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Abstract.

Towards creating a renewable-based chemical industry, chemicals typically produced from fossil
resources are to be synthesised from renewable counterparts. In this work, isobutanol production from renewable
methanol (bio or e-) and bioethanol is evaluated. A superstructure comprising four different process
configurations is proposed. The first process uses a distillation column to recover almost all methanol and
ethanol, while isobutanol and water are separated in an extraction column employing pentane. The second
process uses pressure swing adsorption (PSA) for isobutanol purification. The third process uses pervaporation
instead of PSA. In the fourth process using a liquid-liquid extraction is used, followed by distillation to recover all
the products and reactants. Each of these processes is modelled in detail using an equation-based approach,
using experimental data for non-standard units (i.e., reactor, membrane, and PSA system) along with rigorous
thermodynamic equilibria and phase behaviour for the rest. A techno-economic and environmental analysis
reveals that membrane-based process emerges as the most promising alternatives due to their greater simplicity
and lower energy consumption, as they require less equipment and fewer utilities, but they rely on specialized
materials, membranes, whose life span is still uncertain. Even the second-best alternative is also competitive with

the current processes.
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1. Introduction

In the attempt to meet sustainable development goals, the chemical industry is moving towards the use
of alternative resources, raw materials, and utilities. This move has been developed in line with the principles of
green chemistry (Aden and Foust, 2009). Among the raw materials, waste biomass has become an interesting
source of chemicals, from biofuels such as first (Karuppiah et al., 2008), but especially, second generation
bioethanol (Martin and Grossman, 2011 and 2012) to platform chemicals from glucose such as
hydroxymethylfurfural (Kazi et al., 2011; Yemis and Mazza, 2012), i-butene (Marliére and Marliére, 2011; Martin
and Grossman, 2014) or Sorbitol (Ribeiro et al., 2016; Galan et al., 2021) or from xylose, such as furfural (Kazi et
al., 2011) or xylitol (Galan et al., 2021), and energy. In parallel to the use of biomass, CO has also been gaining
attention as a source for chemicals, especially methane (Davis and Martin, 2014), methanol (Martin, 2016a), DME
(Martin, 2016b), but also Fischer-Tropsch liquids (Kamkeng and Wang, 2023). To build a renewable-based
chemical industry, it is important to go beyond the production of biobased or e-based chemicals and obtain other
chemicals typically produced from naphtha fractions. An example is isobutanol, an excellent biobased additive to
fuels and also a promising feedstock to produce green hydrocarbons.

Conventionally, isobutanol is produced via chemical synthesis. Isobutanol is the by-product during
the carbonylation of propylene to n-butanol/2-ethyl hexanol (Fu et al., 2021). Alternatively, Isobutanol can be
produced from biowaste (Su et al., 2020) via fermentation (Dedov et al 2021), where the separation of a
fermentation broth is highly energy intense, due to the dilution of the product and several technologies has been
evaluated such as vacuum flashing fermentation, adsorption, pervaporation, gas stripping solvent extraction
salting out and in situ recovery (Fu et al., 2020, Jankovic, et al., 2024). It can also be produced from glycerine
(Bauer and Hultenberg, 2014), a byproduct of the biodiesel industry. Therefore, this route is linked to biodiesel
production volume. However, it can also be produced from ethanol and methanol (Wingad et al., 2016), both
produced from biomass (Martin and Grossmann, 2011, 2012) and wastes (Martin, 2016a, 2016b; Martin and
Grossmann, 2017). The separation of the product mixture is still an issue, and different technologies have been
evaluated, especially for water -isobutanol separation, including membrane separation (Nguyen et al., 2020), a
combination of liquid-liquid extraction and distillation-pervaporation (Hassankhan and Raisi, 2020)

In this work, a mathematical optimization approach has been applied for the systematic comparison of

synthesis routes for the simultaneous production of xylitol and sorbitol from biomass. The study allows optimizing
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the operating conditions of the different units by including surrogate models for all major transformations based
on experimental data. The rest of the work is structured as follows. Section 2 presents the description of the
superstructure of the alternatives. Section 3 describes the models developed for each one of the steps and
technologies. Section 4 shows the solution procedure. In Section 5, the major results of the work are presented,
including the process design and the economic evaluation of all the pretreatments and synthetic routes applied to
switchgrass and biomass of agricultural and forestry origin. A cost comparison is also included using the biomass

of optimal composition. Section 6 summarizes the conclusions of the work.

2. Overall Process Description

The process is divided into two main sections. The synthesis, common to all cases, and the purification. The
synthesis section consists of the reactor, heat exchangers, and pumps to adjust the operating conditions to 453 K
and 1 bar. The reaction stoichiometry is 2:1 methanol to ethanol. The conversion is beyond 75%, resulting in a
stream with a mixture of alcohols and water to be separated to recycle the raw materials and separate the desired
product.

The first alternative, presented in Figure 1a, consists of a regular distillation to recover methanol and ethanol
mostly, followed by a liquid-liquid separation using pentane so that we remove water, and a second distillation
column to recover pentane from the top and isobutanol from the bottoms.

The second one, shown in Figure 1b, also starts by distilling the reactor product mixture, but a membrane is
placed downstream to separate water from isobutanol.

The third one, described in Figure 1c, again uses a distillation column to recover methanol and ethanol first, next
a n absorption column is used to dehydrate the isobutanol.

The last case depicted in Figure 1d starts with a liquid-liquid separation column using pentane. Two streams are
obtained from the column. One is used to recover ethanol, methanol, and water, and recycle the raw materials to
the reactor while disposing of water, and the second one to recover and recycle the pentane out of the top and

isobutene from the bottoms.
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Fig 1. Superstructure for the production of isobutanol from ethanol and methanol. a) base case; b) Membrane separation; c)
PSA separation; d) liquid-liquid and distillation purification

3. Mathematical modelling

The units involved in the production of isobutanol from renewable methanol and bioethanol are modelled
using a hybrid approach. First principles are used for basic equipment such as heat exchangers and pumps.
Experimental yields, mass and energy balances, and thermodynamics are used to model the reactor or the
membrane separation (Martin, 2026), while a hybrid modelling is used for more complex units. Distillation
columns and liquid-liquid separation are modelled rigorously in a process simulator (CHEMCAD 7.0), and
surrogate models are developed for process optimization.

The process synthesis consists of determining the optimal purification scheme, comparing yield and
costs. A superstructure of alternatives is formulated in terms of temperatures, total and component mass flows,

and component mass fractions. In the next sections, the modelling issues of each alternative are described.



3.1.Synthesis stage
Experimental data from the literature (Wingad et al., 2016) are used to model the synthesis stage given
by the reaction below, Eq. (1). It takes place at 1 bar and 453 K, achieving a conversion of 75.2% and a

selectivity of 99.8%

2CH,0OH +C,H,0 — C,H,,0+2H,0

This is the common section of the superstructure.

3.2.-Distillation extraction purification.

The flowsheet is presented in Figure 1a and shows the use of two distillation columns and an extraction
column. The complex thermodynamics of the mixture, including azeotropes and liquid-liquid equilibrium, call for a
hybrid approach to predict the separation yield. A rigorous simulator, CHEMCAD 7.0, is used to develop
surrogate models to predict the yield of the separation. Surface of response type of correlations are developed
using ALAMO (Wilson and Sahinidis, 2017) to support the selection of terms involved in the model. In the case of
the distillation column, to achieve a purity of 40 trays, feeding at 20 was used after a pre-evaluation. The list of
variables evaluated can be seen in the supplementary material, Table S1, including the reflux ratio, the
temperature of the feed, the pressure of the column to evaluate its effect on the composition of the top and
bottom streams, as well as their temperatures and the heat and cooling duty. The model for each response is of

the form given by Eq. (1)
» :a+2bl.xi+2cjxjxjj (1

The extraction column considers the ratio between the pentane and the feed as well as the temperature of the
feed streams to predict the composition of the product streams and their temperatures. Finally, the second
distillation column is also modelled considering a similar set of entry variables as the first one to compute the

composition of the top and bottom streams as well as their temperature and the heat and cooling duties.

3.3.- Distillation-membrane purification system
In the second purification scheme, see Figure 1b, the process consists of a distillation column and a

membrane. The model for the distillation column is similar to the previous case, with 40 trays, feeding the column



at stage 20 to predict the composition of the product streams and their temperatures, the heat and cooling duties.

The supplementary material shows the models that are of the form given by Eq (1).

The membrane model is based on a flux balance across the porous material (Valentinyi et al 2013,
Rautenbach et al 1990), where the flux is computed from the experimental results as presented in Eq (2), and the

parameters can be found in Table 1.
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Table 1 shows the values for the parameters in Eq. (2).
Di (kmol(m?2-h) Ei (kJ/kmol) B A (kd/mol)
Isobutanol 2.63-10° 52,252 -8.06 4.291
Water 5.35-104 58,247 8.12 6.772

3.4.-Distillation-dehydration purification system

In the third purification scheme, see Figure 1c, the process consists of a distillation column and a
molecular sieve. The model for the distillation column is similar to the previous case, with 40 trays, feeding the
column at stage 20. The details have already been presented above, and for further details, we refer the reader to
Table S5 of the supplementary material. The adsorption column operates at 375 K and 1 bar using a cycle time of
6 min. The adsorption capacity ranges from 0.7 to 1.1 (Li et al 2025; Zhao et al 2020). We assume a value of kgwa
lkgags = 0.8 (Alsaman et al., 2022). The model is based on the work presented in (Martin-Hernandez et al 2020),

assuming a Langmuir type of adsorption isotherm.



3.5.- Extraction- distillation purification system

The flowsheet is presented in Figure 1d and shows the use of an extraction column first and two
distillation columns. Surfaces of response type models are developed using ALAMO to support the selection of
terms involved in the model. Next, two distillation columns are used for the recovery of pentane and for the
recovery of unconverted raw materials. These two are modeled as any other distillation column described above.

For further details, the reader is referred to the supplementary material, Tables S6 and S7.

4. Solution procedure

For simplicity, due to the presence of only four binary variables, one per possible purification stage, four
nonlinear optimization models (NLPs) are highly nonconvex due to the surrogate models for the separation units
with sizes from 500- 800 equations and 550 to 850 variables each. Within each alternative, the major decision
variables are the operating conditions at the extractors, distillation columns, and the membrane. The objective
function is the maximization of a simplified profit for the production of isobutanol. The model is solved using a

multistart optimization approach in GAMS with CONOPT 3.0 as the preferred solver.

_ _ 9 _p
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St: Mass and energy balances described in sections 3.1 - 3.5

Next, an economic evaluation is performed to compute production and investment costs. The production
cost involves annualized equipment, chemicals ( pentane male up), labor, utilities, and raw material. The costs for
utilities are updated from the literature, 19 $-t* Steam, 0.057 $-t" cooling water, and electricity 1.7-10¢ § -J-
(Pérez-Uresti et al., 2019). The estimation of the investment is performed with the factorial method (Sinnot and
Towler, 2019). First, the equipment is sized based on the mass and energy balances obtained from the
optimization. Next, its cost is estimated. The cost for the equipment, such as heat exchangers, fermenters, tanks,
distillation column, mechanical separation, filters, and molecular sieves, is updated from the values calculated
using the correlations developed by the authors; see supplementary material of Martin and Grossmann (2011)

and Aimena and Martin (2016). The membranes are estimated based on their area, from 30-100 $/m2. We
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assume the largest of the two due to the uncertainty on their lifetime. Subsequently, the facility CAPEX is
calculated as a function of the equipment cost using the factorial Methanol (Sinnot and Towler, 2019) for a facility
that processes fluids and solids. The OPEX is also computed using the factorial method.

A sensitivity analysis is performed to show the variability of the production cost depending on the source
of the chemicals, bio or e-methanol, bioethanol from the different technologies and generations. Finally, the global
warming potential is also estimated for each of the four alternatives. Please bear in mind that we do not include
the GWP derived from the chemicals since it is assumed that all come from the same source for the first
comparison, only at a second stage, we consider the emissions of the raw materials, depending on their
precedence, to account for that.

5. Results
The facility production capacity for isobutane is based on using a 10% of the production capacity of a

typical bioethanol plant as raw material (Martin and Grossmann, 2011)

5.1.- Facility operation

Table 2 shows the summary of the process performance indicators of the four alternative purification
schemes. The details of the major operating conditions of the units, i.e. reflex ratio, pressures, and temperatures,
can be seen in Tables S8-S11 for each one of the alternative processes, Process 1 — Process 4. Among the 4
processes, the yield from the raw material is similar, with P4 and P2 showing slightly larger values. However,
while P2 requires more heating and cooling, P4 needs pentane as an extractor and additional units to purify the
product, jeopardizing the cost, as it will be seen in the economic performance indicators shown in the text section.
It is also interesting to note that P1 requires less pentane for the recovery of isobutanol compared to P4, while the

latter of the two processes shows important advantages in utilities consumption.

Table 2: Summary of the performance indicator of the alternatives.

P1 P2 P3 P4
Yield (kg/kgfeed) 0.63 0.64 0.58 0.67
kg pentane/kg feed 0.22 NA NA 0.37
Area membrane (m?) NA 441 NA NA
Adsorption Mass (t) NA NA 25 NA
Qteating (KJ/KQ ibutene) 17,760 5,806 6,813 5,194
QCooIing (kJ/kg ibutene) 7,426 6,034 7,225 5,163




5.2.- Economic evaluation of the alternative processes

This section compares the key performance indicators of the economics of the four alternatives. Among
them, the cheapest one involves the use of a membrane to separate and purify the isobutanol, see Figure 2.
From the configuration point of view, it is the simplest process requiring 25% less OPEX than process 4, the most
OPEX intensive, while showing also the lowest CAPEX, almost half compared to the most expensive one,
Process 3, which involves PSA units. There is a tradeoff also between the yield and the utilities consumption, see
Table 8. P2 shows the second-highest yield, just behind P4. However, while P4 requires less energy and cooling,
it uses pentane and a larger number of units in the form of extraction and distillation columns. The second most
promising option is actually the base case, P1. The yield is close to that of P2, but the energy consumption is
larger, and the flowsheet includes a larger number of units, especially the distillation columns. Here, the question
is the longevity of the membranes and their ageing that is out of the scope of the evaluation since further
experimental studies are required. If the membrane lasts as expected by previous industrial cases, P2 could be
the best alternative. The breakdown of the production cost, see Figure 3, is clear in all cases. Raw materials
represent beyond 80% of the cost of the final product, and a sensitivity analysis will be shown later in the paper to
evaluate the effect of the production costs of methanol and ethanol from their possible renewable sources on the
final product. Finally, the CAPEX breakdowns presented in Figure 4 are similar in P2 and P3, showing almost
30% contribution of all sections, synthesis, HXs, and separation. Only the base case shows a significantly larger
contribution of the HX section, representing 50% of the unit costs. P2's largest contribution is the synthesis, since

the rest of the flowsheet is quite simple, and P3 shows a larger contribution of separation.
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Figure 2.- Summary of the economics of the four alternatives
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Figure 3.- Breakdown of the production costs of the four alternatives
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Figure 4.- Breakdown of the CAPEX of the four alternatives

5.3.- Process-related emissions

The economic evaluation is key to provide the view on how competitive the process can be versus the
business as usual. However, the emissions related to production are also important. While the source of the
ethanol and methanol may vary, the actual LCA, from a purely process perspective, Figure 5 shows that the
simpler the process and the lower the energy and cooling demands, the lower the emissions, pointing towards the
process using membranes as the most promising. We consider the emission related to the utilities, 0.15 kg of

CO. per kg of steam used (EPA, 2021), and 0.01 kg of CO, per kg of cooling water (Wint, 2025)
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Figure 5.- Environmental burden in CO emissions.
5.3.-Sensitivity analysis
Bioethanol can be produced following different pathways, especially in the case of the second generation. The
cost of ethanol depends on the byproducts, DDGS in the case of first generation, and hydrogen in the case of
gasification-based second generation bioethanol. Second generation shows a number of technological
alternatives from biochemical to gasification, and within it, syngas fermentation or catalytic synthesis. The range
of costs from the literature and the market lies from 0.2 $/kg (Martin and Grossmann, 2013) to 2 $/kg in today’s
money. Similarly, methanol can be produced from waste, either biogas processing, bio syngas production, or CO;,
hydrogenation, showing a range of methanol costs from 0.15$/kg to 0.5%/kg (Martin et al., 2020). Based on these
limits and considering the variability of raw materials and energy cost in this section, we provide a sensitivity
analysis of the cost of isobutanol as a function of the source cost of both methanol and ethanol, see Figure 6. If
we compare the production costs of the new technology with those in operation, it is possible to see that any of
the alternatives can be competitive, and the major issue is the actual cost of the renewable ethanol and methanol,

see Table 3.
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Table 3.- Comparison of the new technologies with the current state of the art.

Traditional (Based on Biochemical Synthetic Pathway
Crude or NG) (*) (Fermentation) (*) (best process)
Production cost ($/kg) 1.37-1.56 1.7-3.5 0.5-(0.5-2)-2.8
Cooling water (kg/ kgisobutanol) 10-200 9 80- (82.34)-180
Steam (kg/ Kisobutanol) 1.5-4 37 1.4- (1.43)-3
CO; Emissions (kg COu/kgisobutanol) 24-3.5 1.37 1.03-(1.03)-2.38

(*Roussos et al., 2019)

6. Conclusions

This work presents a technoeconomic- environmental evaluation of renewable-based technologies for the
production of isobutane, a key chemical in the petrochemical industry. It is based on the use of renewable raw
materials, bioethanol, and bio or e-methanol for the direct synthesis, where the separation of the reaction mixture
is paramount. Four alternative technologies are compared, including a base case using distillation and extraction

with pentane, the use of membranes, a PSA system for dehydration of the isobutanol, and an alternative
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extraction distillation. The processes are modelled using experimental data, phenomenological-based models for
membranes and PSA, and surrogate models for extraction and distillation columns.

There is an interesting set of tradeoffs between energy consumption, investment cost, and additional
utilities. The membrane-based process is the most promising one, showing high yield, a simple flowsheet, and
reduced utilities consumption. The second most promising is the distillation extraction one, with a close
production cost but larger utilities. Membrane stability may be key for final decision. The production cost is highly
dependent on the actual price of the ethanol and methanol, which account for over 80% of the production costs,

but the values are competitive with the current market price of isobutanol from traditional processes.

7.-Nomenclature

Di Diffusion coefficient (kmol/m;-h)
E Environmental index (kg CO./ kg biomass)
EFcooling Environmental factor for cooling water (kg CO2/ kg Ho)
EFsteam Environmental factor for steam (kg CO-/ kg steam)
F Flowrate (mol/s)
p01 Pure i component vapour pressure (Pa)
pi1 Partial pressure of component i on the feed side (Pa)
pi2 Partial pressure of component i between the active and the porous support
Layer of the membrane (Pa)
Pi Prices of component i (€/kg - €/kWh)
yi: Mola fraction of component i in a stream
Symbols
yi Average activity coefficient of component i (-)
Ai Wilson parameter i-j

Supporting Information

Surrogate models for the separation and purification units and additional data tables for their operation can be
found in the supporting information. This material is available free of charge via the Internet at http:/pubs.acs.org.
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