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Abstract

Aqueous two-phase system (ATPS) is a system composed of two incompatible
solutions, which has excellent performance for extracting proteins, antibiotics, and
other bioactive molecules, so it is a very simple, efficient, and green extraction
and separation method. In this paper, we introduced three different emerging
micromolecule-based ATPSs and introduced their characteristics, applications,
advantages, and disadvantages respectively. This is of guiding significance for
the synthesis of new ATPSs. One of the important prospects of this ATPS in
industrial application is the separation and purification of fermentation-based
biofuel. Adding a salt, sugar, or ionic liquid to a biofuel solution can remove most
of the water, enabling efficient recovery and dehydration of biofuel. The two-step
process can replace the traditional distillation and molecular sieve adsorption
processes to obtain high-purity bioalcohols, thus introducing a new purification
process for biofuel. An in-depth analysis of the separation performance of the
emerging micromolecule-based ATPSs as well as an objective indication of their
application provides valuable insights for further optimization and application of
this kind of ATPSs in separation science.

Keywords: micromolecule-based aqueous two-phase system, salt, sugar, alcohols,
ionic liquid, biofuel

1 INTRODUCTION

Since the industrial revolution, efforts have been made
to optimize the use of energy, and numerous methods and
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industrial system is facing a global crisis, including climate
change and the depletion of fossil resources™®’,

equipment have been developed and optimized to reduce
the amount of fuel consumed in separation and purification
areas'". The chemical industry requires the separation and
purification of chemical products from research to actual
production, and there are a variety of traditional separation
and purification techniques, such as distillation'”,
membrane permeation'”, adsorption'”, and extraction'’.
However, all of these separation techniques consume a

large amount of energy. Currently, the petroleum-based

The conversion of biomass into clean fuels and high-
quality chemicals through the action of microorganisms
reduces dependence on fossil energy sources while
lowering environmental pollution during the production
process'’ °!. This approach promotes the recycling of
resources and is an important approach to green and
sustainable development''”. Fermentation of biomass
for the production of fuels and chemicals has significant
advantages. Firstly, the method is environmentally
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sustainable and most of the waste generated during the
production process can be disposed of through natural
decomposition, reducing environmental pollution. Secondly,
biomass fermentation utilizes renewable resources
and reduces dependence on limited mineral resources.
Furthermore, fermentation technology produces chemicals
of high quality and purity, such as those used in the
biopharmaceutical and cosmetic fields, which demonstrate
excellent product performance. In addition, the technology
has a high degree of controllability and safety in the
production process and relatively low energy consumption.
Thus, the production of fuels and chemicals by biomass
fermentation is not only conducive to environmental
protection but also promotes the sustainable utilization
of resources and enhances product quality, which is an
important direction for future development"'*/,

However, complications arise when azeotropic solutions
are formed during low-concentration fermentation and
separated for purification'’*'*, Therefore, it is critical
to improve the competitiveness of products in terms
of improved fermentation technology or purification
methods'"”. The high energy content and portability of bio-
derived fuels, as well as their remarkable compatibility with
existing petroleum-based transportation infrastructures,
can be considered attractive as a fuel source'**”'. Aqueous
two-phase extraction is a well-established method that
does not require heat exchange””’. Aqueous two-phase
systems (ATPSs) have a wide range of applications in the
isolation and purification of bioproducts from biologically
active or low-molecule alcohols (e.g., isopropanol,
carboxylic acids, and fermentation broths)”"*?!. The
formation of a liquid-liquid equilibrium in these extraction
systems can be driven by salting-out effects or sugaring-
out effects””**!. The formation of liquid-liquid equilibria in
these systems can be a key factor in the development of a
new extraction method.

Traditional ATPSs can be formed when a hydrophilic
polymer is added to a saline solution or another polymer
at a certain concentration or a particular temperature””’.
The two phases formed usually include two polymers
such as dextran and polyethylene glycol (PEG), polymers
and salts (e.g., PEG and sodium sulfate, citrate, etc.),
among other kinds of ATPSs. The characteristics of these
systems, their basic concepts, and their implications for
the partitioning behaviors of different substances have
been studied in detail. It has been found that these ATPSs
have good performance in the separation and recovery of
proteins, monoclonal antibodies, DNA, and low molecular
weight biologically active substances, but also maintain
good activity and can be used to stabilize cell morphology
by their biocompatibility and environmental friendliness'”'.
In addition, ATPSs can be formed in a simple vessel and
the low cost of the operating conditions gives the potential
for industrial applications. Especially, the traditional ATPSs
and their application have attracted a great deal of interest
in academic and industrial areas, as ever reviewed by

several published papers. For instance, Grilo et al.”””
extensively reviewed the theory of partitioning and the
important factors affecting partitioning in the field of
downstream processing of biomolecules by ATPSs and
summarized the research trends in ATPS during 2008-
2013. Hatti-Kaul summarized that systems formed by
mixing two polymers or polymers and salt in water can
be used to separate cells, membranes, viruses, proteins,
nucleic acids, and other biomolecules, and have proven
to have applications in the fields of biomolecule and
cell surface analysis, separation of cell populations, and
recycling of biotechnology products and are expected
to be used for environmental remediation, with large-
scale recycling of proteins receiving the most attention'*.
ATPSs have been successfully applied in other fields such
as veterinary drug residue detection, precious metal
separation, sewage treatment, etc”®. New advances in
the water-water interfacial dynamics, as well as advances
in interface-assisted design of artificial cells, preparation of
cytosolic and biocompatible particles, cell micropatterning,
3D bioprinting, and microfluidic separation of cells and
biomolecules, were also reviewed, and challenges and
prospects for expanding the applications utilizing the
unique properties of ATPSs and their interfaces were
discussed””’. However, traditional ATPSs cannot be used
for biofuel separation and purification.

ATPSs can also be formed when a hydrophilic small-
molecule solvent is added to a saline solution at a certain
concentration or at a particular temperature”*’’, The two
phases formed usually include alcohols and salts (e.g., ethanol
and ammonium sulfate), alcohols and sugars (propanol and
glucose, etc.), and ionic liquids (ILs) and salts™ ", It has
been reported that these emerging ATPSs have been used
in operations to isolate fermentation products™. Thus, this
review can cover previous gaps that traditional ATPSs left in
the biofuel separation from fermentation broth.

It is clear that the scientific community still sees great
potential for the development of primary processes based
on ATPSs due to the increasing number of reports on the
use of new ATPSs for the recovery of different bioproducts.
This review focuses on a detailed description of these
ATPSs and summarizes the recent research progress of
these systems and the advantages and disadvantages of
the system. Their applications in biofuels are also included
to highlight these emerging separation techniques.

2 EMERGING MICROMOLECULE-
BASED AQUEOUS TWO-PHASE
SYSTEMS

2.1 Salt/alcohol ATPSs

2.1.1 Introduction to the Salt/alcohol
ATPSs

The addition of salt or other hydrophobic substances
to an aqueous solution of alcohol induces a change in the
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Figure 1. Salt/alcohol ATPSs.

interfacial properties of the solvent, its charge, and the
formation of multiple forces such as hydrophobic,hydrogen,
and ionic bonds, which results in the alcohol-rich phase
becoming the upper phase, and the water+salt-rich phase
becoming the lower phase, resulting in the formation of a
salt/alcohol systems'”, as shown in Figure 1. The isolation
and purification of the organic alcohols from the aqueous
solution is achieved”* . This liquid-liquid separation is
usually used for the extraction of alcohols produced by
fermentation'”’. In addition, the salting-out reagent can
be mixed with a highly concentrated solution of the target
product, and the target product can still be separated
from the aqueous solution even without the addition of an
extractant”™. The formation of ATPS occurs spontaneously,
so no additional organic solvents need to be added to form
two phases. For example, if a conventional organic solvent
is used as an extractant for highly polar alcohols (e.g.,
2,3-butanediol), the water molecule is also highly polar
and the two follow the solubility rule "like dissolve like",
resulting in unsatisfactory extraction of butanediol from its
aqueous solution'™’. When the salting-out effect of the salt
separator is utilized, the repulsive effect on the butanediol
molecules in the solution can be increased, thus improving
the extraction efficiency'*”.

2.1.2 Advantages and Disadvantages
of Salt/alcohol ATPSs

In the extraction of proteins in the water/acetonitrile

system using dipotassium hydrogen phosphate as a
separating agent, the pH of the solution can be stabilized
to maintain a good extraction efficiency of the proteins
because dipotassium hydrogen phosphate in the system
is amphoteric*’. The results of the study have shown
that the efficiency of salting-out extraction of proteins can
be improved by both the addition of salt and the cooling
measures. The salt/alcohol system can also be used to
improve the partitioning efficiency of the substance to be
extracted in one of its phases by adding a small amount
of adjuvant IL"“”", In addition to the influence of the choice
of salt separator on the separation effect, the structure of
the alcohol significantly affects the results, and alcohols
with shorter carbon chains are usually chosen as the
organic phase in the preparation of salt/alcohol ATPS,
due to the fact that long-chained alcohols can be more
unstable than short-chained and branched-chained
alcohols in the extraction of certain biomolecules (e.g.,
proteins)“’!. The disadvantages of the salting-out effect
are also evident in the fact that large volumes of salts
are used in the salting-out process, which not only cause
some corrosion of the equipment, but also the difficult-
to-recovery salts may cause environmental problems and
denaturation of the target proteins due to characteristics
such as high ionic strength or high alkalinity. Certain
salts (e.g., potassium phosphate) limit the application of
their ATPSs due to their extreme water absorption, which
leads to a reduced effect during salting-out'"’,
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Figure 2. Sugar/alcohol ATPSs.

2.2 Alcohol/sugar ATPSs

2.2.1 Introduction to the Sugar/alcohol
ATPSs

Sugar acts as a separator competing with the solute to
attract water molecules, generating a new phase of small
organic molecules of low polarity, which is dominated
by small molecules, with the sugar mainly present in
the aqueous phase*”, as shown in Figure 2. Thus, the
sugaring-out system makes it possible to separate
small molecules™“®’. The carbohydrates are polyhydroxy
aldehydes or ketones, which can be categorized into
two main groups, i.e. monosaccharides and complex
sugars. In terms of separation, sugar as an alternative
to salt has many advantages such as the ability to create
a milder separation environment that is more suitable
for biomolecules, and the fact that alcohols are less
viscous than polymers and IL, which endows the alcohol/
sugar system with the ability to accomplish the phase
separation process more rapidly and efficient mass
transfer.

2.2.2 Advantages and Disadvantages
of Sugar/alcohol ATPSs

The sugar/alcohol systems are greener, more
environmentally friendly, and more efficient extraction
and separation systems compared to the high cost of the
traditional ATPS. The high viscosity characteristics of the
traditional system tend to cause slow molecular mass

transfer. The use of a large amount of salt in the salt/
alcohol system may cause corrosion of the equipment.
When utilizing sugar/alcohol ATPSs for ultrasound-
assisted flotation of bioactive molecules is a green
production mode with low energy consumption and
pollution, and can be controlled ultrasound conditions
can achieve higher yields than continuous ultrasound
treatment'’“?', The ultrasound-assisted separation
process reduces heat consumption and vapor loss
compared to conventional separation methods. The
mild environment of the sugar/alcohol ATPSs also
helps to maintain the activity of the biomolecules to be
extracted and the molecular state of the separator in
the system avoids corrosion of the equipment. Due to
the disadvantage of the weak sugaring-out effect and its
low extraction efficiency””, the sugaring-out effect can
be enhanced by the addition of some additives in the
practical application process.

2.3 IL-based ATPSs
2.3.1 Introduction to IL-based ATPSs

ILs are generally organic salts with a melting point
lower than or equal to room temperature and consist
of cations and organic or inorganic anions'*”. They are
friendlier and safer than conventional volatile molecular
solvents due to their many excellent properties such
as very low volatility, non-flammability, electrochemical
stability, and excellent ionic conductivity even in the
absence of water and recyclability. This allows them to
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be widely used as "green solvents" in the separation
field®”. In the past decades, many types of ILs have
been reported and studied. Among them, the most
representative one is imidazolium IL, which was used for
the separation and identification of chloramphenicol”*.
Nowadays, ILs are considered alternatives to hazardous
organic solvents and are widely used for the extraction
and separation of various products'”.

2.3.2 Advantages and Disadvantages
of IL/salt ATPSs

The greatest advantage of ILs is the ability to regulate
their polarity and affinity by designing cation/anion
combinations in aqueous two-phase systems'”’. ILs
have a high recovery due to their low volatility, non-
flammability, electrochemical stability, etc. After the
recovery, the ILs can still maintain strong stability, and the
separation efficiency is not affected by reuse™’. However,
the hydrophobic chiral magnetic ILs/salt system is greatly
affected by temperature, and its phase separation ability
decreases with increasing temperature under different
temperature environments, which suggests that the
interaction between the IL and water will be strengthened
with increasing temperature, thus enhancing the mutual
solubility between the ILs and water””'. For the extraction
of metal ions from solution using ILs-ATPS, the extraction
efficiency also decreases with increasing temperature'*.
Therefore, it is recommended to separate and extract
metal ions or chiral compounds at room temperature
when extracting metal ions or chiral compounds based on
the ILs/salt ATPSs. The ILs-based ATPSs also use a large
amount of salt during the application process and therefore
have the same disadvantage of the salting-out effect. The
high cost of ILs also restricts the wide application of this
system. Thus in the subsequent process, better methods
should be developed for the recovery of salt and ILs as
well as avoiding the phenomenon of equipment corrosion.

2.4 Mechanism of Micromolecule-
based ATPSs

Salts are soluble in solvents such as water, organic
mono-alcohols, diols, and certain organic substances.
When the salt is mixed with a solvent, it will lead to
changes in boiling point, liquid phase activity, mutual
solubility, vapor-liquid phase equilibrium composition, etc.
This phenomenon of relative change in the nature of the
mixture due to the presence of salt is known as the salt
effect”™.

The electrostatic mechanism focuses on the elec-
trostatic interaction between salt ions and water
molecules in ternary solutions, where molecules with
different dielectric constants are considered to be
redistributed under the action of the ionic electrostatic
field, leading to changes in the free energy and
changes in the activity coefficients of the components.

For saturated non-electrical dielectrics, a rise in the
activity coefficient reduces their solubility, leading to
the phenomenon of supersaturation and precipitation of
substances”””’. Whereas, when the dielectric constant of
a non-electric dielectric is higher than that of water, the
phenomenon of salting-in, i.e., an increase in solubility,
may occur?,

The process of structural changes induced by the
addition of the salting-out agent to dilute amphiphilic
aqueous solutions is described in detail™’. Specifically,
upon the addition of NaCl, approximately 1/3 to 1/2
of the t-butanol molecules, which originally relied on
nonpolar headgroup interactions, formed anion-bridged
polar contacts through rearrangement of their alcohol
hydroxyl groups. In solutions without added salts, the
pattern of polar-polar interactions between solutes was
almost negligible. However, the introduction of NaCl
significantly enhanced the polar-tail interactions between
the solutes, which was mainly realized through the anion
bridging effect. This anion bridging not only changed the
arrangement of solute molecules but also increased the
exposure of amphiphilic molecules to nonpolar surfaces,
which, in turn, made aggregated solute molecules
unfavorable in the aqueous environment.

The mechanism of sugaring-out mainly involves the
interaction of sugar molecules with solute molecules
and the resulting phase separation phenomenon”, The
interaction between sugar molecules and water molecules
is mainly the formation of hydrogen bonds. When sugar
molecules (such as glucose, sucrose, etc.) dissolve in
water; their hydroxyl or carbonyl group can form hydrogen
bonds with water molecules. When sugar is added to a
solution containing an organic substance that is miscible
with water (e.g., acetonitrile), the sugar molecules will
replace some of the organic molecules to form hydrogen
bonds with water molecules®’. Due to the formation of
hydrogen bonds between sugar molecules and water
molecules, the original balance of interaction between
organic matter and water molecules is disrupted®”. When
the sugar concentration reaches a certain value, this
change in interaction leads to phase separation of the
solution, forming an organic-rich phase (upper phase) and
a sugar-rich phase (lower phase).

The mechanism of IL extraction is primarily concerned
with the interactions between the IL and the solute
molecules, and how these interactions lead to the
partitioning of the solute between the IL and the aqueous
phase'®”. IL extraction involves not only mechanisms such
as electrostatic interaction, hydrogen bonding, dispersion
and hydrophobicity, but may also include complex
processes such as ion exchange and solvation®" ", Due
to the ionization properties of ILs, it incorporates similar
mechanisms of salting-out and solvent extraction-based
like-dissolves-like principle.
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3 APPLICATION OF MICROMOLE-
CULE-BASED ATPSS IN BIOFUELS

3.1 Overview of Bioethanol and Biobutanol
3.1.1 Bioethanol and Biobutanol Fermentation

The most common biofuel available today is ethanol,
most of which is produced by brewer's yeast through
fermentation of sucrose-rich crops or starch-rich crops'.
Ethanol produced from these sources is known as a first-
generation biofuel. Yeast fermentation can produce a
range of additional valuable by-products that accumulate
in the primary process of fermentation, such as protein
concentrates, water-soluble metabolites, heterohydric
alcohols, and industrial enzymes'®”’. Current bacterial
fermentation concentrations of bioethanol from molasses
using high gravity technology by mutant S. cerevisiae can
reach 12.0% (v/v)**®. The potential of sweet sorghum
for ethanol production was investigated and optimized
to reach 87g/L ethanol concentration in sorghum seed
and 72g/L ethanol concentration in sweet sorghum
juice'®. Ultra-high specific gravity ethanol fermentation
technology is highly efficient. Using a central composite
design to optimize the conditions, a concentration of
135.0g/L of ethanol was achieved after 30 hours of
fermentation at 27.0°C in which a sugar concentration
of 300.0g/L, and a cellular concentration of 15.0% was
selected'””.

While first-generation fuel ethanol technology, which
can use grain crops or sugars other than rice and
wheat sugar/starch crops as feedstock, has contributed
to the development of clean energy to some extent, its
large-scale production poses a significant threat to the
global food supply. This phenomenon of ‘competition
for food and land’ not only exacerbates the risk of
food shortages but may also lead to higher food prices
and affect social stability. Therefore, the sustainable
development of first-generation fuel ethanol faces
serious challenges, and there is a need to explore
alternative feedstocks and technological pathways that
are more efficient, environmentally friendly, and do not
affect food security.

Second-generation fuel ethanol production utilizes
agricultural waste and lignocellulosic materials as
feedstocks, a shift that not only broadens the pathway to
energy production but also demonstrates the advantages
of low feedstock costs, a wide range of sources, and
relatively low investment costs'’". Despite the potential
of genetically modified algae for bioenergy production,
difficulties in harvesting and high upfront costs have
limited its large-scale application'’”’. Chemical conversion
of CO, or fermentation of CO to produce ethanol has the
advantage of cheap feedstock, but yields are generally
quite low'”” ”*!, In contrast, second-generation fuel ethanol
is more affordable and has a lower environmental impact,
making it a more viable green energy option today. By

further investigating ethanol fermentation, researchers
can catalyze cellulose using catalysts, yielding higher
concentrations of ethanol solutions'®”’. In some processes,
a second fermentation is carried out through a second
fermentation with another fermenting organism. Such a
two-stage fermentation can produce valuable compounds
such as 1,3-propanediol, organic acids, and bacteriocins.
The use of lactic acid bacteria also leads to the aggregation
of precipitated proteins and the aggregation of proteins
into concentrates'®”.

Lignocellulosic biomass has great potential as a raw
material for fuel ethanol and is an important direction
for future ethanol fuel development. However, in the
production process of cellulosic ethanol, the two key steps
of pretreatment and enzymatic hydrolysis have large
capital investment, which has become a major bottleneck
restricting its large-scale application””®’. Choosing the right
pretreatment method is the key to improving the efficiency
of enzymatic hydrolysis. From a commercialization point
of view, efficient and economical pretreatment needs
to reduce water and energy consumption, suppress by-
product generation, achieve low-cost catalyst recovery,
and reduce waste. The importance of pretreatment
is emphasized by the fact that the cost of enzymatic
digestion accounts for about 25% of the total cost of a fuel
ethanol biorefinery.

Butanol has significant advantages as a biofuel. Bio-
butanol has a high energy density, which is closer to that
of gasoline, and does not have the same hygroscopicity
as ethanol, so there is no concern about engine corrosion
from water'’”). However, butanol is currently facing
technical problems such as low concentration of butanol
in butanol fermentation broth and high separation
costs, which makes butanol fermentation uncompetitive
compared to the production of other biofuels”’. Traditional
n-butanol fermentation is carried out by Clostridium
acetobutylicumn to obtain the product 2% acetone-butanol-
ethanol (ABE) solution, and the toxic effect of elevated
butanol concentration on Clostridium acetobutylicum
during the fermentation process is the main factor
contributing to the low concentration of the fermentation
broth”?!. Currently, there have been studies to increase
the concentration of butanol fermentation broth by strain
improvement and alternative substrates, which still can't
well solve the problem of low concentration of butanol
fermentation broth and high isolation cost’®”. Therefore,
the development of a method that can increase the
concentration of butanol fermentation can significantly
improve the competitiveness of butanol in biofuels.

Similarly, the main feedstock for the production of
biobutanol is biomass, specifically including, but not limited
to, sugar-rich crops such as corn, cassava, molasses,
sugar beets, and sugar cane, as well as woody fibrous
materials such as woody stems, rice straw, agricultural
residues, corn fibers, and husks. These raw materials

https://doi.org/10.53964/id.2024030
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Figure 3. Downstream Distillation Process for ABE Fermentation Broth. Reproduced from Ref.””"' with permission from

the American Chemical Society.

can be converted into biobutanol through bioethanol-like
processes.

The traditional ABE solvent titer is 2%, while
acetobacter butyricus JB200, domesticated under long-
term intermittent butanol addition, showed excellent
butanol production capacity with butanol titer up to 20g/
L, which made it the strain with the highest butanol yield
under batch fermentation conditions™”'. This achievement
provides strong support for the production of biobutanol
and has important application value, as the ABE solvent
titer reached 28g/L, the highest ever achieved in
fermentation with sucrose.

3.1.2 Bioethanol and Biobutanol Separation

Microbial fermentation technology has demonstrated
its unique advantages in the production of organic acids,
alcohols, amino acids, and amines with a wide range of
carbon chain lengths, providing a green and sustainable
solution for the chemical and energy sectors'®!. The
development of products such as bioethanol and butanol
not only reduces dependence on fossil fuels but also
promotes the recycling of resources, which is in line with

the current trend of global sustainable development™”.
In particular, the promising application of isobutanol in
the field of aviation fuels has injected new vitality into
this field®". However, the azeotropic mixtures generated
during the separation of low-concentration fermentation
broth pose a great challenge to the subsequent
separation and purification, which directly affects the
purity and productivity of the product'”'*!. Therefore, the
development of more efficient purification technologies
has become the key to enhancing the competitiveness of
products.

Distillation'®*', membrane permeation'®’, adsorption'®”,
and extraction®®® are effectively used for purification of
bioalcohol fermentation broth. However, the separation
of bioalcohols from azeotropes requires high reflux ratios
and additional equipment, which is costly. Distillation also
faces the challenges of high equipment investment and
energy consumption, as shown in Figure 3", Thus, more
cost-effective purification solutions need to be explored.

As a well-established technique that does not require
heat exchange™”*”, aqueous two-phase extraction shows

https://doi.org/10.53964/id.2024030
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significant advantages in the separation, purification,
and retention of biological activity of bioproducts, and is
particularly suitable for the treatment of low molecular
alcohols and fermentation broths'”*°", Salts, sugars, and
ILs are not volatile while bioethanol and biobutanol are
volatile. The micromolecule-based aqueous two-phase
systems in the separation of bio-based alcohols not only
improve the separation efficiency but also facilitate the
purification process of bio-alcohols and separating agent
recovery”??*?%92°%1 Therefore, ATPSs have a broad
application prospect in the field of biofuels, which provides
strong support for the realization of green and efficient
preparation of biofuels.

3.1.3 Bioethanol and Biobutanol as Biofuels

Bioethanol and biobutanol have the potential to replace
traditional fossil energy sources as new biofuels, which have
the advantages of being sustainable and green compared
to traditional fossil energy sources”. Bioethanol and
biobutanol can be generated directly by fermentation using
cellulose such as straw, and the gases produced during
the fermentation process can be further converted by
biochemical, physical, and thermochemical methods"”**.
Although biofuels have partially replaced gasoline and
diesel in the field of fossil fuels, they account for a relatively
small proportion of the total. Bioethanol is not suitable for
long-distance transportation and direct use in engines as
a fuel due to its low energy density and water absorption.
Biobutanol cannot be applied on a large scale for industrial
production due to its low fermentation concentration and
complex purification process, especially the azeotrope
separation””’. As an important biomass energy source,
the potential and development of biofuels deserve further
research and exploration, so finding an efficient separation
and purification method is a major key to enhancing the
competitiveness of biofuels.

3.2 Application of ATPSs in Bioethanol

Liquid-liquid separation of bioethanol is an important
process in the purification of ethanol. The fermentation
broth contains many components such as ethanol, water,
raw materials, cells, and other impurities""”'. Separation
of ethanol from the complex fermentation broth is an
important technology. Currently, the industry separates
and purifies ethanol from the ethanol fermentation broth
by distillation, which can quickly separate ethanol from the
fermentation broth, and then subsequently purify it further
by distillation. However, when the ethanol concentration
reaches 95%, ethanol and water form an azeotrope, and
the difficulty of further purifying ethanol by distillation rises.
To obtain anhydrous ethanol, water is usually removed by
a molecular sieve”". Adsorption of the remaining water is
the most difficult to reduce the energy consumption of the
ethanol purification process'*”.

Liquid-liquid phase equilibrium (LLE) separation can be
achieved by a variety of methods, among which extraction

and salting-out separations have been familiarly mastered.
Extraction utilizes the difference in partitioning between two
immiscible liquids to extract ethanol from the fermentation
broth into the extractant. In the production of bioethanol,
commonly used organic solvents include carbon tetrachloride
and acetone””, These solvents can selectively bind to
ethanol, thereby separating it from the aqueous phase.
However, this will increase the process of ethanol-extractant
separation for ethanol purification. Based on the high polarity
of ethanol, most of the extractants still have part of ethanol
remaining in the aqueous phase after the end of extraction,
which increases the cost of ethanol separation. In contrast,
the salting-out method does not require the recovery of the
extractant, and the ethanol content in the aqueous phase
is also in a very low state, which is an excellent means of
separating and purifying ethanol"*"’.

3.2.1 Solvent Extraction of Bioethanol

Ethanol has a low activity coefficient in water, making
extraction with conventional solvents difficult. Although
ethanol is more volatile than water in dilute solution,
it forms azeotropes with water at high concentrations,
which makes the distillation process complex and
potentially expensive'”!. However, solvent extraction is
always unsatisfactory in terms of the water content of
the extracted product when a high-polarity extractant
is selected for the separation, which requires further
separation of ethanol, extractant, and water. When a
low-polarity extractant is selected for the extraction,
based on the nature of ethanol itself, the low-polarity
extractant tends to extract molecules with low polarity.
Therefore some ethanol remains in the aqueous phase
after the extraction, which increases the cost of ethanol
separation''”’. Moreover, solvent extraction requires
further solvent-extractant separation, which undoubtedly
increases the complexity of ethanol separation.

3.2.2 Salting-out of Bioethanol

The salting-out extraction method for ethanol mainly
utilizes different salts as salting-out agents to separate
ethanol from aqueous solutions. The purification of
different organic compounds by salting-out is a simple
and efficient method, such as the addition of K,CO, to an
isopropanol-water azeotrope system to separate ethanol
from the azeotrope mixture, which essentially changes the
partition coefficient of isopropanol between the organic
and aqueous phases''””’. So enhancing the salting-out
effect of the salting-out agent is the key to improving
the separation ability of the salting-out agent. Salt can
also be regarded as a dehydrating agent, and the salting-
out extraction with ethanol is also widely used for the
separation of bio-based chemicals such as 2,3-butanediol
and 1,3-propanediol from fermentation broths™***'%!, This
method is simple, efficient, and suitable for the purification
of hydrophilic products with low molecular weight >

The effect of high-solubility inorganic electrolytes on
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Figure 5. Ionic-liquid Extraction of Bioethanol. Reproduced from Ref.""""! with permission from the American Chemical Society.

the salting-out of ethanol-water systems was explored, as
shown in Figure 4", The experimental results show that
the separation of ethanol from water can be effectively
achieved with a carefully selected salting-out agent
with little contamination of the organic phase (ethanol),
while maintaining a high water content in the aqueous
phase. In particular, it reveals significant differences in
the dewatering efficiency of different dewatering agents
in aqueous ethanol solutions, with K,P,O, showing the
best performance, followed by K;PO,, K;HPO, and K,COs,
and this ranking provides a valuable reference for the
optimization of dewatering processes in the industry.
This finding not only enhances our understanding of the
salting-out mechanism but also opens up new avenues
for designing a more efficient and economical ethanol
purification process in the future.

3.2.3 Ionic-liquid Extraction of Bioethanol

IL applications in bioethanol mainly include extractive
distillation, liquid-liquid extraction, and support of liquid
membranes'''?, ILs exhibit salt properties and reduce
the formation of water-ethanol azeotropes. With regard
to IL separation techniques, there is a rich literature on
their wide application in the separation of butanol from
water™*?!, In contrast, the literature on the separation
of ethanol from water is sparse. For ethanol-water
azeotrope separation, the most promising IL anions are
[CI]" and [OACcT, while bis-alkyl phosphate-based ILs have
shown good results at low ethanol concentrations™”’.

An integrated fermentation and separation process
using ILs was developed"'”, as shown in Figure 5.
This study innovatively explored the application of ILs
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in the extraction-fermentation process for bioethanol
production, which significantly enhanced the ethanol
extraction efficiency up to 62%, demonstrating the great
potential of ILs as efficient extractants. In particular, the
applicability of two ILs, [MTOA*][NTf, ] and [Hexs;TDP*]
[CI'], provides a new strategy for ethanol production. This
study not only verified the feasibility of the integration of
IL extraction and fermentation but also predicted that this
technology may open up a new era of microbial synthesis
of polar compounds and bring revolutionary changes
in the field of biofuels, which is highly prospective and
promising for application.

3.3 Application of ATPSs in Biobutanol

There are many techniques for the separation and
purification of biobutanol, including adsorption, gas
stripping, liquid-liquid extraction, osmotic separation,
reverse osmosis, and osmotic evaporation''>""”!, Among
them, LLE separation can efficiently separate and purify
butanol. However, liquid-liquid extraction suffers from
solvent loss and toxicity to microorganisms and has some
limitations in continuous fermentation production.

3.3.1 Traditional Solvent Extraction of
Biobutanol

The main product of biobutanol fermentation is
ABE solution or isobutanol solution, which is a multi-
component complex fermentation broth. The selection
of solvents for extraction usually needs to consider the
subsequent separation of the extractant. Current studies
on extractants include oleyl alcohol, polypropylene glycol,
and glyceryl butyrate''®""”, Current studies have also
combined solvent extraction with gas stripping techniques
to achieve higher separation efficiency. The stripping gas
passes through the fermenter and the butanol vapors are
left behind by adsorption through selective adsorbents™*”.
However, traditional solvent extraction requires further
butanol re-separation, which can make the biobutanol

purification step more cumbersome.

The extraction capacity and dehydration efficiency
of 1,8-cineol for biobutanol in different solutions were
investigated (Figure 6)"*". Recoveries of 92% and 95%
were achieved for n-butanol and isobutanol, respectively,
while water removal exceeded 99% in a 2% butanol
system. These results indicate that 1,8-cineol has a high
selectivity for butanol, thus providing a theoretical basis for
fermentation-based biofuel recovery and azeotropic system
elimination. The introduction of high-density eucalyptus oil,
similar to kerosene, into the low-energy-density biobutanal,
will increase the energy density of the biofuel obtained from
fermentation, yielding both linear and cyclic biofuel blends.
Utilization of blended biofuel products has great potential to
reduce human dependence on fossil fuels, and extraction of
biofuels will yield significant economic benefits. Replacing
gasoline/kerosene/diesel with blended fuels has significant
advantages in reducing carbon emissions.

3.3.2 Salting-out of Biobutanol

Salting-out in butanol separation is a commonly
used separation technique. The separation of butanol is
achieved by adding an appropriate amount of salt to the
butanol solution, allowing the butanol solution to form a
two-phase system. Adding NaCl to the butanol+water
system makes a two-phase solution, but limited salting-
out ability of NaCl cannot remove the water in the system
efficiently”*”". (NH,),S0O, is a commonly used salting-out
agent, which can quickly separate the butanol from the
aqueous solution''””). However, recovery and dehydration
of butanol with (NH,),SO, was still unsatisfactory.

In the past 10 years, we have developed four excellent
salting-out agents, namely K,P,0,, K;PO,, K;HPO,, and
K,CO;. We have developed energy-efficient separation
technologies for bio-based fuels and chemicals with
these salts. We use salting-out technology to remove
water from ABE fermentation broth™®*' or fermentation
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broth concentrates'”**"**'**! to reduce the amount of
azeotropes or water in subsequent separations. Figure 7
shows the separation of ABE by the "distillation plus
salting-out plus distillation" process, which can save
more than 35% more energy than the conventional
distillation-only process'*®’. This separation strategy has
also been applied to acetone''””, 1,3-propanediol®”,
2,3-butanediol™”, other fermentation products, and
the separation of chemically catalyzed biomass-based
products!****,

The purification of biobutanol is currently a hot area

of research. Complete recovery of bioalcohols can be
achieved at high salt concentrations (Figure 8)"°%. A
novel separation and purification technology for biofuels
was further developed, namely a two-step salting-out
process, which can replace the traditional distillation
processes to obtain high-purity butanol (>99.5%).

The use of salt solutions or pure neutral, acidic, or
basic salts as extractants significantly reduces the water
content in butanol. Due to the low concentration of
butanol during the salting-out process, the high energy
consumption of 21.9MJ/kg-butanol"**' or 28.5MJ/kg-
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butanol™** is required to evaporate the water from the

salt solution and to remove the remaining water from
the recovered organic solvent. In the first case, The
flow rate of the ABE fermentation broth for separation
and purification was 25,000kg-h™, producing 266.3kg
butanol per hour. To reduce energy consumption and
increase the solvent concentration, a novel two-stage gas
stripping-salting-out system was developed to effectively
separate ABE from fermentation broth using sweet
sorghum straw as raw material’”"". The results showed
that the concentration of ABE separated in the first stage
after gas stripping was 143.6g/L, which was recovered
and introduced into the second stage of the salting-out
process (Figure 9). K,P,0, and K,HPO, were used for
salting-out, respectively. The energy consumption of the
downstream distillation process was 3.72MJ/kg ABE.
The high concentration of cellulosic ABE was effectively
separated from the fermentation broth by the novel two-
stage gas stripping-salt precipitation process. Thus, the
novel ATPSs can be integrated with another separation
process to effectively and significantly reduce the energy
consumption of the biofuel downstream process.

3.3.3 Sugaring-out of Biobutanol

The sugaring-out system for butanol is generally
created by glucose, fructose, sucrose, and other
saccharides, and the recovery of butanol can reach more
than 97%"”.. The strength of the sugaring-out effect
was determined by quantifying the relationship between

ABE
+Trace H,O
+Trace salts

Decanter Salts
(Water bath)

131

! with permission from

isobutanol content and salt/sugar concentration in the
order glucose = fructose > sucrose, as shown in Figure 10.
Quantification of the separation effect was achieved during
the sugaring-out of biobutanol.

Compared with traditional distillation, sugaring out
of biobutanol has the advantages of lower energy
consumption, simple and fast operation. Sugaring-
out technology is also used to remove water from
the fermentation concentrate, reducing the amount
of n-butanol + water azeotrope and ethanol + water
azeotrope''*”), The raffinate liquid is mainly a sugar
solution, which can be used in the next step of ABE
fermentation, reducing the process of raffinate liquid
recycling, and saving energy significantly.

A novel separation and purification technology for
biofuels was further developed, namely salting-out plus
salting-out'””, which can replace traditional distillation to
obtain high-purity biobutanol (>99.5%).

3.3.4 IL-based Extraction of Biobutanol

IL-based biphasic extraction is a new type of ATPS,
which has been used in the extraction of antibiotics,
amino acids, traditional Chinese medicine, and other
fields because its simple and green composition can
maintain the biological activity of proteins and so on.
The partitioning of the substance to be extracted in ATPS
mainly depends on ionic and hydrophobic interactions.
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Since ILs are charged in solution, the charged target
product is separated into one of the phases due to ionic
interactions and the entropy of the system changes
during the process, which is typical of hydrophobic
interactions'"*”".

The principle of IL extraction of biobutanol is mainly
to utilize the highly selective IL for biobutanol, and
separate biobutanol from the fermentation broth. Then
the biobutanol can be desorbed from the IL by means of
depressurization or heating, to realize the separation and
purification of the biobutanol. [CsDIPA][Im], [DPAImM]
[NTf,], [HeDBU][NTf,], [HMIM][FEP], etc. can be used to
extract butanol from water*****!, The factors affecting the
separation effect of ILs were investigated. It is pointed out
that the partition coefficient and selectivity of imidazolium-
based ILs increase with the increase of side-chain length
and hydrophobic functional groups, and the same rule
applies to other types of ILs (Figure 11). In addition,
by comparing the separation effects of different types
of ILs, it is found that quaternary ammonium-type and
phosphonium-type ILs perform better when the number
of carbons in the side-chain is larger, and especially
phosphonium-type ILs have the advantages of density and
viscosity, which make them potentially superior choices.
However, each type of IL faces challenges in synthetic
regulation and lack of stability, emphasizing the need to
consider their separation efficacy and inherent defects in
practical applications.

ILs usually have high solubility and their selectivity for
target products can be improved by adjusting different
compositions'**), However, ILs are costly and have
complex separation mechanisms. Finding an IL with
a good effect on substrate separation is challenging.
ILs can cause corrosion of equipment in industrial
applications, which is a major problem to be faced in
practical production'*”’,

4 CONCLUSION AND OUTLOOK

The emerging micromolecule-based ATPSs have
been recognized as an ideal alternative to conventional

separation techniques in bioseparation technology due
to their mild biocompatibility, high water content, low
interfacial tension, and ease of process integration
and scale-up. The emerging micromolecule-based
ATPSs, including but not limited to those mentioned
above, have been widely used for the extraction of
biobutanol, acetone, organic acids, antibiotics, and
other biomolecules. In particular, salt/alcohol systems,
sugar/alcohol, and ILs-based systems have been widely
investigated for biofuel separation due to their high-
quality separation efficiency and yields, as well as their
simplicity and cost-effectiveness. Adding a salt, sugar,
or IL to a biofuel solution can remove most of the
water, enabling efficient recovery and dehydration of
biofuel. The two-step process can replace the traditional
distillation and molecular sieve adsorption processes
to obtain high-purity bioalcohols, thus introducing
a new purification process for biofuel. An in-depth
analysis of the separation performance of the emerging
micromolecule-based ATPSs as well as an objective
indication of their application provides valuable insights
for further optimization and application of this kind of
ATPSs in separation science.

However, ATPSs still have many challenges such
as the difficulty of phase composition recovery, the
more cumbersome process of ATPSs, and the unclear
distribution model and mechanism of the target
products””. All these drawbacks have hindered the
development and promotion of ATPSs in the industry.
However, ATPSs will certainly become reliable unit
operations for the recovery and purification of biofuels,
and it is expected that ATPSs will be implemented on a
large scale shortly as a result of more robust systems
developed on different scales.

One disadvantage of two-step salting-out experiments
is the use of large amounts of salt. In general, a single
separation unit cannot fulfill the energy-saving goal of
the whole separation and purification process. If there
are new energy-saving technologies, such as membrane
distillation and heat recovery, they will greatly solve the
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energy consumption problem in the salt recovery process
and reduce the cost of salt recovery. Recovery of high-
value salt or enhanced research on low-cost and high-
performance membranes may greatly improve process
performance and cost-effectiveness. Therefore, for the
dehydration of salt solution, it is necessary to develop
new salt recovery methods.
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