including foundations and minor structural work;
piping, including insulation and painting; electrical power and lighting; instruments and
automatic process control systems; process buildings and structures; ancillary buildings,
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offices, laboratory buildings, storage for raw materials; site preparation) are estimated as
factors of each equipment cost.

The Hand factor method proposes that the C fixed capital cost of a plant is given as a
function of the total purchased equipment cost by the following equation:

=

c=Y (F-C) @

—_

where C is the total capital cost of the plant; C, is the purchase cost of each major item of
equipment (i =1 ... M); F are Hand installation factors specified for each major equipment
type. The factors comprising F are presented in Supplementary Materials (Table S54) as a
selection from Towler and Sinnott’s work. Equation (2) can be used to make a preliminary
estimation once the flowsheet has been drawn up and the main plant equipment has
been sized.

The equipment cost C, is estimated by the following equation:

Ce=a+b-8" 3)

where C, is the purchased equipment cost on Chemical Engineering Plant Cost Index CEPCI
of 478.6 available for January 2006; a and b are cost constants; S is the size parameter; 7 is the
exponent for that type of equipment. Constants 2 and b, parameter S, and exponent 7 are
shown in Supplementary Materials (Table S5) as selections from Towler and Sinnott’s work.
It should be mentioned that for the vessel of columns C1 and C2 and the vessel of decanters
Dcl and Dc2, the size parameter S is the mass of the vessels. The procedure is detailed
in Supplementary Materials and results are presented in Table S5. For the decanters, the
internal diameters and heights were estimated by our own calculations (in an Microsoft
Excel sheet), based on the methodology from GSPA (chapter 7) [37]. The size parameter for

all heat exchangers is area in m?

, as can be seen in Table 56, and miscellaneous equipment
(mixers and pumps) are measured by flow rate in liters/second (Table S7). With reference
to the flowsheet from Figure 2, we have included in the cost calculation the storage vessels
for raw materials and their circulation pumps.

The estimated cost C, is for base equipment made from carbon steel. To calculate the
purchased equipment cost with different materials, a correction material factor is used
(fm = 1.3) as is recommended in the above-mentioned book [36]. The CEPCI from Chemical

Engineering Magazine [36] is used to update the prices as of 2006, according to Equation (4).

Cost index in year A
Cost index in year B

Cost in year A = Cost in year B - 4)
where cost in year A relates to year 2023; cost in year B relates to year 2006; cost index in
2023 is 798.7. All monetary values are in USD.

Fixed Capital Investment (FCI) is converted into a constant series of payments for
every year of the plant’s life. The annual capital cost (ACC) is calculated from Equation (5).

(14i)" -1

ACC =FCI -
CC=Fel Sy

)

where i is the interest rate and 7 is the project life time. The parenthesis in the above
equation is the annual capital charge ratio.
The annual cost of production COP is made up as follows:

COP = VCOP + FCOP (6)
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where VCOP and FCOP are variable and fixed costs of production, respectively. Variable
costs of production are the sum of all the variable costs of production that are proportional
to the plant output or operation rate. The FCOP is the sum of all the fixed costs of production
that are covered, regardless of the plant operation. The VCOP and FCOP are estimated as
direct calculations based on operating plant data or as factors of current and/or previous
calculations, as can be seen in Table 4. It is assumed that the plant operates for 8000 h/year.

Table 4. Components of COP estimation.

Variable Cost of Production (VCOP)

Hexane loss cost (industrial purity)
Steam cost

Electrical energy cost

Water cost

Miscellaneous (consumable materials,
waste water treatments, waste disposal)

1000 USD/tonne
12 USD/tonne
0.20 USD/kWh
0.048 USD/m?

2% of VCOP

Fixed Cost of Production (FCOP)

Operating labor (OL)
Supervision (S)

Direct salary overhead (DSO)
Maintenance (M)

Property taxes and insurance
Rent of land (and/or buildings)
General plant overhead
Environmental charges

25,000 USD/year/each operator
25% Of OL

50% of (OL + S)

3% of ISBL

2% of ISBL

1% of (ISBL + OSBL)

65% of (OL + S + DSO + M)

1% of (ISBL + OSBL)

In this work, it is useful to calculate a total cost of production (TCOP) as the sum of
the annual cost of production and the annual capital cost (Equation (7)).

TCOP = COP + ACC 7)

3. Results and Discussion

As mentioned in the Introduction, the original objective of the research was to inves-
tigate the use of hexane for removing water from fusel oil, followed by the design and
simulation of a process to separate isoamyl alcohol.

3.1. Experimental Results and Discussion

In Figure 1, the image clearly demonstrates that the addition of hexane leads to distinct
separation into a lower aqueous phase and an upper organic phase. Karl-Fischer analysis
of the water content remaining in the organic phase shows that, from an initial fusel oil
water content of 14 wt.% (Table 1), the remaining water decreases with increasing hexane
to fusel oil ratio: at a 1:1 ratio it is 14,630 ppmw (i.e., 1.46 wt.%), and at a 4:1 ratio it drops
to only 5 493 ppmw (i.e., 0.5493 wt.%).

These results confirm the feasibility of using hexane to remove unwanted water from
fusel oil, as explored in this study.

3.2. The Simulation Results and Discussion

The fusel oil feed flowrate of the flowsheet proposed in Figure 2 was assumed at
2000 kg/h, and its composition is indicated in Table 1. Experimental results indicate that
the highest hexane to fusel oil ratio (4:1) is the most effective. However, using hexane
flow at four times the rate of fusel oil would significantly increase equipment dimensions,
particularly the column diameters, and also lead to very high energy consumption in the
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reboilers of these columns. For these reasons, we selected the lowest feasible hexane flow
rate of 2000 kg/h. However, the entire proposed process was also simulated using a higher
hexane flow rate of 8000 kg/h (hexane to fusel oil ratio of 4:1) in order to demonstrate its
detrimental effects on the equipment sizing, energy consumption, and overall process cost,
as shown in the economic analysis in Section 3.3.

Both streams are mixed and then fed into decanter 1, where separation occurs at 40 °C
and 1.2 barg. Table 5 presents the mass flow rates of components in each separated phase,
compared to their flow rate in the original fusel oil feed.

Table 5. The mass flow rates of components in aqueous and organic phases from Dcl compared to

fusel oil.
Components Aqueous Phase Organic Phase Fusel Oil,
(AP1), kg/h (OP1), kg/h kg/h
Ethanol 16.6018 163.3982 180.00
Iso-propanol 0.7115 19.2885 20.00
1-propanol 0.4889 19.5111 20.00
Iso-butanol 0.6622 29.3378 30.00
1-butanol 0.0836 9.9164 10.00
2-Methyl-1-butanol 0.1583 39.8417 40.00
3-Methyl-1-butanol 5.1603 1394.8397 1400.00
1-hexanol 0.0157 19.9843 20.00
Water 201.6033 78.3967 280.00
Hexane 0.0131 1999.9869 0.00
Total 225.4986 3774.5014 2000.00

As shown in Table 5, hexane remains almost entirely in the organic phase, which is
expected given the immiscibility of nonpolar hexane and polar water. Conversely, ethanol
tends to partition between the aqueous and organic phases, a behavior attributable to the
strong hydrogen-bonding interactions it forms with water.

The organic phase is fed to distillation column C1 at a temperature of 40 °C and a
pressure of 1.2 barg, on tray number 12. This column is designed to produce a distillate
flow (D1) containing mainly ethanol and the majority of the hexane, while the bottom flow
(B1) consists of the remaining ethanol, iso-propanol, 1-propanol, iso-butanol, 1-butanol,
isoamyl alcohol (including its isomers 2-methyl-1-butanol and 3-methyl-1-butanol), and
hexanol and the remaining hexane. By adjusting the reflux ratio, it was found that using a
molar reflux ratio of 1.0 minimizes the loss of isoamyl alcohol in the distillate product. It is
worth noting that the presence of water alongside hexane in the upper section of distillation
column C1 causes the formation of two liquid phases on the first five trays of the column,
as well as in the reflux drum. Table 6 presents the mass flow rates and mass concentrations
of the components in both distillate (D1) and bottom (B1) products.

From the data presented in Table 6, it is evident that almost all of the isoamyl alcohol
(including its isomers 2-methyl-1-butanol and 3-methyl-1-butanol) and hexanol in the C1
column feed are separated into the bottom product, as intended.

Therefore, the bottom product from column C1, at 102.16 °C and 1.10 barg, is pumped
into the feed of distillation column C2. The purpose of column C2 is to separate all the
isoamyl alcohol (including the isomers 2M1B and 3M1B) and hexanol into the bottom
product (B2). By setting the reflux ratio to an optimum value of 3 (molar basis), a final
bottom product with a mass concentration of 99.29% is achieved. The distilled product
(D2) is an homogeneous mixture of the remaining alcohols and hexane. Table 7 presents
the mass flow rate and mass concentrations of the components in both the distillate (D2)
and the bottom (B2) products from column C2.
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Table 6. The mass flow rates and mass concentrations of components in distillate (D1) and bottom

(B1) flows.
Components Distillate Flow Mass Concentration Bottom Flow Mass Concentration
(D1), kg/h in D1, wt.% (B1), kg/h in B1, wt.%
Ethanol 154.9999 11.19 8.3983 0.35151
Iso-propanol 6.5660 0.47399 12.7225 0.53249
1-propanol 3.3049 0.23858 16.2062 0.6783
Iso-butanol 3.0073 0.21709 26.3305 0.0110
1-butanol 0.2090 0.01509 9.7074 0.40630
2-Methyl-1-butanol 0.1396 0.00101 39.7022 0.0166
3-Methyl-1-butanol 4.5332 0.32725 1390.3064 0.5819
1-hexanol 0.00 0.00 19.9843 0.83643
Water 78.3967 5.66 0.00 0.00
Hexane 1134.1098 81.87 865.8771 0.3624
Total 1385.2664 100.00 2389.2349 100.00
Table 7. The mass flow rates and mass concentrations of components in distillate (D2) and bottom
(B2) flows.
Components Distillate Flow (D2), Mass Concentration Bottom Flow (B2), Mass Concentration
kg/h in D2, wt.% kg/h in B2, wt.%
Ethanol 8.3983 0.89566 0.00 0.00
Iso-propanol 12.722 0.0136 0.00 0.00
1-propanol 16.0000 0.0171 0.2062 0.014205
Iso-butanol 24.9098 0.0266 1.4206 0.097867
1-butanol 0.9123 0.09730 8.7963 0.60599
2-Methyl-1-butanol 0.1006 0.01073 39.6015 2.73
3-Methyl-1-butanol 8.7408 0.93219 1381.5656 95.18
1-hexanol 0.00 0.00 19.9843 1.38
Water 0.00 0.00 0.00 0.00
Hexane 865.8758 92.34 0.00 0.00
Total 937.6597 100.00 1451.5750 100.00

The results presented in Table 7 demonstrate that the separation carried out in column
C2, under the operating conditions specified in Table 3, achieves the objective proposed in
this study: obtaining a bottom product with a mass purity of 99.29% (comprising 97.91 wt.%
of isoamyl alcohol isomers and 1.38 wt.% hexanol). Furthermore, from the 1440 kg/h of
isoamyl alcohols in the initial fusel oil, 1401.55 kg/h is recovered, corresponding to a
recovery rate of 97.33%.

Distillates D1 and D2 are combined and directed to the decanter vessel Dc2. At a
temperature of 40 °C, phase separation occurs, yielding an aqueous phase (AP2) and an
organic phase (OP2). In OP2, almost all hexane is recovered (i.e., 99.665%). The mass flow
rates of AP2 and OP2 are presented in Table 8.

As discussed in Section 2.2, the aqueous phases AP1 and AP2 are residual streams,
and their separation will be addressed in a future study. Regarding the organic phase
OP2, it contains the C;—C4 alcohols (with very little loss of Cs alcohols) and the recovered
hexane. We intend to continue the investigations in this study in two future directions: first,
to separate the hexane for recycling into the feed of the separation process proposed in
Figure 2 and to utilize the alcohols as bio-components in eco-friendly gasoline; and second,
to employ the entire organic phase as a component in automotive gasoline. Concerning
the two aqueous streams (AP1 and AP2), which are complex mixtures of alcohols with
a total flow rate of 467.68 kg/h (60% water, 28.14% ethanol, 10.43% a mixture of other
alcohols, and 1.43% hexane), our primary economic interest lies in the recovery of ethanol
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and the other alcohols. Beyond their potential economic value, these aqueous streams
cannot be discharged, as this would violate environmental regulations concerning the
maximum allowable discharge concentrations for pollutants in municipal and industrial
wastewaters released into natural waters [38]. At this stage, based on an extensive literature
review [39-44], we propose to experimentally investigate two approaches: adsorption of
alcohols on mesoporous activated carbon and extraction of alcohols with environmentally
friendly solvents. In addition, we intend to evaluate, through simulation, the separation of
alcohols by pervaporation using membranes, stripping with carbon dioxide, and extractive
distillation with environmentally friendly solvents.

Table 8. The mass flow rates of components in aqueous and organic phases from Dc2.

Components Aqueous Phase (AP2), kg/h  Organic Phase (OP2), kg/h
Ethanol 115.0145 48.3837
Iso-propanol 9.2788 10.0093
1-propanol 10.9967 8.3082
Iso-butanol 17.5988 10.3183
1-butanol 0.6377 0.4836
2-Methyl-1-butanol 0.0434 0.1968
3-Methyl-1-butanol 5.1560 8.118
1-hexanol 0.00 0.00
Water 76.7733 1.6235
Hexane 6.6861 1993.2995
Total 242.1852 2080.7409

AVEVA PRO/I1I v.2024 includes sizing capabilities for packed beds. Therefore, this
function was used to calculate the diameter of the column vessels and Sulzer’s structured
packing, Mellapak 350X, was selected in both columns. The Mellapak type 350X packing
has a high separation efficiency (which it makes suitable for challenging separations such
as those encountered in this study), and a high specific surface area, which leads to lower
pressure drop across the packing and a lower height equivalent theoretical plate (HETP) [45].
The HETP was calculated according to the Sulzer methodology depending on the F-factor
and the pressure drop per unit of height. Next, in the dedicated section of the AVEVA
PRO/II simulator we set the HETP values, and the Capacity% was set to a value of 50%.
By setting this value for Capacity%, the columns C1 and C2 were designed to operate at a
fraction of the flooding velocity, thereby avoiding liquid entrainment, hydraulic instability,
and degraded separation performance [46]. The software calculated the diameter of each
section, the total height of each section, and provided detailed values of the F-factor and
pressure drop (mbar/m of packing) for each stage. Further details on the evolution of
these parameters for each section of the two columns are presented in the Supplementary
Materials (Table S8).

For the distillation—-decanter process at a 1:1 ratio of hexane to FO, each column
contains two packing sections, separated by a space of 0.4 m. In distillation column C1,
the upper packing section is 3 m high and has a calculated diameter of 0.579 m, while the
lower section is 4 m high with a diameter of 0.841 m. In distillation column C2, the upper
section is 4 m high, and the lower section is 5 m high; both sections share the same diameter
of 0.687 m.

In the final part of this section, we address some aspects related to energy consumption
and utility requirements of the proposed process. In both distillation columns, vapor
condensation is achieved by shell-and-tube heat exchangers. The heat input at the bottom
of the columns is provided by means of Kettle reboilers. The overall heat transfer coefficient
and the logarithmic mean temperature differences in each heat exchanger were used to
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calculate the heat transfer area. The overall heat transfer coefficients (U) were taken from
Luyben [47], while the logarithmic mean temperature differences (LMTD) were calculated
with the PRO/I1I facilities for each heat exchanger. Recycled water is employed as the
cooling agent in the condensers, entering at 25 °C and leaving at 52 °C, whereas saturated
steam at 14 barg is used in the reboilers. The results concerning the function of the heat
exchangers, their surface areas, and the utility requirements are summarized in Table 9.

Table 9. The heat exchangers’ duties, surface areas and utility requirements.

Parameters Condenser 1 Reboiler 1 Condenser 2 Reboiler 2
Duty, kWh/h 387.6 535.6 363.2 414.5
LMTD, °C 39.005 99.823 50.873 44.408
U, kW/m?2.K 0.852 0.57 0.852 0.57
Area, m?2 11.747 9413 8.431 16.377
Utility, kg/h 12,344.4 990.0 11,567.7 767.0

Based on the data regarding utility consumption in the proposed installation and the
product flow rate at the bottom of column 2 (B2), the specific consumptions are calculated
as follows: the recycled water consumption is 16.47 kg water/kg B2, and the saturated
steam consumption is 1.21 kg steam/kg B2. With respect to the economic comparison
with previous studies, only the specific energy consumption in the reboilers can be directly
contrasted with the work of Mendoza-Pedroza et al. [6], who proposed a configuration
based on divided-wall columns (DWC) for the separation of isoamyl alcohol, reporting
a specific energy consumption of 2785 kJ per kilogram of product (i.e., 0.774 kWh per
kilogram of product). In contrast, the configuration developed in the present study attains
a lower specific energy consumption of 0.65 kWh per kilogram of product. Although the
literature [19-23] describes several alternative approaches for the separation of azeotropic
alcohol/water mixtures, none of these have been validated for complex mixtures such as
fusel oil. Consequently, a direct comparison between the process proposed herein and
those alternative methods is not feasible.

3.3. The Cost Estimation Results and Discussion

As mentioned in Section 2.3, in this work the fixed capital investment (FCI) and total
cost of production (I'COP) are performed according to the methodology developed by
Towler and Sinnott [36]. For all the equipment necessary in the decanter—distillation process
at hexane to FO ratios of 1:1 and 4:1, the equipment purchased cost C, and fixed capital
cost (C or ISBL) are presented in Table 10. From the point of view of hexane and fusel oil
storage, additional measures must be taken to avoid emissions into the atmosphere that
would lead to the exposure of workers to a toxic working atmosphere, and to avoid their
impact on atmospheric pollution. We chose to store the raw materials in floating roof tanks
to minimize evaporation losses, both equipped with vapor recovery units (VRU), inerting
systems (Ny) for filling and maintenance operations, low explosive level (LEL) detectors,
anti-spark control, and compliance with ATEX procedures. The price of such a system is
very expensive and is not included in the methodology proposed by Towler and Sinnott.
Therefore, in the order of magnitude proposed by other sources (USD 15,000-75,000) [48],
we choose a price of USD 50,000 for a storage tank of 50 m> (for the separation process of
the decanter—distillation process at a 1:1 ratio of hexane to FO) and a price of USD 85,000
for a storage tank of 150 m> (for the separation process of the decanter—distillation process
at a 4:1 ratio of hexane to FO).
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Table 10. The fixed capital cost C (or the inside battery limits investment ISBL) estimation for the
decanter—distillation process at a 1:1 ratio of hexane to FO and a 4:1 ratio of hexane to FO.

Ratio 1:1 Ratio 4:1
of Hexane to FO of Hexane to FO
. Equipment Fixed Capital Equipment Fixed Capital
Equipment Type Cost C,, USD Cost sg]r)ISBL, Cost C,, USD Cost SS()]BISBL’
Column C1 98,953 395,812 141,336 565,343
Column C2 73,055 292,221 254,886 1,019,542
Decanter Dcl 10,379 41,514 35,551 142,205
Decanter Dc2 6928 27,711 32,731 130,922
Reboiler 1 19,215 67,254 19,689 68,942
Reboiler 2 19,970 69,893 30,609 107,130
Condenser 1 14,344 50,205 14,626 51,191
Condenser 2 13,962 48,867 21,374 74,809
Mixer M1 and M2 1185 2962 1416 3541
Centrifugal pump P1, including electrical motors 6447 25,788 6721 26,883
Two tanks of 50 m3 50,000 125,000 - -
One tank of 50 m?, and one tank of 150 m3 - - 85,000 212,500
Centrifugal pumps, including electrical motors for 10,778 143,887 13,098 52,392
feed flows
Hexane cost (70% load of tank) 23,065 23,065 92,260 92,260

According to Equation (1), the fixed capital investment (FCI) includes the ISBL cost,
the offsite cost (OSBL), the engineering costs (EC), and contingency (CO). As recommended
by Towler and Sinnott [36], the OSBL is assumed to be 30% of ISBL, and CO is assumed to
be 10% of ISBL plus OSBL. The overall FCI is shown in Table 11. The FCI is actualized to
2023 prices in line with Equation (4).

Table 11. The fixed capital investment (FCI) estimation for distillation—decanter process at ratios of
hexane to FO of 1:1 and 4:1.

Ratio 1:1 Ratio 4:1
Cost, USD of Hexane to FO of Hexane to FO
ISBL 1,314,181 2,520,985
OSBL 394,254 756,296
EC 512,530 983,184
(60 170,843 327,728
FCI (2006 prices) 2,391,809 4,588,193
FCI (2023 prices) 3,991,512 7,656,894

Fixed Capital Investment (FCI) is converted into a constant series of payments for
every year of the plant life, assuming that the plant life is 20 years and the interest rate is
about 15%. For this interest rate and recovery period, the annual capital charge ratio is
0.160, so the annual capital charge (ACC) is 0.160 x USD 3,991,512 = 638,612 USD/year
for a distillation—decanter process at a 1:1 ratio of hexane to fusel oil (FO), or 0.160 x USD
7,656,894 = 1,225,103 USD/year for a distillation—decanter process at a 4:1 ratio of hexane
to fusel oil (FO). The above calculations were performed using Equation (5).

In order to complete the comparison between separation processes at ratios of 1:1
and 4:1, the annual costs of production COP are estimated in the following step. The
variable and fixed costs of production are calculated for the components from Table 4.
The operating labor cost is calculated for five shift position operators. The steam medium
pressure cost does not include its production (fuel fired at boilers, etc.). Process water
consumption was assumed in the plant’s operation. It can be assumed that all the process
water needs are supported by internal recycling. The electrical energy consumption in the
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distillation—decanter plant was assumed as electrical energy for all pumps (i.e., recycling
pump, reflux pump, water pumps), electrical energy for control devices, electricity for
lighting, etc. It is obvious that electrical energy consumption is very difficult to estimate. In
our opinion, 500-550 kWh/h electrical energy is a reasonable assumption. Table 12 shows
the annual costs of production COP.

Table 12. Annual costs of production COP estimation for the distillation-decanter process at a ratio
of 1:1 hexane to FO and at a ratio of 4:1 hexane to FO.

Ratio 1:1 Ratio 4:1
Cost, USD of Hexane to FO of Hexane to FO
Variable Cost of Production (VCOP)
Hexane cost (only hexane loss) 2400 6400
Steam cost 168,672 752,256
Electrical energy cost 800,176 816,640
Water cost 9182 46,709

Miscellaneous (consumable materials,

wastewater treatments, waste disposal) 19,609 32,400
Annual VCOP 1,000,039 1,654,445
Fixed Cost of Production (FCOP)

Operating labor (OL) 600,000 600,000

Supervision (S) 150,000 150,000

Direct salary overhead (DSO) 375,000 375,000

Maintenance (M) 39,425 75,630

Property taxes and insurance 26,284 50,420

Rent of land (and/or buildings) 17,084 32,773

General plant overhead 756,877 780,409

Environmental charges 17,084 32,173
Annual FCOP 1,981,754 2,097,004
Annual COP 2,981,793 3,751,449

Finally, the total cost of production (TCOP) as the sum of the annual cost of production
(COP) from Table 12 and the annual capital charge (ACC) previously estimated, is calculated
via Equation (7). The TCOP for a distillation—decanter process at a ratio of 1:1 hexane to
fusel oil is 3,620,435 USD/year and the TCOP for (FO) and a process at a ratio of 4:1 hexane
to fusel oil is 4,976,552 USD/year. As a quick check, it can be seen that ACC is roughly 18%
of the total cost of production (at a 1:1 ratio of hexane to fusel oil) and roughly 25% of the
total cost of production (at a 4:1 ratio of hexane to fusel oil), which is typical for chemical
processes, according Towler and Sinnott [36].

The results of the economic calculation presented in Tables 10-12, along with the
conclusions drawn from them, indicated that increasing the hexane to fusel oil ratio leads
only to economic disadvantages: fixed capital investment (FCI) and annual capital charge
(ACC) both increase by 92%, the annual cost of production (COP) rises by 26%, and the
total annual cost of production (TCOP) increases by 36%. We note that isoamyl alcohol
production (flowrate of B2) remains unchanged regardless of the solvent ratio.

4. Conclusions

In this work, we demonstrated that water can be separated from fusel oil using a non-
polar, non-toxic, and water-immiscible solvent, namely hexane. Preliminary experimental
studies showed that, from an initial water content of 14 wt.%, the concentration decreases to
1.46 wt.% at a 1:1 hexane to fusel oil ratio and to 0.5493 wt.% at a 4:1 ratio. At the industrial
level, this stage requires a decanter vessel that separates an organic phase containing the
alcohols from fusel oil and hexane from a residual aqueous phase. This first decanter is
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provided in the scheme proposed by us. For the process design, we selected a 1:1 ratio in
order to avoid unnecessarily increasing equipment size and the entire cost of the process.
The next step was the design of a process consisting of two distillation columns aimed
at separating the isoamyl alcohol from the organic phase. As a bottom product from
column C2 (for process performed at a 1:1 ratio), we obtained a bottom product with purity
of 99.29 wt.% (comprising 97.91 wt.% isoamyl alcohol isomers and 1.38 wt.% hexanol)
and a recovery rate of 97.33%. The distillates from the two columns are directed to the
second decanter vessel, where an organic phase is separated, in which 99.665% of hexane
is recovered together with C,—Cy alcohols. The calculated dimensions of all equipment
and the entire operating expenses indicate that the capital investment, annual capital
charge, annual cost of production, and total annual cost of production could be reasonable.
However, to conduct a comprehensive economic analysis and process comparison, we also
simulated a hexane to fusel oil ratio of 4:1. These simulations were performed to obtain a
B2 product with the same quality and recovery rate as the bottom product from column
C2. The results of the economic assessment indicated that increasing the hexane to fusel oil
ratio leads exclusively to economic disadvantages.

The research conducted in this work achieved the expected results; however, further
efforts are needed to purify the aqueous phases from the two decanters and to identify
practical applications for the mixture of hexane and alcohols.

Our study represents fundamental research with potential industrial applications, yet
the transition from the simulation of a separation process to its industrial-scale implemen-
tation still requires many additional steps.
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process at a 1:1 ratio of hexane to FO; Table S7: Cost of the miscellaneous items (price at year 2006) of
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Abbreviations

The following abbreviations are used in this manuscript:
FO Fusel oil

2M1B 2-Methyl-1-butanol
3M1B 3-Methyl-1-butanol
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LMTDs Log-mean temperature difference
U Overall heat transfer coefficient
NRTL Non-random two liquid
UNIFAC Universal quasi-chemical
Symbols

C1 Distillation column 1

C2 Distillation column 2

Dcl Decanter vessel 1

Dc2 Decanter vessel 2

D1 Distillate product 1

D2 Distillate product 2

B1 Bottom product 1

B2 Bottom product 2

AP1 Aqueous phase from decanter 1
AP2 Aqueous phase from decanter 2
Or1 Organic phase from decanter 1
OoPr2 Organic phase from decanter 2
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