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Abstract

The commitment to the Sustainable Development Goals and the need for increasing circularity of
industrial processes call for the exploitation of byproducts to generate value-added chemicals in cost-
and energy-advantageous processes. In this process simulation-based research, two technologies
were evaluated for the synthesis of isoamyl acetate from fusel oil: A) an indirect process, and B) a
direct process using reactive distillation. Aspen Hysys v14.0 was used for the simulation. A
sensitivity analysis was performed to identify the influence of operating parameters on product
purity, isoamyl acetate recovery and productivity, and energy consumption. Technology B was
found to be the most favorable, obtaining 22.27 kg/h of isoamyl acetate with a purity of 98%. The total
consumption of cooling water and heating was 87.6 MJ/h and 88.22 M]/h, respectively. Based on the
best conditions, a technical-economic analysis was performed that demonstrated the viability of the
process, obtaining a net present value (NPV) of US$3,587,110/year, an internal rate of return (IRR) of
38.95% and a payback period (PP) of 5.05 years. If acid recirculation is considered in the process, an
NPV of US$7,232,950, an IRR of 56.34%, and a PP of 3.56 years are obtained.

Keywords: fusel oil; isoamyl acetate; reactive distillation; simulation

1. Introduction

The production of bioethanol has grown in recent years, becoming one of the most important
activities in the development of the renewable energy sector. This growth is closely tied to the value
of its production and the increasing demand for renewable fuels [1]; however, its production is
associated with the generation of byproducts and waste that call its sustainability into question.
Currently, agro-industrial waste has emerged as a valuable resource in the pursuit of renewable
energy sources, as it can be exploited to produce a wide range of chemical components, thereby
improving the sustainability of the production chain [2].

Resulting from the distillation of the wine produced in the fermentation of sugarcane juice for
bioethanol production, the byproduct fusel oil has high potential for transformation into high-value-
added compounds [3,4]. It is primarily composed of a mixture of higher alcohols and water. Its
prominent components include ethanol, isoamyl alcohol (3-methyl-1-butanol), 1-propanol, 2-
propanol, butanol isomers (n-butanol, isobutanol), as well as traces of other organic compounds, such
as esters and aldehydes. These components vary depending on the raw material source, fermentation
and distillation conditions, and nitrogen content [1,3,5,6].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Fusel oil yields can vary between 1 to 11 L per 1,000 L of bioethanol produced [2,7,8]. In countries
with high bioethanol production, the potential to valorize fusel oil to produce more profitable and
less polluting products represents a great opportunity to transform the bioethanol industry into a
more sustainable one, with increasing circularity. Among the potential uses of fusel oil, the
production of esters from its constituent alcohols emerges as an alternative for obtaining natural
acetates from this low-cost agro-industrial byproduct. Esters, renowned for their flavor and fragrance
properties, are valuable compounds in multiple industrial sectors, notably used in the development
of fragrances, food additives, pharmaceuticals, cosmetics, toiletries, and beverages [9-12].

In this context, Sanchez et al. [13] propose two approaches for the esterification of alcohols
present in fusel oil: the indirect process, which requires prior separation of individual alcohols before
their esterification with carboxylic acids, and the direct process, where the complete mixture of
alcohols reacts simultaneously with the carboxylic acid.

The separation of fusel oil into its constituent alcohols is achieved by batch or continuous
distillation, which involves multiple columns in an energy-intensive process, since fusel oil contains
several azeotropes that make separation difficult. In this sense, reactive distillation (RD) is presented
as an innovative process intensification technology that offers significant advantages over
conventional technologies by integrating the reaction and separation stages into a single unit. This
synergy not only significantly reduces energy requirements but also avoids the difficult task of
separating azeotropes, due to the consumption of components by the reaction [14-18].

Process simulation is a tool that enables the representation and analysis of complex real systems
through mathematical models. Its application is particularly useful in scenarios involving multiple
interrelated variables, as it facilitates conceptual design, optimization, control, and comparative
evaluation of technologies. This justifies its use as a tool for assessing fusel oil valorization
technologies [19,20].

Previous studies have proposed different alternatives for fusel oil valorization. Table 1 presents
a summary of the literature studies, highlighting the technologies employed and their main results.

Table 1. Fusel oil valorization studies.

Authors Technologies Results
Ferreira et al [21] A single distillation column coupled A recovery of 99.53% of isoamyl alcohol
to a decanter. was obtained, with a fraction of 0.818
Two distillation columns and a w/w isoamyl alcohol and 0.178 w/w
decanter coupled to the first column. active amyl alcohol in the bottom.

A system composed of a decanter, a
separator, and a distillation column.

Montoya et al. [22] Two-column distillation process (the A recovery of 99.3% isoamyl alcohol with
first one to remove water and light a purity of 0.997 w/w at the bottom.
compounds, and the second one to

purify isoamyl alcohol).

Mendoza-Pedroza Dividing wall column for the A purity of 0.99 w/w of isoamyl alcohol
et al. [2] separation of isoamyl alcohol from was obtained.
other alcohols present in fusel oil.

Ali et al. [14] Reactive distillation column for the 99.85% purity of isoamyl alcohol, with no
synthesis of isoamyl acetate from the =~ water present and minimal traces of
reaction of its constituent alcohol and isoamyl alcohol (0.0002 mole fraction)

acetic acid. and acetic acid (0.0013 mole fraction) in
the bottom stream. 91% conversion of
isoamyl alcohol.

Patil and Kulkarni Esterification process between acetic 99.5% conversion of isoamy]l alcohol with
[23] acid and isoamyl alcohol by a 88.4% w/w purity of isoamyl acetate.
reactive distillation column.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Aleagaetal. [24]  Direct esterification of fusel oilby =~ Mixture of esters composed of isoamyl
means of reaction, separation, and  acetate (molar fraction 0.5903), isobutyl
washing stages. acetate, and ethyl acetate, with
conversions of 72.23% for isoamyl alcohol
and 66.49% for acetic acid.

Patidar and Reactive distillation column for In the reactive stage, a mole fraction of
Mahajani [25] obtaining esters from a mixture of 0.2121 of isoamyl acetate was obtained in
fusel oil alcohols. the bottom stream, reaching a molar

purity of 0.9879 after an additional
purification column.

These studies confirm the potential of this byproduct for obtaining high-value-added esters and
highlight the need to evaluate the technical and economic efficiency of the processes involved.

This study aims to evaluate two processes for the synthesis of isoamyl acetate from fusel oil: a
direct process and an indirect process using reactive distillation technology. The Aspen Hysys
simulator was used to evaluate these technologies. A sensitivity analysis was performed to analyze
the influence of different process variables (reflux ratio, temperature, reactant feed ratio, and feed
stage) on process outputs. The economic viability of the most advantageous technology was then
assessed.

2. Materials and Methods

Based on studies carried out in the literature, two technologies were evaluated for the synthesis
of isoamyl acetate from fusel oil [26]:

e  Technology A (indirect process): Separation of isoamyl alcohol followed by its esterification via
reactive distillation.

e Technology B (direct process): Esterification of fusel oil through reactive distillation, with
subsequent purification of isoamyl acetate.

In the case of Technology A, the first step corresponds to a conventional distillation (column C1),
whose objective is to separate the isoamyl alcohol in the bottom stream (B1), simultaneously
removing water and other light components present in the fusel oil, which are collected in the
distillate stream (D1). In the second step, the isoamyl alcohol (AmOH stream) is fed to a reactive
distillation (RD) column, where it reacts with acetic acid (AAc stream) to form the desired product,
isoamyl acetate, which is obtained in the bottom stream (iIAmAc).

Technology B proposes an inverse configuration: in the first step, the entire alcohol mixture from
the fusel oil reacts directly with acetic acid in a reactive distillation (RD) column, generating isoamyl
acetate as the main product, collected in the bottom stream (B1). This stream is subsequently treated
in a second distillation column (P1), whose function is to purify the final product, obtaining a stream
rich in isoamyl acetate (IAmAc).

2.1. Selecting Components and Property Packages

For this study, the Aspen Hysys v14.0 simulator was used as a tool widely recognized for its
application in research, development, simulation, and design of chemical processes [20]. For the
simulation of the technologies, 31.36 kg/h of fusel was considered, whose composition in volumetric
fraction was previously characterized by Aleaga et al. [24], and is detailed in Table 2.

Table 2. Volumetric fraction composition of fusel oil.

Component Composition
Isoamyl alcohol 0.6104
1-butanol 0.0021
1-pentanol 0.0219
Acetaldehyde 0.0001

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Isobutanol 0.0655
Ethanol 0.1549
Water 0.1185
1-propanol 0.0266

For selecting thermodynamic properties based on the polar and non-electrolytic nature of fusel
oil, the Nonrandom Two-Liquid (NRTL) property package was employed for the liquid phase. This
model is recommended for equilibrium between water and organic substances at low pressures [24].
For the vapor phase, due to the non-ideality of the system introduced by the dimerization of acetic
acid in this phase [27,28], the Peng-Robinson (PR) equation of state was used. Therefore, the NRTL-
PR thermodynamic model was selected to estimate the thermodynamic properties in the simulations.

2.2. Modeling and Operating Conditions

The simulated processes are structured in two main steps, as illustrated in Figure 1. For the
construction of the simulation models for both technologies, a total of three modules were used to
represent the main steps of the process: Heat Exchanger, Distillation column, and Set.

Technology A. Indirect process Technology B. Direct process
, : P
— ( Qc
\ o e
S D1 Fusel Hot
Fusel IC-1 'Fjgéel Fusel
<[ ar BT @ = =
1Y SET-1AAC RD —
c1 B [ o e
£ J: - b J_J Q.c
: D2 07
iAMOH 3 g =3
T — = ar o
1 AA e —
SEr RD iAmAc P —
IAmAC

Figure 1. Simulation models of Technologies A and B.

In Technology A, the fractionation of fusel oil into its constituent alcohols is simulated using the
Distillation column module (C1), and in the case of Technology B, this module simulates the isoamyl
acetate purification column (P1) to obtain higher purity in the final product. The Heat Exchanger (IC-
1) module is employed in both technologies to integrate the distillation bottom stream and the
incoming fusel oil, allowing for a reduction in heat consumption.

The Set module (SET-1) is used in both technologies to establish a relationship between two
process streams. In the case of Technology A, the molar flow rate of acetic acid was related to the
molar flow rate of isoamyl alcohol separated at the bottom of the first column. In Technology B, the
molar flow rate of acetic acid was related to the molar flow rate of fusel oil at the reactive distillation
column inlet. In both technologies, the Set module uses a ratio of 1 between the involved streams
[24,26].

To simulate the reactive distillation process, a system that simultaneously integrates reaction
and separation stages, the Distillation column module (RD) was used. This module allows the
esterification chemical reactions of the process to be associated with it. The corresponding
equilibrium reactions were added, in which isoamyl (CsHuOH), isobutyl (CsHsOH), and ethyl
(C2H50H) alcohols react with acetic acid (C2H4O2) to form their respective esters, isoamyl acetate
(C7H140Oy), isobutyl acetate (CeH1202), and ethyl acetate (C2HsOH), along with water. The equilibrium
reactions employed were as follows:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Technology A:
CsHuOH + C:H4O2 «+» C7H1402 + H20

Technology B:

CsHiuOH + C2H4O:2 - C7H1402 + H20

C:HoOH + C2H1O2 —-CeH1202 + H20

C:H50H + C2H4O:2 - CaHsO2 + H20

The operating conditions for the simulation of the distillation columns are detailed in Tables 3
and 4. In the case of Technology A, the feed conditions of the reactive column and the reactive stages
correspond to those reported by Sanchez et al. [26] for the synthesis of isoamyl acetate by indirect
process (esterification of isoamyl alcohol with acetic acid).

In the case of Technology B, the operating conditions of the reactive distillation column were
taken from the study conducted by Aleaga et al. [24], in which the authors evaluated a reactive
distillation process for the synthesis of esters from the direct process (esterification of the mixture of
fusel alcohols with acetic acid).

Table 3. Operating conditions of Technology A.

Parameter Distillation Reactive distillation
Number of stages 22 35
Reactive stages - 5-20
Fusel oil feed stage 11 -
Fusel oil feed temperature (°C) 30 -
Hot fusel oil stream temperature (°C) 53
Alcohol feed stage - 3
Acid feed stage - 13
Acid feed temperature (°C) - 90
Acid to alcohol molar ratio - 1
Reflux ratio 1 7.5
Ethanol recovery in distillate product (wt.%) 99.9 -
Acetic acid concentration in distillation product (wt.%) - 13.89
Pressure (kPa) 101.3 101.3

Table 4. Operating conditions of Technology B.

Parameter Reactive distillation Purification
Number of stages 24 35
Reactive stages 5-20 -
Fusel oil feed stage 20 -
Fusel oil feed temperature (°C) 30 -
Hot fusel oil stream temperature (°C) 50 -
Acid feed stage 20 -
Isoamyl acetate feed stage - 20
Acid to fusel molar ratio 1 -
Reflux ratio 1 7.5
Acetic acid concentration in distillation product (wt.%) 41.27 -
Acid recovery in distillate product (% mol) - 99.9
Pressure (kPa) 101.3 101.3

2.3. Sensitivity Analysis

A sensitivity analysis was conducted to determine the influence of key operating parameters on
process efficiency, product purity, and energy consumption. To do this, one operating variable was
modified while holding all other parameters constant.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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For the Technology A distillation column, three main variables were considered. Firstly, the
influence of the fusel oil feed temperature (53 to 93°C) on energy consumption was analyzed.
Secondly, the effect of the reflux ratio (RR) (1 to 8) on the purity, mass flow rate, and recovery of
isoamyl acetate, and energy consumption was evaluated. Finally, the influence of the fusel oil feed
location, between stages 11 and 20, was studied to determine its effect on product purity and flow
rate.

For the Technology A reactive column, the RR was varied between 7.5 and 11.5. The acid/alcohol
molar ratio (1:1 to 2:1) was also analyzed to determine its influence on the flow rate and purity of
isoamyl acetate. The influence of the feed location of the reactants within the reactive zone (stages 5
to 20) was evaluated by varying its position between stages 3 and 13. First, the acid feed stage was
modified, keeping the alcohol feed constant (stage 3). Subsequently, the alcohol feed was shifted
between the same stages, keeping the acid feed constant (stage 13).

In the case of Technology B, for the reactive column, the variation of the RR (1 to 8) was studied,
the feed temperature of the fusel oil stream was evaluated (50 to 90°C), keeping the acid temperature
constant at 90°C. The acid/fusel molar ratio (1:1 to 2:1) and the effect of the feed of the reactant mixture
were analyzed, varying between stages 11 and 20 within the reactive zone (trays 5 to 20). Finally, in
the purification column, the influence of the RR (7.5 to 11.5) and the isoamyl acetate feed stage (stages
20 and 28) was evaluated.

Sensitivity analysis does not allow for determining the effect of interactions associated with
different values of the variables. To overcome this limitation, a Taguchi L9 fractional experimental
design matrix was constructed to assess the impact of interactions at different levels of the
independent variables (-1: pessimistic extreme value, 0: normal value, 1: optimistic extreme
value)[29]. Table 5 shows the Taguchi orthogonal arrangement used for each case with the
corresponding factors and levels.

Table 5. Design used for each technology.

Technology @ Column  Taguchi design Operating parameters Levels
Reflux ratio (RR) 1;4;8
c1 L9(3"3) Feed stage 11; 15;20
Feed temperature (°C) 53;73;93
A RR 8;9.5;11
Acid/alcohol molar ratio 1;1.5;2
RD L9 (3™
(3%4) Alcohol feed stage 3;8;13
Acid feed stage 5;9;13
RR 1,4;8
Acid/alcohol molar ratio 1;1.5;2
RD L9 (3™
B (3"4) Reactant feed stage 11;15;20
Fusel oil feed temperature (°C) 50,70;90
RR 8,9.5;11
A 7 4
Pl L9 (3"2) Isoamyl acetate feed stage 20;24;28

2.4. Economic Assessment

Based on the results obtained from the simulator, an economic evaluation of the most favorable
technology for the process was conducted using Aspen Economic Analyzer v14.0. Capital
expenditures (CAPEX) and operating expenses (OPEX) were calculated, in addition to economic
indicators such as net present value (NPV), internal rate of return (IRR), and payback period (PP).
For this purpose, an operating time of 8,000 h/y, a useful life of 10 years, and a general discount rate
of 12% were considered. A cost of 13 US$/kg for acetic acid [30], a fusel oil price of 0.072 US$/L [31],
and a selling price of isoamyl acetate of 38 US$/L were considered. The unit cost of utility services
(TUC) was calculated based on the cost of heating (LP steam) and cooling water.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results and Discussion

3.1. Results Obtained from the Simulation

The results were analyzed based on key process variables, such as reactant conversion,
component distribution, and process operating conditions. Tables 6 and 7 present the main results
obtained for Technologies A and B, respectively.

Table 6. Results of Technology A.

P C1 RD
arameter D1 B1 D2 iAmAc
Temperature (°C) 84.09 130.7 96.53 141.4
Mass flow rate (kg/h) 12.73 18.63 11.66 19.69
Composition (mass fraction)
Isoamyl alcohol 0.0681 09616  0.1385 -
1-butanol 0.0015  0.0023  0.0038 -
1-pentanol 0.0135  0.0269  0.0269 0.0095
Acetaldehyde 0.0001 - - -
Isobutanol 0.1432  0.0082  0.0131 -
Ethanol 0.3629  0.0002  0.0004 -
Water 0.3482  0.0001  0.2858 -
1-propanol 0.0626  0.0003  0.0005 -
Acetic acid - - 0.1388 -
Isoamyl acetate - - 0.3929 0.9905
Cooling water consumption (M]/h) 32.3 91.29
Heating consumption (MJ/h) 37.79 89.16

Technology A produces 19.69 kg/h of isoamyl acetate with 99.05%w/w purity, with a total
consumption of cooling water and heating of 123.59 MJ/h and 126.95 MJ/h, respectively. In terms of
fractionation, it is possible to recover 95.39% of isoamyl alcohol in the bottom stream of column C1
with a mass composition of 0.9616, which demonstrates an efficient recovery of the compound of
interest. In parallel, the most volatile compounds such as ethanol, water, and isobutanol are
concentrated in the overhead stream (D1), indicating the correct separation of the fusel oil
components.

In the reactive distillation column, an isoamyl alcohol conversion of 90.98% is achieved,
demonstrating a favorable reaction under the established operating conditions. In addition, a bottom
stream with a purity of 99.05%w/w isoamyl acetate by mass is obtained, confirming the efficiency of
the process both in terms of conversion and quality of the final product.

Table 7. Results of Technology B.

p RD P1
arameter D1 B1 D2 iAmAc
Temperature (°C) 88.46 139.2 133.6 1414
Mass flow rate (kg/h) 39.15 28.74 6.47 22.27
Composition (mass fraction)
Isoamyl alcohol 0.0002 0.0073 0.0291 0.0010
1-butanol 0.0015 0.0001 0.0004 -
1-pentanol - 0.0235 0.0423 0.0179
Acetaldehyde 0.0001 - - -
Isobutanol 0.0142 - 0.0002 -
Ethanol 0.0045 - - -
Water 0.2634 - - -

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1-propanol 0.0205 - 0.0001 -
Acetic acid 0.4127 0.0268 0.1191 -
Isoamyl acetate 0.0119 0.9382 0.7905 0.9810

Isobutyl acetate 0.0536 0.0041 0.0182 -

Ethyl acetate 0.2173 - - -
Cooling water consumption (M]J/h) 70.18 17.42
Heating consumption (M]/h) 68.92 19.30

Technology B produces 22.27 kg/h of isoamyl acetate with 98.10%w/w purity, with a total
consumption of cooling water and heating of 87.6 MJ/h and 88.22 MJ/h, respectively. Despite the
complexity of the multicomponent mixture, this technology allows for effective conversion of isoamyl
alcohol in the reactive column, achieving 98.84% conversion and a mass fraction of 0.9382 of isoamyl
acetate in the bottom stream. These results demonstrate a highly favorable reaction, even in the
presence of other compounds in the feed stream. Furthermore, a conversion of 96.23% of ethanol and
71.67% of isobutanol is achieved.

In the purification stage, 81.04% of the isoamyl acetate is recovered, with a purity of 98.10%w/w
at the bottom. However, despite the purification process, 1-pentanol is not completely separated, with
a residual mass fraction of 0.0179. This limitation can be attributed to the proximity of its normal
boiling point (138 °C) to that of isoamyl acetate (142 °C), which makes its separation by conventional
distillation difficult.

After comparing both technologies, it is observed that Technology B, although producing the
ester with a slightly lower purity (98%w/w) than Technology A (99%w/w), achieves a higher
productivity (22.27 kg/h compared to 19.69 kg/h of Technology A), which represents an approximate
increase of 13.10%. In terms of energy requirements, Technology B presents lower consumption, with
reductions of 29% in the case of cooling water and 31% for heating, so it is considered more
advantageous from a technical and operating point of view.

These results were compared with previous fusel oil valorization studies involving direct and
indirect processes (Table 1). Based on the results obtained in this work (Technology A), isoamyl
alcohol was separated using a single distillation column, achieving a recovery of 95.39% and a purity
of 0.9616 w/w. Although these values are slightly lower than those reported by Mendoza-Pedroza et
al. [2] and Montoya et al. [22], the purity obtained is 17.55% higher than that reported by Ferreira et
al. [21]. It is worth noting that the configuration proposed in this study presents lower operational
complexity compared to previous works, since it dispenses with additional units such as decanters
or multiple columns. The high purity achieved (over 96%) demonstrates that even with a simpler
configuration, it is possible to obtain a high-quality product.

Comparing the results obtained in the present work with the reactive distillation process
proposed by Ali et al. [14], a slightly lower purity of 99.05% w/w is evident, which is still high and
suitable for industrial applications. Furthermore, in both cases, water was completely removed from
the bottom stream, and in the proposed configuration, only a small amount of 1-pentanol was present
(mass fraction of 0.0095). Similarly, the thermal profile in which the reactive column operates (96.53
to 141.4 °C) is in a similar range to that of the study by Ali et al. [14] (85 to 140 °C). Regarding the
conversion of isoamyl alcohol, the results also show very similar values; in Technology A of the
present work, a value of 90.98% was achieved, very close to the 91% reported in the comparative
study.

On the other hand, in the esterification process simulated by Patil and Kulkarni [23], although
the reported conversion was higher than that obtained in this work (90.98%), the purity achieved in
this investigation (99.05%) was considerably higher, demonstrating greater effectiveness in terms of
product purification within the reactive distillation process. Regarding the thermal profile, the
operating temperatures obtained by Patil and Kulkarni [23] are in a range of 90 to 140 °C, which is
comparable with the interval recorded in this investigation (96.53 to 141.4 °C).

Compared to the direct esterification technology proposed by Aleaga et al. [24], the Technology
B developed in this work showed superior performance, achieving a conversion of 98.84% for isoamyl

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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alcohol. Furthermore, despite the presence of other alcohols in the feed, high conversions (ethanol:
96.24%; isobutanol: 71.79%) and a recovery of 82.44% were achieved in the purification step, with a
final purity of isoamyl acetate of 98.10%. These results demonstrate the greater efficiency of the
proposed system in terms of both reaction and separation.

On the other hand, compared to the technology developed by Patidar and Mahajani [25] this
study showed a significantly higher conversion of isoamyl alcohol (98.84%), reaching a mass fraction
of 93.82% of isoamyl acetate at the bottom of the reactive column, and a final purity of 98.10% with
the purification step, a value that is not far from that obtained by those authors.

Based on the simulation results, an analysis of the concentration profiles for each technology
was performed. The composition profiles associated with each column and their discussion are
included in the Supplementary Material.

3.2. Sensitivity Analysis

Sensitivity analysis allowed us to establish the best operating conditions for each technology. A
detailed analysis of the process sensitivity to each parameter and its corresponding graphical
behavior is presented in the Supplementary Material.

For Technology A, the results of the sensitivity analysis indicate that in column C1, the feed
should be carried out in stage 11, since greater purity and product recovery are obtained, and an RR
of 1 should be employed. For column RD, the acid/alcohol molar ratio corresponds to a 1:1 ratio; the
alcohol and the acid feed should be located in stage 3 and between stages 8 and 10, respectively, to
achieve high purity (>99%) and higher isoamyl acetate productivity (19.49 kg/h).

In the case of Technology B, the RD column must operate with an acid/fusel oil molar ratio of
1:1, the reactant feed must occur between stages 14 and 18, and the fusel oil stream feed temperature
must be increased to 90 oC to reduce heating consumption and work at an RR of 1. Finally, for column
P1, the proposed RR value must be maintained (RR=7.5), since increasing it does not improve purity,
but does significantly increase energy consumption, and it is not recommended to vary the feed stage
(stage 20) because it harms product recovery.

The analysis of the experimental data, based on Taguchi L9 arrays, allowed the identification of
the main effects and the evaluation of interactions between the process operating parameters.

Table 8 shows the matrix to evaluate the interactions between the variables for column C1 of
Technology A. It shows that the least favorable combinations of values result in case 3, where the
lowest flow rate and purity are obtained. It is also evident that achieving a purity greater than 96%
in the final product requires greater energy consumption, driven by an increase in the RR.

Table 8. Taguchi L9 fractional experimental design matrix for the C1 column of Technology A.

. Fusel oil . iAmOH Mass flow Total
Fusel oil Purity K .
Case RR feed stages feed temperature (W/w) recovery rate iAmOH consumption

0 (%) (kg/h) (M]/h)

1 -1 -1 -1 0.9619 95.39 17.92 70.09

2 -1 0 0 0.9567 95.38 17.92 68.09

3 -1 1 1 0.9543 81.02 15.22 70.78

4 0 -1 0 0.9894 96.19 18.07 167.23

5 0 1 0.9850 96.05 18.04 163.65

6 0 1 -1 0.9703 95.63 17.97 167.83

7 1 -1 1 0.9972 96.50 18.13 295.80

8 1 -1 0.9944 96.39 18.11 300.60
9 1 1 0 0.9796 95.90 18.02 297

Table 9 shows the matrix to evaluate the interactions between the variables for column RD of
Technology A. From Table 9, it can be concluded that the least favorable combination of values is
found in cases 3, 6, and 9, where the lowest purities are obtained in the final product. In contrast, the
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most favorable scenario is case 1, with a high purity value and adequate flow rate, and moderate
energy consumption compared to the other cases.

Table 9. Taguchi L9 fractional experimental design matrix for the RD column of Technology A.

AAC/ , AAc , iAmAc Total
iAmOH Purity mass flow .
Case RR alcohol feed consumption
ratio feed stage stage (w/w) rate (MJ/h)
(kg/h)

1 -1 -1 -1 -1 0.9916 19.54 191.35
2 -1 0 0 0 0.8835 26.39 174.45
3 -1 1 1 1 0.7290 26.46 173.79
4 0 -1 0 1 0.9942 18.54 233.00
5 0 1 -1 0.9028 26.46 208.80
6 0 1 -1 0 0.7308 25.84 209.80
7 1 -1 1 0 0.9951 17.52 274.30
8 1 -1 1 0.9047 25.94 242.90
9 1 1 0 -1 0.7346 25.57 244.20

Table 10 shows the matrix to evaluate the interactions between the variables for column RD of
Technology B. From Table 10, it can be concluded that the most favorable combination is found in
case 1, where adequate purity and flow rate values are obtained in the final product with moderate
energy consumption compared to the other cases.

Table 10. Taguchi L9 fractional experimental design matrix for the RD column of Technology B.

AAc/ Fufsel d011 Purit Mass flow Total
Case RR fuseloil Feed stages temp(:;ature (vl\lr;iv)), rate iAmAc consumption
ratio (kg/h) (M]/h)
(00)

1 -1 -1 -1 0.9619 95.39 17.92 70.09
2 -1 0 0 0.9567 95.38 17.92 68.09
3 -1 1 1 0.9543 81.02 15.22 70.78
4 0 -1 0 0.9894 96.19 18.07 167.23
5 0 1 0.9850 96.05 18.04 163.65
6 0 1 -1 0.9703 95.63 17.97 167.83
7 1 -1 1 0.9972 96.50 18.13 295.80
8 1 -1 0.9944 96.39 18.11 300.60
9 1 1 0 0.9796 95.90 18.02 297

Finally, it is possible to observe in Table 11, which shows the Taguchi L9 matrix for the analysis
of column Plof Technology B, that in all the scenarios analyzed, the purity is greater than 98%.
However, the least favorable combinations are cases 3 and 6, with the lowest acetate flow rates. Case
1is the most favorable, with the highest flow rate and lowest consumption.

Table 11. Taguchi L9 fractional experimental design matrix for the P1 column of Technology B.

iAmAc Mass flow Total

Case RR Feed stages I();;i}; recovery  rateiAmAc consumption
(%) (kg/h) (MJ/h)
1 -1 -1 0.9810 81.04 21.85 36.72
2 -1 0 0.9828 76.20 20.54 43.55
3 -1 1 0.9904 39.77 10.72 92.86
4 0 -1 0.9875 70.60 19.03 63.57
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5 0 0.9855 73.93 19.93 57.70
6 0 1 0.9909 43.80 11.81 107.78
7 1 -1 0.9862 77.21 20.82 62.10
8 1 0.9857 77.14 20.80 62.08
9 1 1 0.9876 67.39 18.17 81.61

This analysis demonstrated that achieving optimal process conditions requires evaluating the
combination of several operating factors, as the process does not depend solely on the individual
effects of its operating parameters. The analysis identified the most influential factors and their
interactions in each configuration studied.

The designs of column C1 of Technology A show that the RR is the factor with the greatest
impact on the purity, flow rate, recovery, and energy consumption of the process. Achieving purities
above 96% requires a high RR, which leads to higher energy consumption. It was identified that total
energy consumption is primarily influenced by the interactions between the feed stage and the feed
temperature, while purity is influenced by the interactions between the feed stage and the feed
temperature, and between the feed temperature and the RR. The analysis indicates that, in cases
where the feed temperature is high with a low RR, lower purities and flow rates are obtained due to
the interaction between the RR and the feed temperature. For mass flow rate and isoamyl alcohol
recovery, interactions exist among all the analyzed parameters.

For the RD column, the design shows that the acid/alcohol feed molar ratio is the factor that most
influences product purity; feeding the acid above the stoichiometric 1:1 ratio is not favorable for the
process. It was identified that the acetate purity and mass flow rate are influenced by interactions
between the RR and the feed stages (acid and alcohol). In the case of mass flow rate, it is also
conditioned by interactions between the feed molar ratio and the feed stages (acid and alcohol). For
total energy consumption, the only variable that does not show interactions is the RR. The analysis
indicates that the combination of low RR levels, the acid/alcohol ratio, and feed stages provides the
best balance between purity and energy consumption.

For the RD column of Technology B, the design also confirms that the acid/fusel oil molar ratio
is the most influential factor in achieving high purities. It was identified that the mass flow rate is
conditioned by the interaction between all the analyzed factors. In the case of purity, the interactions
identified were the combination of the RR and the feed stage and temperature. In the case of energy
consumption, the interaction between the acid/fusel oil feed molar ratio and the feed stage and
temperature was observed, while the RR was the only factor that did not interact with any other. The
interactions between these parameters demonstrated that cases 1, 4, and 7 are the only ones that
achieve a purity above 90%.

Finally, in column P1, the most influential parameter was RR. It was identified that the
combination of RR and the feed stage factors exhibits interactions for all the analyzed response
variables. The interaction between RR and the feed stage demonstrated that combining a low RR with
the most suitable feed stage can result in a more efficient process than simply increasing RR.

The graphs showing the interactions between the factors analyzed for each response variable of
both technologies are presented in the Supplementary Material.

3.3. Economic Assessment

Based on the results obtained in the simulation, the technical-economic analysis of Technology
B was carried out, identified as the most advantageous to evaluate its economic viability. The analysis
was carried out considering two alternatives: one in which the acetic acid that constitutes the original
process is not recirculated (Alternative 1) and another in which the recirculation of the acid is
considered (Alternative 2). The results obtained from the economic analysis are shown in Table 12.

Table 12. Results of the economic analysis of Technology B.

Items Alternative 1 Alternative 2
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CAPEX (US$/year) 3,899,190 4,793,660
OPEX (US$/year) 5,054,440 3,560,560
NPV (US$) 3,587,110 7,232,950
IRR (%) 38.95 56.34
PP (years) 5.05 3.56

As can be seen, the technology analyzed is economically advantageous, reaching an NPV of
US$3,587,110. The IRR (38.95%) presents values above the rate at which the company can obtain funds
(interest rate of 12%), recovering the investment in a period of 5.05 years, which demonstrates its
economic feasibility.

Regarding operating costs, the annual OPEX was estimated at US$5,054,440/year for a
production capacity of 178,160 kg/year of isoamyl acetate, corresponding to a unit operating cost of
US$28.37/kg of isoamyl acetate. Raw material costs represent 75.56% of total OPEX
(US$3,819,010/year), while utilities consumption only represents 1.16% (US$58,627/year). This is
because the cost of acetic acid (US$3,798,263/year ) accounts for more than 99% of raw material costs,
indicating that the economic viability of the process is critically influenced by acid costs in the market.

Considering the recirculation of acetic acid in the process, this would allow the recovery of 16
kg/h of this compound, representing a 43.81% reduction in net acid consumption and significantly
reducing associated costs. The estimated economic savings in raw material costs would amount to
US$1,680,000/year, which would consequently help increase the economic viability of the process. In
this case, the annual OPEX is reduced by 29.56% compared to Alternative 1, and the unit operating
cost is US$19.99/kg of isoamyl acetate.

4. Conclusions

In this work, a study was carried out to evaluate two processes for the synthesis of isoamyl
acetate from fusel oil (A. Indirect process, B. Direct process) using the Aspen Hysys v14.0 simulator.
Both processes were favorable for obtaining isoamyl acetate. However, Technology B leads to the
best configuration, with reductions of 29% in the case of cooling water consumption and 31% in the
case of heating compared to the other technology, obtaining a mass flow rate of isoamyl acetate of
22.18 kg/h with a purity of 98%.

Sensitivity analysis determined the best operating conditions for each technology. For
Technology A, column C1 performed best with a feed in stage 11 and RR=1, while for the RD column,
a molar ratio of 1:1, alcohol feed in stage 3, and acid in stages 8-10 was used, achieving >99% purity
and 19.49 kg/h of productivity. For Technology B, the RD column showed greater efficiency with a
1:1 ratio, feed between stages 14 and 18, and a fusel feed temperature of 90°C, while column P1 must
maintain RR=7.5 and acetate feed in stage 20.

The Taguchi L9 fractional experimental design allowed for the identification of the influence of
the combination of operating factors on acetate purity and flow rate, recovery, and energy
consumption of the process, as well as facilitating the combination of favorable and unfavorable
scenarios. In Technology A, column C1 exhibited its worst performance in case 3, while in column
RD, cases 3, 6, and 9 were the least favorable, and case 1 was the most favorable. In Technology B, in
both column RD and column P1, case 1 showed the best performance, while cases 3 and 6 registered
the least favorable results. The factors that most influenced Technology A were the RR and the
acid/alcohol feed ratio, while for Technology B, they were the acid/fusel oil feed ratio and the RR.

Based on the optimal configuration, a technical-economic analysis was performed, proving to be
economically feasible, achieving an NPV of 3,587,110 US$, an IRR of 38.95%, and a PP of 5.05 years.
If acid recirculation is considered in the process, an NPV of 7,232,950 US$, an IRR of 56.34%, and a
PP of 3.56 years are obtained.

The results of this work contribute to the development of technological alternatives for the
production of isoamyl acetate from fusel oil, contributing to its valorization as a raw material and
improving the circularity of sugarcane mills. Furthermore, it demonstrates the potential of reactive
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distillation as a process intensification strategy for synthesizing esters by integrating reaction and
separation in a single unit, which favors the energy and operational efficiency of the system.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1. Mass fraction profiles in the liquid phase for each column of
Technology A (a,b) and B (c,d); Figure S2. Influence of temperature variation (a), RR (b,c,d,e), and feed stage (f,g)
in column C1 of Technology A; Figure S3. Influence of the variation of the RR (a,b,c), the acid/alcohol ratio (d,e),
and the reactant feed stage (f,g,h,i) of the RD column of Technology A; Figure S4. Influence of the variation of
the RR temperature (a,b,c), feed temperature (d), acid/fusel oil feed ratio (e,f), reactant feed stage (g,h) of the RD
column of Technology B; Figure S5. Influence of the variation of the RR (a,b,c,d) and feed stage (e,f) in column
P1 of Technology B; Figure S6. Interactions between the operating parameters of column C1 of Technology A for
purity (a), recovery (b), mass flow (c) and total energy consumption (d); Figure S7. Interactions between the
operating parameters of column RD of Technology A for purity (a), mass flow (b) and total energy consumption
(c); Figure S8. Interactions between the operating parameters of column RD of Technology B for purity (a), mass
flow (b) and total energy consumption (c); Figure S9. Interactions between the operating parameters of column

P1 of Technology B for purity (a), recovery (b), mass flow (c) and total energy consumption (d).
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Abbreviations

The following abbreviations are used in this manuscript:

RD Reactive distillation

C1 Distillation column

P1 Purification column

B1 Bottom stream of distillation column C1
D1 Distillate stream of distillation column C1
AAc  Acetic acid

iAmOHIsoamyl alcohol

iAmAc Isoamyl acetate

NRTL Nonrandom Two-Liquid model
PR Peng-Robinson

RR Reflux ratio

CAPEX Capital expenditures

OPEX Operating expenses

NPV  Net present value

IRR Internal rate of return

PP Payback period
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TUC  Utility services
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