
Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Review

Solvent developments for liquid-liquid extraction of carboxylic acids in
perspective
L.M.J. Sprakel, B. Schuur⁎

University of Twente, Faculty of Science and Technology, Sustainable Process Technology Group, the Netherlands

A R T I C L E I N F O

Keywords:
Carboxylic acids
Liquid-liquid extraction
Solvents
Extractant
Diluent

A B S T R A C T

The growing desire to produce organic acids through fermentative routes, as a starting point for bio-based
plastics, has revived the scientific attention on carboxylic acid removal from aqueous streams. One of the main
technologies to recover carboxylic acids from diluted aqueous streams is liquid-liquid extraction (LLX). In this
review, solvent developments for LLX of carboxylic acids are reviewed. In the past decades, a significant number
of research papers have appeared, describing completely new solvents such as ionic liquids, as well as im-
provements of the traditional state-of-the-art solvent systems comprising of amines and organophosphorous
extractants in diluents. The state-of-the-art technology for acid extractions has long been using trioctylamine
(TOA) — or Alamine 336, a commercial mixture of trialkyl amines — as the complexating agent. However, with
dropping acid concentrations, the economic feasibility of the TOA-based processes is compromised. This review
discusses three main categories of solvents, i.e. composite solvents containing nitrogen-based extractants,
phosphorous-based extractants and ionic liquids, and includes a discussion on solvent property models that may
aid solvent selection. Furthermore, regeneration strategies are discussed, aiming to provide direction towards
regenerations that do not further dilute streams that are already diluted before the LLX process. The main
conclusion with respect to solvent regeneration when back-extraction is applied, is that solvent-swing strategies
should be applied that maximize the ratio between the acid distribution coefficient in the forward extraction and
the distribution coefficient in the back-extraction at minimal energy cost. This appears to be through evaporation
of part of the diluent after the primary extraction.

1. Introduction

Organic acids are important building blocks for a range of other
chemicals in industry, and are produced in considerable volumes. For
example, the production of acetic acid by petrochemical processes was
10.6 million ton in 2008, [1] which among others is applied in the
production of acetic anhydride, the feedstock to produce salicylic acid
and acetaminophen, [2] monochloro acetic acid [3] and used as solvent
for terephtalic acid production [2]. Lactic acid is used as a building
block for the synthesis of polylactic acid (PLA), [4] and as precursor for
acrylic polymers and polyesters [5]. Another example of organic acid
used as building block is succinic acid, used for the production of
polysuccinate esters and polyamides [6]. Butyric acid is used as food
additive and wildlife repellent [7]. Citric acid is also used in the food
industry, and one-third of the total production is used to substitute
phosphorus in detergents [8]. Levulinic acid (4-oxopentanoic acid) is
used as a chiral reagent in the production of polymers and to produce
methyl tetrahydrofuran [9].

The current industrial production routes vary from acid to acid,
where acetic acid is mainly produced from fossil feedstock through
carbonylation of methanol, [10] lactic acid is currently mainly pro-
duced through fermentation [11–13]. Also for the acids that are cur-
rently mainly fossil based, there is incentive to produce them from re-
newable sources by green routes through fermentation. Bio-based
plastics, e.g. based on succinic acid or adipic acid [1] are important
products for which recovery strategies of the acid monomers are es-
sential, because of the low concentrations after fermentative produc-
tion. Also for lignocellulosic biomass derived acid production, e.g. le-
vulinic acid [14–16] and 2,5-furandicarboxylic acid, [17] recovery
from complex streams is challenging.

Separation by distillation requires evaporation of the large water
fraction. Furthermore, several of the acids produced will decompose
when exposed to elevated temperatures for longer time. Suitable se-
paration techniques are based on the affinity of the solutes towards an
affinity agent. Both liquid-liquid extraction (LLX) and adsorption are
examples of affinity separations used for acid recovery, [18,19] and LLX
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Nomenclature

Symbol explanation
A deprotonated anion of acid
B base
HA acid
HA[ ] concentration of acid
HA[ ¯ ] concentration of acid in organic phase

HA Bn m (n,m)-acid-base complex
+H proton

K equilibrium constant
K 0 equilibrium constant of reference (diluent)
m number of bases in acid-base complex
n number of acids in acid-base complex
(n,m)-complex complex with n acid molecules and m base mole-

cules
Phos phosphinate (di-2,4,4-trimethylpentyl phosphinate)
P666,14 trihexyl(tetradecyl)phosphonium
R N3 tertiary amine with R carbon chains
TOA HA· complex of TOA and acid
Y property that is specific to compound and proportional to

Gibbs energy
Y 0 property in hypothetical solvent with zero values for ,

and .

Abbreviations

Abbreviation explanation
Alamine 336 mixture of tertiary amines with C8-C10 carbon chains
Aliquat 336 N-Methyl-N,N,N-trioctylammonium chloride, a qua-

ternary ammonium salt
BP boiling point
CCl4 carbon tetrachloride
Cit citric acid
COSMO-RS conductor like screening model for real solvents
Cyanex 923 commercial mixture of four trialkylphosphine oxides

based on C6 and C8 carbon chains
DCM dichloromethane
DDAP N,N-didodecyl-4-amine pyridine
FTIR Fourier-transform infrared
HAc acetic acid
HLa lactic acid
IL ionic liquid
IL-101 trihexyl tetradecyl phosphonium chloride, [P666,14][Cl]
IL-104 trihexyl(tetradecyl)phosphonium di-2,4,4-trimethylpentyl

phosphinate [P666,14][Phos]
IR infrared
LLX liquid-liquid extraction
LSER linear solvation energy relationship
MIBK methyl isobutyl ketone
TBP tributylphosphate
TBPO tributylphosphine oxide
TDDA tridodecylamine
TEA triethylamine
TOA trioctylamine
TOPO trioctylphosphine oxide
TMS trimethylsilane

Symbols

Symbol explanation. Unit

Kamlet-Taft hydrogen bond donor parameter (-)
a b and s, , LSER fit parameters (-)
AN acceptor number (-)

Kamlet-Taft hydrogen bond acceptor parameter (-)
c e s a b and v, , , , , Abraham’s solvent coefficients (-)

Hildebrand’s solubility parameter (MPa )1
2

DN Donor number (kJ/mol)
p Hansen parameter (MPa )1

2

DP and DP* Schmidt’s parameters (-)
dielectric constant (-)

E flow of extract-phase in back-extraction (L/s)
E S A B and V, , , , Abraham’s solute parameters (-)

E
E

product
evaporation

energy required for the process expressed as fraction of
energy for evaporation (-)

ET(30) Dimroth-Reichardt parameter (kJ/mol) or (kcal/mol)
F Feed flow (L/s)

G Gibbs energy change of a reaction (kJ/mol)
H enthalpy change of a reaction (kJ/mol)

Ka acid-dissociation constant (-)
pKa acidity (-)
pKa n, pKa of n-th acid group (-)
Ka BS, biphasic equilibrium constant of relative basicity of ex-

tractant with respect to solute (-)
pKa bs, relative basicity of extractant with respect to solute (-)
pKBHX hydrogen bond basicity (-)
K K,c E complexation constant ( +M n m( 1))
K K,D a D, distribution coefficient of a (M/M),(-)
KD

' distribution coefficient in backward extraction step (-)
K
K

D

D
' ratio of distribution coefficients in forward and back-ex-

traction (-)
Km physical extraction constant (-)
Kn m, (n,m)-complexation constant ( +M n m( 1))
µ dipole moment (D)

Plog solvent-water partitioning (-)
log PO/W octanol-water partitioning (-)
π* Kamlet – Taft polarizability parameter (-)
R gas constant, 8.31 (J/mol/K)
R N3 tertiary amine with R representing the alkyl groups (-)
Sa selectivity of extractant towards a (-)
Ss concentration of solute in organic solvent (M)
Sw concentration of solute in water (M)

S entropy change of reaction (J/mol/K)
S solvent flow (L/s)

( )S
F min

mimimum solvent-to-feed ratio (-)
T temperature(°C)
W flow of wash-phase in back-extraction (L/s)

( )W
E min

minimum wash over extract ratio(-)
Xin acid fraction in feed of forward extraction step (-)

acid fraction in raffinate(-)
yin initial concentration of acid in extract (M)
yout remaining concentration of acid in extract after back-ex-

traction (M)
Yout max, maximum concentration of acid in extract, based on KD (-)
Yin Initial acid fraction in solvent phase (-)
Z extractant loading (-)
Z-parameter Kosower’s Z-parameter (kJ/mol)
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of organic acids from aqueous solutions can be applied to recover the
acids or to concentrate them from waste streams, fermentation broths
or leachates [20].

LLX of carboxylic acids has been practiced for many decades, and
over the years various types of solvents have been applied, including
physical solvents such as ethyl acetate and methyl tert-butyl ether
(MTBE), [21] and reactive solvents that form complexes with the acids
[22]. Often reactive solvents are composite solvents, containing an
extractant that forms complexes with the acids, and a diluent facil-
itating the complexation [23–26]. In the past decade a third solvent
class has appeared in the field of acid extractions, i.e. ionic liquids (ILs).
With the seminal paper by Marták and Schlosser [27] it was shown that
phosphonium ionic liquids show extremely high distribution ratios (the
ratio of the acid concentration in the extract phase over the raffinate
phase, see Eq. (1)) at very low acid concentrations, which is beneficial
for recovery from dilute streams. ILs may be applied in their pure form,
but also diluted with a co-solvent or diluent. Considering the (strong)
intermolecular interactions between the ions of the ILs and the car-
boxylic acids, ILs should be considered as a new class of reactive sol-
vents for carboxylic acids. In the same time frame, also new reactive
solvents have appeared, [28–30] and other acids have been extracted
with more traditional solvents [20,31–36]. An overview of the recently
reported solvents, i.e. extractants and diluents is presented in Fig. 1. All
the carboxylic acids that are referred to in this paper are shown in
Fig. 2.

With all these parallel solvent developments, and the growing in-
terest in bio-based acids, a comprehensive review can provide a per-
spective on the field of carboxylic acid extraction and future research
directions. In the last decade, several reviews have appeared on re-
covery of metabolites from fermentation broths, [19,37] and in 2005 a
review on acid recovery through membrane-based solvent extraction
and pertraction appeared, [38] but in the recent years, no compre-
hensive review focusing on solvents for acid extraction has appeared.
With this paper, we intend to provide a comprehensive overview of the
strategies that can be followed for carboxylic acid extraction, and the
review of the literature on this topic includes a few important older
papers such as that of Barrow and Yerger [39] published on the me-
chanism in acid extraction in 1954, and some of the work by King from
the late 1970 s and early 1990's, [23–26,40–44] but mostly spans the
last few decades.

After a LLX unit operation, the acid is dissolved in the solvent, and
in recognition of the need to couple the LLX step to a solvent re-
generation step, understanding extraction mechanisms and approaches
to facilitate solvent regeneration are emphasized. In the following
subsections, first the theoretical framework is discussed. Then effects of
solvent composition and extraction conditions are discussed. In the last
subsection, solvent regeneration strategies are discussed, their energy
requirements are compared, and a perspective for future research is
formulated.

2. Theoretical framework

Key carboxylic acids LLX processes that have been reported in the
literature, include those for acetic acid, [23,28,45–49] succinic acid,
[25,26,50,51] lactic acid, [52,53] propionic acid [54] and citric acid
[55,56]. Most extraction systems contain an amine-based extractant
because of the high distribution ratios that can be obtained with tertiary
amines. They exhibit a high extraction efficiency and high selectivity at
room temperature, allowing them to concentrate the product at room
temperature, after which the solutes can be back-extracted, e.g. at
elevated temperatures [57]. The state-of-the-art LLX solvent technology
is based on complexation with TOA, or the commercially available
equivalent Alamine 336 (a mixture with C8-C10 alkyl chains), as the
complexating agent [5,20,23,24,26,33,41,43,45,47,48,53,58,59].
However, other types of extractants are also used for the extraction of
carboxylic acids. Examples include trioctylphosphine oxide (TOPO),

[18] tributylphosphate (TBP) or mixtures with TOA and TBP, [60]
quaternary ammonium salts [61,62] and ionic liquids (ILs) [27,62,63].

Most processes, especially for very diluted acids, face a challenging
regeneration, e.g. TOA-based [25,41,45,64] but also TBP-based [35].
The complexes between these extractants and acids are based on very
strong bonds, resulting in regeneration difficulty [45,65].

Next to the extractant, the diluent is important for LLX of acids, and
proper diluent choice can improve physical properties of the solvent
such as the density and viscosity, and in addition promote extraction by
improving solvation of the acid-extractant complex [26,61]. Although
scientifically of interest, some reported diluents are less suitable for
operation at a commercial scale. For example, chlorinated hydro-
carbons such as chloroform and dichloromethane (DCM) are (highly)
toxic and can have severe environmental impacts. Several ethers are
either too volatile, toxic and/or flammable, and MIBK (methyl isobutyl
ketone) is a non-biodegradable compound [5]. Next to toxicity, affinity
for water may complicate extraction processes, e.g. for solvents like
MIBK and ethyl acetate [47]. Despite that many of the reported systems
are eventually not desirable in industrial practice for above mentioned
safety, health, environmental and economic reasons, an overview of the
vast number of studies on extraction mechanisms and extraction per-
formances using these solvents certainly can assist in directing towards
new solvents. Therefore, in this section, key extraction and process
parameters, as well as the reported mechanisms in literature are de-
scribed also for less environmentally benign diluents.

2.1. Key extraction process parameters

Although mass transfer rates can play a key role in LLX processes,
these are not only solvent dependent, but also largely dependent on
equipment and operational parameters. Because this review focuses on
solvent developments, the theoretical framework is limited to equili-
brium extraction parameters. A key parameter is the distribution
coefficient, defined in Eq. (1) as the ratio of the concentrations in the
extract phase and the raffinate phase.

=K HA
HA

[ ¯ ]
[ ]D a, (1)

where HA[ ¯ ] is the concentration of HA in the extract phase and HA[ ] the
concentration in the raffinate phase (summed concentration of all
forms, e.g. dissociated and non-dissociated in the aqueous phase, and
complexed and free acid in the organic phase). Commonly used units
are mol/L and mass fraction. The extraction efficiency is defined in Eq.
(2) as the ratio of the concentration of a compound HA in the extract
phase over the initial concentration of HA in the aqueous feed phase,
HA[ ]0, multiplied by the solvent-to-feed flow ratio S

F
.

=E HA
HA

S
F

(%) [ ¯ ]
[ ]

· ·100%
0 (2)

The extraction selectivity towards compound a over b is expressed
as the ratio of their distribution coefficients:

=S
K
Ka

D a

D b

,

, (3)

For extraction – back-extraction cycles, the ratio of the acid con-
centration in the overall extraction process, including the extraction
and regeneration of the solvent, is defined as the concentration factor
CF in Eq. (4).

=CF
HA

HA
[ ]

[ ]
product

feed (4)

Next to the equilibria that are involved in the extraction of acids,
also equilibria for the co-extraction of other species present should be
accounted for, as well as leaching of solvent into the aqueous stream.
The mutual solubility of the extractant and diluent in the solvent and
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Fig. 1. Chemical structure of (a) extractants used in reactive extraction, (b) Ionic Liquids and (c) physical solvents and diluents.

L.M.J. Sprakel, B. Schuur Separation and Purification Technology 211 (2019) 935–957

938



Fig. 2. Structures of carboxylic acids reported in liquid-liquid extraction literature.
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water are key parameters to describe these process features, but also the
properties of the acid may affect water co-extraction.

2.2. Reactive extraction mechanisms

LLX of acids by reactive composite organic solvents can be

represented as in Fig. 3 [28,48], including aqueous phase acid dis-
sociation (Eq. (5)), physical partitioning (Eqs. (6) and (7)), and organic
phase complexation (Eqs. (8) and (9)), where HA is the acid, B is the
extractant and HA Bn m complexes with stoichiometry n,m.

++HA H A (5)

HA HĀ (6)

=K HA
HA

[ ¯ ]
[ ]m (7)

+nHA mB HA B¯ ¯ n̄ m (8)

=K HA B
HA B
[ ¯ ]

[ ¯ ] [ ¯]c
n m
n m (9)

Depending on extraction conditions, a variety of complexes may be
found for some extractants with varying stoichiometry n and m. To
describe equilibrium partitioning, sometimes a single equilibrium
equation is defined that represents an average of multiple equilibria
taking place simultaneously [66]. Alternatively, the multiple equilibria
may be described separately [48,67]. The extent of complex formation
is governed by the solubility of the extractant in the diluent and the
strength of the interaction between the extractant and the solute. Two
types of binding are mainly observed, i.e. through proton transfer and
hydrogen bonding [24,39,68]. A combination of these two interactions
is also possible, [24] and in the upcoming subsections, for the in-
dividual solvent classes (amines, phosphorous based extractants, and

Fig. 3. Schematic overview of phase equilibrium and complexation reactions
involved in the extraction of an acid from an aqueous solution into an organic
phase containing an extractant.

Fig. 4. Mechanisms for interaction between acetic acid and triethylamine, (a) in dissociating solvents, (b) in completely inactive diluent, (c) in non-dissociating
solvent and (d) in chloroform [24,39].
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ILs), the mechanisms are discussed in more detail.
The temperature dependency of the extraction equilibrium is gov-

erned by the enthalpy change of the complexation reaction, [43] and
can be determined using the Van ‘t Hoff relation. Through Eqs. (10–11),
(12) can be derived, showing the influence of the reaction enthalpy on
the temperature dependence of the equilibrium constant, assuming
constant enthalpy.

=G H T S (10)

=G RT Kln (11)

= +K H
RT

S
R

ln (12)

Then for two different temperatures, T1 and T2, the ratio of K
K

2
1
is

defined through eq. (13).

=K
K

H
R T T

ln 1 12

1 2 1 (13)

Therefore, in the case of a small enthalpic effect, the change of the
equilibrium acid distribution with changing temperature is also limited
[5].

2.2.1. Mechanisms for complexation with phosphorous based extractants
Examples of phosphorous based extractants are TOPO and TBP, see

Fig. 1. These solvents can strongly solvate the acid in the organic phase,
thereby increasing solubility and distribution coefficient of the acid
[18]. Hydrogen bonding organic phase complexes (confirmed by 31P

NMR and FTIR spectroscopy [69,70]) can be formed with varying
stoichiometry, for which the generic equilibrium relations in eqs. (8)
and (9) are valid.

For aliphatic monocarboxylic acids the formed complexes have
(1,1)-stoichiometry, [71] so = =n m 1, and Hano et al. [18] assume the
same stoichiometry for carboxylic acids with additional side groups. For
complexation of aliphatic monocarboxylic acids with TBP diluted in
dodecane, Morales et al. [72] report an apparent (1,1)-stoichiometry,
but higher stoichiometry was observed for lactic acid due to additional
interaction of the hydroxyl group with the extractant [72].

Hano et al. [18] reported that in extraction of carboxylic acids by
TOPO in hexane, the extraction equilibrium is determined primarily by
the hydrophobicity of the acids and not by the pKa value (as is the case
for systems with tri-n-octylamine (TOA), vide infra). This supports the
finding of Scheler et al. that the complexation is through hydrogen
bonding [69]. Hano et al. also report that the complexation constant for
the complexation of lactic acid with TOPO decreases with decreasing
polarity.

Also for TBP in hexane, no carboxylate signals were observed in
FTIR [60] spectra of various carboxylic acid extractions, indicating a
hydrogen bonding mechanism. Ingale et al. [70] suggested Lewis base
TBP complexes with acetic acid and propionic acid based on FTIR
spectral data. Kyuchoukov et al. [73] fitted complexation of di-
carboxylic acids (itaconic, maleic, malic, oxalic, tartaric and succinic
acid) with TBP in dodecane on LLX experimental data and found
varying stoichiometry ((1,1) and (1,2)-complexes) depending on con-
centrations of both extractant and acid.

Fig. 5. Acetic acid overloading mechanism on triethylamine, in the (3,1) complex the third acid is cyclically bound to a (2,1)-complex. TEA is triethylamine and HA is
acetic acid [24].
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2.2.2. Mechanisms for complexation with amines
The nature of the diluent is one of the key factors that influence the

mechanism of amine-carboxylic acid complexation. Diluents can be
classified as dissociating and non-dissociating, and as active and in-
active. Dissociating solvents reduce the interactions between the op-
positely charged ions through their high relative permittivity, and fa-
cilitate acid dissociation upon complexation (see Fig. 4 mechanism a),
while solvents with a low relative permittivity suppress dissociation,
[74] resulting in complexation between the amine and non-dissociated
carboxylic acids [39]. Active diluents can participate in complex for-
mation, e.g. through hydrogen bonding, and inactive diluents not.
However, complexes in inactive diluents are seldom 1:1 in stoichio-
metry, and when the diluent is not stabilizing the extractant-acid
complex, typically a second acid is involved that stabilizes the complex
through hydrogen bonding (or even more acid molecules), see me-
chanism b in Fig. 4 [24]. Stabilization through active hydrogen bonding
by the diluent has been reported for chloroform and octanol, [24,75]
and is displayed in mechanism d [39]. IR spectra support the proton
transfer in this mechanism, [68] and indicate simultaneous and com-
petitive occurrence of mechanisms c and d, e.g. for chloroform [39].

The nature of the binding between the amine and the first acid can
thus be ion pairing or hydrogen bonding, and the equilibrium constant
strongly increases with decreasing pKa [24,39]. For higher order (2:1
and more) complexes, the second and further acids are complexed
mainly through hydrogen bonding, and the equilibrium constant for
formation of the (2,1)-complex from a second acid with the (1,1)-
complex is barely dependent on the pKa of the acid. Due to the in-
creasing level of organization in active diluents upon complex stabili-
zation by the diluent, entropy decreases. Association of another acid
molecule to this complex requires breaking of the stabilizing diluent –
complex interaction, and therefore (1,1)-complexation is mostly found
in active diluents [24,43]. For example, TOA - propionic acid complexes
are (1,1) ion pairs in 1-octanol,[75] and for TOA - acetic acid next to
(1,1) only (1,2) stoichiometry is reported in the proton-donating diluent
propanol,[59] while in the inactive diluents hexane, cyclohexane, to-
luene and MIBK also larger (2,3)-complexes have been reported [59].
Using only inactive diluents may, next to lower acid distribution ratios,
result in the formation of a third phase [76]. When aromatic com-
pounds are involved, -interactions can occur that result in K1,1 values
that are slightly higher than for systems with aliphatic diluents [24].

At very high acid concentrations, multiple acids may form a com-
plex with a single amine. Overloading of acids is especially likely in
aprotic diluents. In overloading complexes, e.g. a (3,1)-complex, the
third acid is cyclically bound to a (2,1)-complex, see Fig. 5. In this cyclic
formation the protonated amine can interact with the first and the third
acid alternatingly, thereby stabilizing this complex [24].

When, instead of using Eqs. (8) and (9) with the average
n m( , )-stoichiometry, all complexation steps are considered in-
dividually, a more sophisticated model is realized, as exemplified in
Eqs. (14)–(16).

+HA R N HA R N¯ ¯ ·̄3 3 (14)

+HA HA R N HA R N¯ ·̄ ( ) ·¯3 2 3 (15)

+HA HA R N HA R N¯ ( ) ·¯ ( ) ·¯2 3 3 3 (16)

The corresponding complexation constants are defined in Eqs.
(17)–(19), respectively.

=K HA R N
HA R N
[ ·̄ ]
[ ¯ ][ ¯ ]1,1

3

3 (17)

=K HA R N
HA HA R N
[( ) ·¯ ]

[ ¯ ][ ·̄ ]2,1
2 3

3 (18)

=K HA R N
HA HA R N

[( ) ·¯ ]
[ ¯ ][( ) ·¯ ]3,1

3 3

2 3 (19)

For dicarboxylic acids, self-stabilization by interaction of both acid
groups may occur, but depends on the molecular structure. For self-
stabilizing dicarboxylic acids, such as maleic and succinic acid, (1,1)
complexes are common, [24] whereas fumaric acid cannot self-stabilize
because of the double C]C bond in the molecule and forms (2,2)-
complexes with amines instead.

For citric acid, a tricarboxylic acid, (structure in Fig. 2), overloading
of amines on the acid has been reported, [55] and in active diluents
(1,1)-complexes and (1,2)-complexes are formed, whereas in inactive
diluents also the agglomerated (2,3)-complexes are observed [55].

In literature, the equilibria are sometimes defined in a way that they
span two phases, [18,34,48,73] for example the apparent equilibrium
constant of Qin et al., [48] which is defined in Eq. (20), where TOA and
complexes in the organic phase are in equilibrium with aqueous acid.

=K
TOA HA

TOA HA HA
[ ¯ ]

[ ¯ ][ ]p
p

p
,1

1 (20)

2.2.3. Mechanisms for extraction with ILs
The interactions and physical properties of ILs with acids and water

have been studied extensively, either by molecular simulations, [77,78]
experimentally [79] or combined [80]. Structuring and nano-struc-
turing in ILs, and clustering effects are well known phenomena in ILs
[81]. The presence of reverse micelles was shown using dynamic light
scattering in both phosphonium ionic liquids [27,82,83] and ammo-
nium ionic liquid [84]. Chen et al. [79] also report on clusters that are
formed in many imidazolium ILs and studied the effects of these clusters
on the properties and geometry of ILs. The formation of clusters is a
result of the combination of electrostatic and intermolecular forces,
such as hydrogen bonding, -bonding, polarization, but also non-elec-
trostatic interactions [79].

Two mechanisms play a role in the extraction of acids by IL, i.e.
formation of complexes between IL and organic acid, and formation of
reverse micelles that include the acid [63]. The formation of reverse
micelles also increases the solubility of water, and also for water co-
extraction, two possible mechanisms exist, i.e. molecules of water can
be part of a complex between acid and IL, and water can be present in
the reverse micelles. When acid is extracted, complexes between IL and
acid are formed, breaking the reverse micelles. Complexes containing
up to three lactic acid molecules, 2 water molecules and the IL were
suggested [27,85].

A more detailed mechanism for the extraction of butyric acid with
trihexyl tetradecyl phosphonium di-2,4,4 trimethylpentyl phosphinate
([P666,14][Phos]) IL was proposed by Marták and Schlosser [86]. They
considered next to pure IL also IL diluted in dodecane. In their me-
chanism, they included next to physical extraction of butyric acid by
the diluent and the apolar domains of the IL also complexes between
acid and IL with up to 11 acid molecules. These complexes aggregate
through hydrogen bonding with water molecules. For water (co-)ex-
traction they also suggest two mechanisms: competition with acid
molecules and co-extraction with butyric acid. When dodecane was
applied as diluent, the dodecane molecules are located near the alkyl
chains of the IL and extracted water molecules are localized in polar
areas of the IL. This means the solvent forms a non-homogeneous,
pseudo-binary phase [78,82].

Reyhanitash et al. [87] studied on acetic acid solutions in [P666,14]
[Phos], and using isothermal titration calorimetry, they measured
thermal activity up to an overall stoichiometry of 5:1 (acid : ion pair).
With thermal activity measured up to this stoichiometry, it is well
possible that higher order complexes are possible for both acetic acid
and butyric acid. In contrary to the suggestion by Marták and Schlosser,
[86] they found that not all acid molecules are bound to the complexes
through hydrogen bonding, but NMR studies revealed that the first acid
is also (partly) exchanging its proton with the phosphinate anion, re-
sulting in a complex ensemble of interactions in which both proton
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exchange and hydrogen bonding interactions play important roles [87].

2.3. Solvent properties and implications thereof on LLX processes

In the previous subsections, mechanisms for extractions have been
discussed, including different mechanisms for the same solute, de-
pending on the nature of the diluent. In this subsection characterization
of solvent properties and implications thereof on LLX processes are
discussed.

2.3.1. Solvent property models
In a solvent for LLX both the extractant and the diluent are of im-

portance. There are different types of extractants, and the type of ex-
tractant also determines the mechanism of extraction. Since this review
focuses on extraction of acids, the basicity of the extractants is the key
parameter in the process of LLX. Brønsted bases interact through proton
transfer from the acid, whereas Lewis bases interact with carboxylic
acids through electron pair donation to form an adduct. For the selec-
tion of affinity scales Laurence et al. [88] suggest to classify acids on
hardness and strength. The hardness of acids distinguishes between the
size, polarizability and type of outer electrons. Carboxylic acids are
hard acids with small size, high positive charge on the acceptor atoms
and low polarizability, these acids do not have outer electrons that are
easily excited [89]. Two affinity scales are suggested for the scaling of
bases for LLX of hard acids, the BF3-affinity scale for strong acids or
strong interactions and the pKBHX, which is the hydrogen bond basicity
scale for hydrogen bonding of weak acids [88]. The BF3-affinity is de-
fined as the negative enthalpy of the complexation with BF3 diluted in
dichloromethane at 298 K (thus the value reported is positive for an
exothermic complexation). The pKBHX hydrogen bond basicity is based
on the Gibbs energy of hydrogen bond formation of the Lewis base with
4-fluorophenol in CCl4 at 298 K. The scaling of extractants TOA, TOPO
and TBP according to these scales is shown in Table 1 [89].

Next to the extractant, the diluent affects to an important extent the
equilibrium in LLX, i.e. being an active diluent or inactive makes sig-
nificant impact on the mechanism of the complexation. In order to
predict diluent activity, the molecular properties should be understood.
Several properties can be used to describe the nature of the diluents
used in LLX of carboxylic acids, for example properties like polarity,
[29,45,61] the dielectric constant, [74] proton affinities, [90] hydrogen
bond accepting and donating ability, [91,92] and parameters like the
octanol-water partitioning coefficient Plog ,O W/ Hildebrand’s solubility
parameter, [93] Hansen parameters, [94] Schmidt’s parameters DP and
DP*, [95,96] Kamlet-Taft parameters, [91] acceptor and donor number
(AN and DN), [92] Kosower’s Z parameter [97] and Dimroth-Reichardt
ET parameter [98] are in use. Table 2 lists the most commonly used
parameters for characterization of diluents.

The linear solvation energy relationship (LSER) [34,91,99] is used
to correlate the solvation of the solute to a linear function of several
solvent parameters. Use of LSER requires solubility parameters as input,
e.g. the diluent parameters by Schmidt, to quantify the influence of the
diluent on the solvation of an acid-amine complex and the solvation of
the anion, [95,96] or the solubility of water in the solvent [95]. LSER
can also be used in combination with Hildebrand-Hansen solubility
parameters for alcohol diluents to predict the distribution coefficients
for these systems [100]. Bizek et al. [95] modified the LSER to include
the fraction of amine in the organic phase and also correlated the co-
extraction of water with the composition of the organic phase.

To compare the effect of various diluents, the equation used by
Bizek et al. [55] for LSER, can be written as

= +K K aDPln ln o (21)

In this equation K is the equilibrium constant of the complexation in
the organic phase. The equilibrium constant K o of a reference diluent is
adjusted by the value a for a given solute and extractant, and DP is an
empirical parameter that depends on the solvation of the acid-amine

complex. The resulting equilibrium constant K is diluent specific. This
model has been expanded by including more empirical values for anion
solvating abilities of proton donating solvents [55].

LSER was also used in combination with the Kamlet-Taft para-
meters, the hydrogen bond donor parameter, the hydrogen bond
acceptor parameter and the polarizability parameter, [91] as in Eq.
(22), where Y is a property such as ln KD of a specific compound in the
solvent, proportional to the Gibbs energy. Y O describes this property in
a hypothetical solvent with zero values for , and , i.e. an apolar
solvent without hydrogen bonding capability.

= + + +Y Y a b s0 (22)

The coefficients; a, b and s are fitted to experimental data on in-
teractions of the described property [91].

Starting with the LSER equation as given in Eq. (22), Abraham and
co-workers [101–105] have further expanded the LSER with molecular
volume and the molar refractivity, and have shown that by linearly
combining the five solute descriptors and the corresponding five solvent
parameters (Eq. (23)), it is possible to roughly predict the partitioning
of the solute into the solvent.

= + + + + +P c eE sS aA bB vVlog (23)

Plog is the partition coefficient between the solvent and water.
Under several assumptions; i.e. no formation of hydrate or solvate, the
solvent is not extremely water soluble, there is no dissociation or as-
sociation, the same model can be used to determine the molar solubility
of the solutes in organic solvents Ss, by using Eq. (24) [106].

= + + + + + +S logS c eE sS aA bB vVlog s w (24)

Where Sw is the molar concentration of solute in water, the solvent
coefficients c e s a b, , , , and v, and the parameters E S A B, , , and V that
describe the solute properties excess molar refractivity, polarizability,
overall hydrogen bond acidity, overall hydrogen bond basicity and the
McGowan characteristic volume, respectively [101]. Solvent para-
meters are to be obtained by fitting partitioning data of a series of so-
lutes with known descriptors. This procedure is still reasonably labor
intensive, and for composite solvents, it is questionable how well the
extractability can be linearized. Generally, tools like the Abraham
model can give good guidance in solvent selection and design, but not
more, since quantification of distribution ratios is still reasonably in-
accurate.

Another tool that has been developed in the past decades is the
COnductor like Screening MOdel for Real Solvents (COSMO-RS), [107]
which reduces the labor intensity for the researcher, and predicts dis-
tributions based on quantum chemical calculations and statistical
thermodynamics. Predictions are however only qualitative in nature
and to be used with caution when it comes to accurately quantifying
extraction results [108,109]. Comparison of various solvents with
COSMO-RS though, especially when from the same family often works
satisfactory [110].

2.3.2. Solvent dependent extraction phenomena
Next to acid – extractant complexes, also acid dimerization and

Table 1
BF3-affinity (kJ/mol) and pKBHX for trioctylamine, trioctylphosphine oxide and
tributylphosphate [89].

BF3-affinity (kJ/mol) pKBHX

TOA 135.87* 1.57
TOPO 119.28** 3.59
TBP 84.75*** 2.66

* based on triethylamine.
** based on triethylphosphine oxide.
*** based on trimethylphosphate.
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water co-extraction are factors affecting extraction. These are diluent-
dependent and discussed in this subsection

2.3.2.1. Dimerization. Fujii et al. [111] found with IR spectroscopy that
dimerization constants of acetic acid in organic solvents increase with
decreasing solvent activity, taking into account both dipole interactions
and hydrogen bonding. In more active the solvents, dimerization is less
pronounced due to competition with diluent interactions, such as
dipole-hydrogen bonding interactions [54]. In the inert diluent n-
hexane, strong dimer complexes form by double hydrogen bonds.
Acid dimerization generally decreases with increasing temperature,
especially in solvents with low dielectric constant, which is due to the
increasing entropy with increasing temperature. In solvents with higher
dielectric constants, also the effect of temperature on the dielectric
constant should be taken into account [112].

2.3.2.2. Water co-extraction. The diluent also influences the water co-
extraction that occurs in the process of LLX. For the extraction of citric
acid with TOA it was found that water co-extraction increases in the
order < < < <chloroform aromatics dichloromethane mibk octanol1
[55]. This order is described by hydration coefficients and physical
solubility of water. For succinic acid extraction with Alamine
336, a similar water co-extraction trend was obtained,

< < < < <heptane chloroform dichloromethane nitrobenzene mibk octanol1 ,
following the diluent water solubility trend [113]. At low acid
concentrations, monocarboxylic acids show less water co-extraction
than dicarboxylic acids, which is probably a result of the association
between water molecules and carboxylate groups [43].

Active diluents increase acid distribution, which also results in in-
creased water co-extraction [113]. Opposing trends have been reported
for the temperature-effect on water co-extraction. At low (<0.5 wt%)
water concentrations in chloroform, co-extraction increased up to 50 °C
for succinic acid extraction with a tertiary amine while for the same
system in MIBK there was no effect of temperature on the water co-
extraction [113]. At much higher concentrations (5–10wt%) in hexanol
no significant temperature-effect on water co-extraction was found for
gallic acid extraction using TOA, TBP and Aliquat 336, [62] while in-
creasing extractant concentrations significantly increased water co-ex-
traction [62].

There is no single general parameter that can describe the effect of
the diluent on the water co-extraction. In most cases, a combination of
parameters or specific interactions plays a role, including structuring of
solvents, which also has been reported for ILs [114]. Therefore, it is
important to obtain more insight into the different effects that the di-
luent has on the extraction mechanism. For example, some very hy-
drophobic phosphonium ILs only dissolve in water on a ppm level, but
relatively large amounts of water are co-extracted [46,115]. The co-
extraction of water is due to the ionic charges, that allow creation of
local hydrophilic spots and depending on composition, micelle forma-
tion, [82,84,86] giant vesicles, [116] or even bicontinuous phases are
formed with continuous hydrophilic domains and continuous hydro-
phobic domains [117]. Ananikov and co-workers showed that even
with an IL that is miscible in all ranges with water, on the microscopic
level the system organizes itself in hydrophilic and hydrophobic do-
mains [118].

3. Effects of solvent composition on solute distribution

An important factor governing acid distributions in composite sol-
vents in both the primary LLX step and in the back-extraction, is the
composition of the solvent. In this section, solvent composition effects
on acid distributions are reviewed for the three solvent classes, i.e.
solvents based on phosphorous-based extractants, solvents based on
nitrogen-based extractants and ILs.Ta
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3.1. Composite solvents using a phosphorous-based extractant

Among the most used phosphorous-based extractants are tributyl-
phosphate (TBP), tributylphosphine oxide (TBPO), trioctylphosphine
oxide (TOPO) and commercially available mixtures of alkyl phosphine
oxides [18,35,60,129–131]. TOPO and TBPO are solids at room tem-
perature and require a diluent for application in LLX, whereas TBP can
be applied pure. Phosphine oxides are stronger hydrogen bond accep-
tors than the phosphate extractants [132].

The acetic acid distribution ratio as function of the phosphine oxide
extractant concentration is displayed in Fig. 6a for several phosphine
oxides in different diluents [44,133,134].

Both TOPO and TBPO in an active diluent show an optimal ex-
tractant concentration around a weight fraction of 0.2–0.4. The op-
timum in the curve for TOPO and TBPO with increasing extractant
concentration is due to the active role of the diluent in the complex
formation. At very high extractant loading, thus low diluent con-
centration, less stabilizing influence of the diluent results in less com-
plexation, and hence, in lower distribution. Furthermore, because the
phosphine oxides are solids, this causes solubility problems at high
concentrations [44]. In the case of TBPO, the diluent is Chevron solvent
25, which according to the MSDS is based on a naphtha distillate,
containing C8 alkyl aromatics, [44] and an unknown (trade secret)
compound. This most likely is a surfactant as the solvent is used as
cleaning agent for engine injection systems, hence, an active diluent.
The mixture of heptane and hexanol used for TOPO also contains an
active ingredient, whereas kerosene and undecane are inactive diluents.

For the inactive diluents, i.e. the mixture of C C6 8 chained phos-
phine oxides (TRPO), and for TOPO in undecane, there is no optimum
visible, and especially for TRPO, the trend looks continuously in-
creasing with increasing extractant loading, which may be explained by
the absence of stabilizing interactions of the diluent, which cause the
optimum with active diluents. The distribution coefficients in kerosene
and in undecane though, are lower than in active diluents.

For TBP the distribution ratio of acetic acid as function of the ex-
tractant concentration is shown in Fig. 6b [44,72,134,135]. TBP was
only studied in inactive diluents and MIBK with very low and con-
tinuously increasing distribution ratios with increasing extractant

concentration of 0.02 up to 2.1. Also compared to the phosphine oxides
with 0.09< KD < 4.5, the acid distribution with TBP is low.

3.1.1. Effect of temperature
Fig. 7 shows the effect of temperature on the acetic acid distribution

in TBP, TRPO and Alamine 336 with several inactive diluents for the
extraction of acetic acid. Although KD is low for all extractants because
of the use of inactive diluents, the sensitivity for a temperature increase
can be compared. Both phosphor-based extractants show similar tem-
perature sensitivity; the temperature sensitivity of the tertiary amine
Alamine 336 is increased, especially around a temperature of 40 °C.
Brouwer et al. [136] found that for the complexation of levulinic acid
and formic acid with 30wt% TOPO the effect of temperature on the
complexation is larger in the active diluent MIBK than in the inactive
toluene.

Fig. 6. Effect of extractant composition on the distribution ratio of acetic acid (HAc), for a) several phosphine oxides in several diluents at room temperature.
(tributylphosphine oxide (TBPO) in Chevron 25 ■ ( =HAc[ ] 0.1 M0 ), Chevron is a commercially available solvent based on a naphtha distillate, a mixture of
approximately C8-alkyl aromatics), [44] TOPO in a (2/1) mixture of heptane and hexanol ● ( =HAc[ ] 0.1 M0 ), [44] TOPO in undecane ▲ ( =HAc[ ] 0.17 M0 ), [133]
and TRPO (C C6 8 chains) in kerosene ♦ (plotted against volume fraction extractant, HAc[ ] 2.7 M0 ), [134] and b) TBP in several diluents at room temperature in
kerosene ▲ ( HAc[ ] 0.7 M0 ), [134] toluene ✕ ( =HAc[ ] 0.04 M0 ), [135] MIBK ♦( =HAc[ ] 0.04 M0 ), [135] dodecane ● ( =HAc[ ] 0.16 M0 ), [72] and Chevron Solvent
25 ■ (plotted against weight fraction, =HAc[ ] 0.1 M0 ) [44].

Fig. 7. Temperature-dependency of the distribution ratio of acetic acid in ■
50 vol% TBP in kerosene [134] ( =HAc[ ] 3 M at equilibrium), in ● 50 vol%
TRPO in kerosene ( =HAc[ ] 3 M at equilibrium), [134] in ♦ Cyanex 923 (TRPO,
unknown concentration) in toluene [129] ( =HAc[ ] 0.1 M)0 and in ▲ 25 vol%
Alamine 336 in xylene [45].
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3.2. Composite solvents using a nitrogen-based extractant

Trialkyl amines are nitrogen-based extractants most used for acid
extractions, usually TOA and Alamine 336 (a mixture of trialkylamines
with C C8 10 chains), [5,20,23,24,26,33,41,43,45,47,48,53,58,59] but
also trihexyl amine [5] and tridodecyl amine (TDDA) [34,100] have
been reported. Recently a tertiary amine containing also a pyridine
functionality, i.e. didodecylaminopyridine (DDAP) was reported
[29,66]. The most reported active diluents are 1-octanol, chloroform
and MIBK, and the inactive diluents toluene, carbon tetrachloride
(CCl4) and hexane. In general, the distribution coefficients are lower for
the inactive diluents. Similar to the trends observed for phosphorous-
based extractants, also for nitrogen-based extractants the use of active
or inactive diluents results in distinct solvent composition dependency,
see Fig. 8a and b. With active diluents (Fig. 8a) the distribution of acids
is typically higher than with inactive diluents, because of increased
solubility of the acid-amine complexes due to the interactions with the
diluent. In addition the typical maximum in distribution at intermediate
extractant concentration is observed for active diluents, whereas for
inactive diluents the maximum in acid distribution with increasing
extractant concentration is much less pronounced, if present at all.

In Fig. 8b the effect of volume fraction of extractant in a solvent
with inactive diluent is shown. The continuously increasing trend with
increasing tri-iso-octylamine (T-i-OA) concentration is comparable to
the trend using TOA, although the acid distribution seems higher
[49,137].

For dicarboxylic acids in inactive diluents, the extractant con-
centration has a more pronounced effect on the acid distribution than
for monocarboxylic acids, and at high amine concentration the dis-
tribution decreases pronouncedly, [23,43] and presents an advantage
for diluent-swing regeneration. Also for aromatic acids, the diluent ef-
fects can be different than for aliphatic acids. Athankar et al. [31]
showed that the extraction of benzeneacetic acid with TOA exhibits
comparable distributions for the three inactive diluents benzene, to-
luene, xylene and for the active diluent hexanol, whereas without TOA,
hexanol extracts much better. Complex stabilization by interac-
tions is suggested. In all cases the typical maximum in distribution for
active diluents is observed, although at lower extractant concentration
than for acetic acid, which may be due to the lower solubility of the
aromatic acid.

Acid solubility limitation can also result in third phase formation, as
for TOA in toluene observed [138,139]. The observed optimum for

active diluents is a trade-off between increasing complexation by in-
creasing the amount of amines and decreasing the complex stabilization
by the diluent, [44,140] and the composition of the optimum shifts to
lower amine concentration with increasing diluent polarity [141].

The observed optimum can also be explained through changing
activity coefficients with varying solvent composition and by changing
stoichiometry of the complexes, [95] resulting in a complex interplay of
effects. For example, in propionic acid extraction with TOA in 1-oc-
tanol, amine-concentration dependent proton transfer affects the (1,1)-
complexation constant K1,1 (concentration-based equilibrium constant),
and for an acid per amine loading of Z < 1, both the K1,1 and the
loading decrease with increasing TOA concentration, since at Z < 1
the (1,1)-complex is the dominating complex [23,75]. The decreasing
K1,1 is accompanied by increasing values for K2,1 and K3,1, [75] which at
Z > 1 results in opposite loading tendency. Furthermore, there is a
decrease in loading with increasing amine concentration for systems
that include a diluent in the complex, a loading increase for systems
that exhibit aggregation and formation of complexes with large number
of acid and amine molecules [59].

For inactive diluents, increasing amine concentrations above 1mol/

Fig. 8. Effect of volume fraction of extractant in the solvent on the distribution ratio of acetic acid, for TOA in (a) several active diluents at room temperature (■ is
Alamine 336 in 1-octanol ( =[HAc] 0.5 M0 ), [45] TOA in ▲ MIBK ( =[HAc] 0.2 M0 ), [49] ▾ in chloroform ( =[HAc] 0.1 M0 ), [44] ♦ in decanol/dodecane
( =[HAc] 0.2 M0 ), [72] ◄ in 2-ethyl-hexanol ( =[HAc] 0.55 M0 )), [47] and in (b) several inactive diluents at room temperature (tri-iso-octylamine (T-i-OA) in ○
toluene ( =HAc[ ] 0.2 M0 ) and ► hexane ( =[HAc] 0.2 M0 );[137] ● is TOA in toluene ( =[HAc] 0.17 M0 )) [49].

Fig. 9. Distribution coefficients for acetic acid ([HAc]0=0.6M) in 0.5M TOA
in several diluents [47].
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L will increase the loading of acid on the amine due to the increasing
polarity (amine is more polar than diluent) [48].

3.2.1. Correlation of distribution with molecular property parameters
Comparing acid distributions for various diluents, the distribution

increases in the order.

< < <
< < < <

alkyl subsituted aromatics aromatic benzene halogenated aromatic
ketones proton donating halogenated hydrocarbon nitrobenzene alcohols

Alkane ,

[23]
This order corresponds with increasing Hildebrand solubility para-

meter and increasing acid-extractant solvation strength. Aromatic di-
luents show higher distribution ratios than alkanes due to complex
stabilization by aromatic π-electrons [23,24]. A comparison of dis-
tribution coefficients in both inactive and active diluents was reported
by Rasrendra et al. [47] for acetic acid, see Fig. 9. Other distribution
coefficients have been reported, [45,48,49] which might be caused by
changes in temperature, the presence of other compounds or variations
in the volume ratio of the aqueous and organic phases.

In Fig. 9, the diluents are ordered from left to right with decreasing
polarity according to their E (30)T . It is clear that active diluents show
higher distribution coefficients than inactive diluents, but polarity
alone does not perfectly correlate the distribution coefficient, and in
Fig. 10 it can be seen that this is next to the E (30)T also the case for the
Hildebrand solubility parameter and the Kamlet-Taft polarizability
parameter (for diluents with known ) for data from Qin et al. [48].

Although direct parity with molecular property parameters is
clearly not always possible, Fig. 11 shows that there are huge differ-
ences in distribution coefficients with different diluents, and polarity
does appear as a major factor [29,45]. In Fig. 11a it is shown that de-
creasing the polarity by addition of xylene clearly decreases the dis-
tribution coefficient. For other diluents, the same trend is shown in
Fig. 11b and c. For the difference in polarity between chloroform and
MIBK, not all parameters show the same trend as can be seen in Table 2.
In this case the higher distribution ratio using chloroform will be caused
by the hydrogen-bond donor abilities of this diluent.

In the extraction of lactic acid from an aqueous stream, Krzyzaniak
et al. [29] found that the distribution of lactic acid decreases with de-
creasing polarity of the diluent (Fig. 11d).

The results by Qin et al., [48] are similar to those by Ziegenfuss
et al. [49] for chloroform, but for MIBK Qin et al. report a significantly
lower value, explained by the lower acid concentration used by Zie-
genfuss et al. for MIBK.

In nitrogen extractant systems other than using a tertiary amine,
also trends for the effect of polarity are found. For the extraction of
itaconic acid (methylene succinic acid) using the quaternary ammo-
nium salt Aliquat 336, Wasewar et al. [61] found a higher extraction
when a solvent with a higher dipole moment was applied, caused by
differences in self-association and partitioning of the acids in these
solvents.

3.2.2. Effect of temperature
Temperature affects several factors in liquid-liquid equilibria of

acids with amines, i.e. a small effect on the acid pKa, [66,142] in-
creasing acid solubility in organic solvents, and even more in water
with increasing temperature [142]. Water co-extraction also increases
with increasing temperature [113]. The most important temperature
dependency is the decreasing acid-base complexation strength with
increasing temperature, [43,66] and as a result, reactive extraction with
tertiary amines is much stronger temperature dependent than physical
extractions [5].

Fig. 12 shows the effect of temperature on the distribution ratio for
several solvents based on Alamine 336 and DDAP. It can be seen that
with active diluents, the distribution ratios are much higher compared
to the inactive diluents in Fig. 7, and also that the temperature has more
effect on the distribution. This may be explained by the larger enthalpy

Fig. 10. Distribution coefficient for acetic acid ( =HAc[ ] 0.6 M0 ) for extraction
with 0.5M TOA in several diluents with respect to (a) the Hildebrand solubility
parameter of the diluents, (b) the E (30)T parameter of the diluents and (c) the
Kamlet-Taft polarizability parameter [48].
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Fig. 11. Distribution coefficient of (a) acetic acid ( =HAc[ ] 0.6 M0 ) in liquid-liquid equilibrium with 0.5M TOA in several diluents. Data from Marti et al. [45] (b)
acetic acid ( =HAc[ ] 0.6 M0 ) in the case of chloroform and toluene, =HAc[ ] 0.42 M0 in the case of MIBK) in liquid-liquid equilibrium with 0.5M TOA in several
diluents at room temperature. Data Ziegenfuss et al. [49], (c) acetic acid ( =HAc[ ] 0.6 M0 ) in liquid-liquid equilibrium with 0.5M TOA in several diluents at 25 °C.
Data from Qin et al. [48], and (d) lactic acid (HLa) ( =HLa[ ] 13 mM0 ) in liquid-liquid equilibrium with 0.5M TOA in several diluents. Data from Krzyzaniak et al.
[29].

Fig. 12. Temperature-dependency of the distribution ratio of acetic acid
( =[HAc] 0.5 M)0 in 25 vol% Alamine 336 in ■ 1-octanol and ● xylene;[45]
lactic acid ( =[HLa] 0.4 mM at equilibrium) in×20wt% DDAP in 1-octanol
[66] and succinic acid ([HA] 0.3 M)0 in 0.29M Alamine 336 in □ MIBK and in
○ chloroform [43].

Fig. 13. log K1,1 vs. logPO W/ for complexation of 0.5M TOA with acetic, pro-
pionic, butyric and valeric acid in several diluents: ■ in 1-octanol, ● in MIBK
and ▲ in CCl4 [48].
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of complexation and larger K1,1. Krzyzaniak et al. [66] studied the effect
of temperature on various variables in the extraction of lactic acid by
DDAP in 1-octanol. With increasing temperature the solubility of the
acid in the organic phase increases, the acid dissociation constant in the
aqueous phase decreases, and the decreasing complexation of acid and
DDAP dominates. There is a strong dependency of the distribution ratio
on the temperature for DDAP. However, the distribution ratio is very
high compared to the results for Alamine 336 because of the low acid
concentration applied ( = mM[HLa] 0.4 at equilibrium).

3.2.3. Effect of the nature of the acid
It was found that the acidity and hydrophobicity of the acid in-

creased the loading of acid on TOA, [48] these trends are both
straightforward correlations, i.e. the more hydrophobic the larger the
preference for an organic phase, and the stronger the acid, the stronger
the interaction with the base. In Fig. 13, results of Qin et al. [48] on the
relation between the apparent complexation constant K1,1, i.e. the bi-
phasic equilibrium constant from Eq. (20) and the hydrophobicity of
acids with similar pKa are shown. There is a clear relation between the
hydrophobicity and the apparent complexation constant, which off
course is due to the increasing partitioning to the organic phase with
increasing hydrophobicity.

3.3. Composite solvents based on ILs

3.3.1. Effect of composition
ILs can be diluted for practical applications to reduce the viscosity,

modify the solubility of solutes, or enable certain reactions to take
place, [143] reduce cost, and decrease loss of solvent from the extract
phase [144]. Moreover, dilution of the IL phase might prevent third
phase formation observed in some acid extractions by IL [63]. Examples
include the extraction of tocopherols with imidazolium ILs using me-
thanol as a co-solvent, [145] and extraction of tocopherol by amino
acid imidazolium ILs from a reaction product mixture with methyl li-
noleate [146]. The co-solvent dimethylformamide decreased the visc-
osity and increased distribution coefficients and selectivity [146].

Dilution can be done with either polar or apolar diluents, and the
molecular property models described in Section 2.3 have also been
applied to describe the effect of co-solvents on physical properties of the
IL. E.g. for 1-butyl-3-methylimidazolium acetate, [143] using LSER
with Kamlet-Taft parameters as well as the Dimroth-Reichardt’s energy,
it was shown that even adding up to 80mol% of the co-solvents water,
methanol and dimethylsulfoxide only had small effect on the para-
meters. This was explained by the cluster formation in the ILs that
contain the co-solvent. Modeling and experiments for extraction of oils
and high-value components from biomasses using ILs with co-solvent
methanol showed that above 80 vol% of methanol the co-solvent
completely surrounds the aggregates of the imidazolium IL which re-
moves the effect of the IL on the lipids, thereby reducing the extraction
efficiency [80,143].

Clustering is an important aspect of IL mixtures, which may be af-
fected by dilution. E.g. for methanol as co-solvent in phosphonium ILs,
experiments and simulations showed that at mass fractions of the IL
below 0.1 the mixture is very similar to methanol, then for
0.1 < xIL < 0.7, a transition regime occurred with more IL properties
and interactions. Above 0.7 the solvent behaves like an IL. The me-
chanism is dominated by anions solvating the cations and methanol,
followed by solvation of cations by methanol [78]. The effects of dif-
ferent polar co-solvents were studied with molecular dynamics simu-
lation as well. All co-solvents that were used, increased the aggregation
of the IL. Chloroform and acetone have a stronger effect on aggregation
than methanol, whereas acetic acid induces less aggregation. Similar
differences were found for the clusters that were formed in the IL-co-
solvent mixture. With acetic acid, methanol and propanol mainly ca-
tion-anion pairs are present, whereas larger clusters are observed in
acetone, chloroform and DMSO [80]. Differences in types of polar co-

solvents were also studied by Gao et al. [147] using an imidazolium IL
for the recovery of solvents in the processing of biomass, where aqueous
biphasic systems are required for separation. A two phase system with
the IL was more likely to be formed with lower hydrogen bond basicity
and lower polarizability of the co-solvents. With solvatochromic dyes,
Mellein et al. [148] showed that in mixtures of ILs with organic co-
solvents, the polarity is mostly dependent on the IL and not on the
organic co-solvent, except for very low concentrations of IL. The com-
petition between the interactions between cation and anion of the IL,
and the interactions with the organic co-solvent was illustrated with the
Kamlet-Taft hydrogen bond donor parameter, ,of the mixture, being
dominated by the stronger hydrogen bonding co-solvent [148].

With apolar diluents, reverse micelles may occur, in which a part of
the IL ions are located [149]. Upon diluting with dodecane to effec-
tively decrease the viscosity, also a reduced distribution was observed
for lactic acid [27] and butyric acid, see Fig. 14 [84,150].

Upon extraction, butyric acid was shown to reduce the viscosity of
IL-104 in systems with<50wt% of IL-104 in dodecane, which is
caused by the formation of micelles of dodecane in the water saturated
solvent, which was determined by dynamic light scattering. The ag-
gregates had a size below 100 nm and decreased in size with increasing
concentration of the acid [151].

In CO2-pressurized extraction of acetic acid, it was found that the
CO2 behaves as modifier of the phosphonium IL phase, increasing the
distribution coefficient up to seven times at CO2 pressures up to 40 bar
[46]. For a phoshphonium IL-based extraction of carboxylic acids, the
presence of salts in the feed results in extraction of acidic forms of
anions originating from the salts, thereby reducing the acid distribu-
tion. The acid distribution also decreases because some of the salts in-
crease the pH of the aqueous phase [115].

Hydrophilic ILs diluted in water can help dissolve hydrophobic
species better by forming hydrotropes, [152,153] whereas they also
may form aqueous two phase systems (ATPS) with aqueous salt solu-
tions. These ATPSs have faster phase separation, a lower viscosity, no
use of volatile organic solvents and more options for varying the po-
larity compared to ATPSs based on organic solvents and polymers
[154,155]. Other possibilities to form ATPS are with carbohydrates and
water, amino acids and water, polymers and water [154]. Pratiwi et al.
[155] compared IL-based ATPS with traditional salt-alcohol systems to
extract succinic acid. Acid distribution ratios in IL-based systems were
generally better than salt – alcohol systems with values ranging from

Fig. 14. Effect of volume fraction of IL in dodecane on the distribution ratio of
acid in equilibrium for ■ lactic acid (aqueous equilibrium concentration of

0.2 M) with Cyphos IL-104, [27] ● butyric acid (aqueous equilibrium con-
centration of 0.12 M) with [CnCnCnC1N][BTMPP] (Aliquat 336 cation with
Cyanex 272 anion), [84] and ▲ butyric acid (aqueous equilibrium concentra-
tion of 0.11 M) with [C12C6C6C6P][BTMPP] [150].
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close to zero for many salt – alcohol systems and 0.11 < KD < 3.5 for
the IL-based systems. Especially phosphate based aqueous phases
showed good acid distributions into imidazolium rich phases, which is
of interest because many fermentation broths contain significant
amounts of phosphate, and might be directly suitable for application in
ATPS with an IL.

3.3.2. Effect of temperature
With increasing the temperature there is either no or only a small

effect on the distribution ratio of lactic acid upon extraction with
phosphonium IL (Cyphos IL-104) [27]. The increased temperature did
however decrease the viscosity and the water solubility in the IL sol-
vent, which may be a result from less stability of reverse micelles at
elevated temperatures [27]. For 25–40 °C, the temperature effect on
imidazolium-IL extraction of ferulic acid and caffeic acid could be de-
scribed with a linear relation between the natural logarithm of the
distribution ratio and the inverse of the temperature, with the slope
determined by the (endothermic) enthalpy of complexation ranging
from 3 to 10 kJ/mol [156]. For all types of imidazolium-ILs studied, an
increase of temperature had only a small but positive effect on the
distribution ratio [156]. A small increase of distribution ratio with in-
creasing temperature was also found for imidazolium-IL based extrac-
tion of phenols [157].

4. Solvent regeneration

There are several regeneration methods for the recovery of the
solvents and acids after acid extraction. In case of volatile acids, or
volatile solvents or both, the simplest option appears to be evaporation
or distillation of the acid directly from the solvent, or vice versa
[22,158–160]. When neither the acid nor the solvent is volatile, other
regeneration strategies are to be followed, [161] such as reactive back-
extraction or back-extraction using diluent-swing or temperature-
swing. Sometimes simple solutions appear, such as precipitation upon
removal of co-extracted water, e.g. for succinic acid, fumaric acid, and
adipic acid [42]. In many processes, also raffinate treatment is neces-
sary to recover leached solvent, and sometimes raffinate properties are
tailored on purpose, e.g. to salt-out the carboxylic acid [162]. Salting
out with MgCl2 allowed thermal decomposition to form MgO, which
could re-enter the process to basify the broth during fermentation
[162].

4.1. Regeneration by evaporation and stripping

Regeneration in the case of acids that are reasonably volatile might
be performed through direct evaporation of the acids from high boiling
solvents. Recent developments include molecular distillation applied
for IL regeneration [163]. In case recovery can be done simply by
evaporation, the theoretical heat duty corresponds with evaporation of
the acid and the co-extracted water, and subsequent distillation of the
aqueous acid stream. Direct evaporation may impose huge heat duties,
such as the 31.5 GJ per ton levulinic acid as calculated by Brouwer
et al., [136] or even regeneration difficulties when the affinity between
solvent and acid is too high. Reyhanitash et al. [87] found that at low
acid loading in the IL [P666,14][Phos], it is impossible to distill off the
acids from the IL due to partial proton exchange from the carboxylic
acids to the phosphinate anion of the IL, and strong hydrogen bonding
leading to 1:1 complexes of the phosphinate anions with carboxylic
acid/carboxylate. At higher acid loadings, direct thermal recovery may
be applied, but at loadings of one acid molecule per ion pair and below,
an alternative regeneration has to be considered such as washing with
an aqueous solution of a volatile base, [87] preferably assisted by di-
lution of the IL with an inactive diluent, based on the dilution-effect on
the distribution shown in Fig. 14.

Han et al. [164] used inactive diluents to recover lactic acid from
extract phases with methylene chloride in a simple distillation process

where lactic acid is removed via the reboiler and methylene chloride
was obtained from the condenser. The efficiency of the process at a
temperature of 50 °C was approximately 70% for all inactive alkane
diluents, except for the active chlorobenzene (16.7%). The effect of the
volume percentage of active diluent is significantly larger than that of
the temperature difference. Especially at low concentrations of active
diluent (< 40%) the effect of concentration on the efficiency is high for
the inactive diluents. The effect of temperature is smaller for active
diluents and those with a higher polarity and follows the order

< < <chloroform pentane MIBK chlorobenzene [164].

4.2. Regeneration by reactive back-extraction

To maximize solvent regeneration, back-extraction with a strong
acid may be applied, e.g. HCl has been reported, that can be distilled off
later in the process [5,64,141]. Because of the back-extraction with
HCl, the solute concentration in the back-extract is higher than in the
feed. However, still further processing is required to recycle the HCl and
regenerate the solvent. In addition, when using HCl-solutions for back-
extraction, too low yields for viable processes are obtained. Alter-
natively, bases may be used for back-extraction to obtain higher yields,
e.g. using sodium hydroxide producing sodium carboxylate, and re-
covery using aqueous amines in distillation where amides are produced,
[5] and with concentrated ammonia where ammonium lactate was
produced [165]. For all non-volatile bases, additional treatment is ne-
cessary to recover the carboxylic acid in pure acidic form, resulting in
by-product formation. Especially for production of bio-based plastics on
bulk scale, huge volumes of by-products (salts) are not desirable. The
use of a volatile amine for the back-extraction allows subsequent de-
composition of the formed salt, [5,61,87,141] which appears to be a
sustainable solution. However, additional recovery challenges might
occur when the amine is leached into the solvent phase. Back-extraction
with trimethylamine (TMA) followed by thermal cracking or ester-
ification of the trimethyl ammonium carboxylate, was shown to allow
full regeneration of lactic acid and succinic acid from Amberlite LA-2
and Alamine 336 in different diluents [25].

4.3. Regeneration by physical back-extraction

With physical back-extraction typically less difficulties are faced in
the regeneration stage after the back-extraction, but concentrations
might be limited. Some elegant solutions, e.g. using supercritical CO2,
shown by Kroon et al. [166] to selectively recover a phenylalanine ester
from an imidazolium IL after extraction, may be applicable for acids as
well, yielding the final product after releasing the pressure from the
CO2-rich phase. When the extraction and back-extraction are done with
the same solvent, impurities may be removed from the system, but it is
hard to increase the concentration of the solutes, and when maintaining
the same temperature as in the extraction, the concentration of the
solutes typically even reduces, requiring a heavy heat duty to distill off
the water from the back-extract [66]. Methods to concentrate in the
back-extract are desirable.

Making use of short-cut calculations for the minimum solvent-to-
feed-ratio (S/F)min (Eq. (25) in combination with (26)) [167] and the
minimum wash-to-extract-ratio (W/E)min (Eq. (27)), [66] the con-
centration factor as defined in Eq. (4) can be calculated. Where Xin is
the concentration in the feed stream, the concentration in the raffinate
and Yin the ingoing concentration of the extract stream. The (W/E)min is
calculated by dividing the fraction of lactic acid that is removed from
the extract stream, y yin out, by the initial concentration of lactic acid in
the extract yin multiplied by the inverse of the distribution obtained in
the forward extraction

K
1
D
. In this case an ingoing concentration of the

wash stream of zero was assumed.
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Two approaches to concentrate through back-extraction are tem-
perature-swing and diluent-swing [43]. For temperature-swing, the
temperature in the back-extraction column is increased to lower com-
plexation constants. In a diluent-swing method, the composition of the
extract-phase is changed by removing an active diluent or adding an
inactive diluent as an anti-solvent. Especially when strong effects in
acid distribution are observed with extractant concentration, this ap-
proach is interesting, at the drawback of needing extra operations to
add and remove diluent.

4.3.1. Temperature-swing regeneration
The opportunity of temperature-swing regeneration is dependent on

the mechanism and strength of interaction. Various (hypothetical)
isotherms are drawn in Fig. 15 (based on Eqs. (6), (14) and (15)), for
1,1 complexation in Fig. 15a, and for 1,1 and 2,1 complexation in
Fig. 15b. Strong 1,1-complexation results in stronger curvature, dis-
played for physical partitioning with =K 0.1m . Decreasing K1,1 with
temperature results in less curved lines at higher temperatures [43]. For
higher Km values, higher organic phase concentrations are observed,
and less curved equilibrium lines more close to each other. This effect is
stronger with higher enthalpy of complexation.

Fig. 15b shows typical equilibrium curves for increasing K2,1, and
the shape of these equilibrium curves can be compared with gas ad-
sorption isotherms where there is a difference between either Langmuir
monolayer adsorption or BET theory multilayer adsorption [136,168].
The graph associated with monolayer adsorption (Type 1) is more
curved than the one associated with the multilayer adsorption (Type II)
[113,136,168]. In the case of complex formation of different stoichio-
metry, type I applies to (1,1)-complex formation and type II might in-
dicate the formation of larger complexes. In type II there is an increase
in acid in the organic phase for higher concentrations of acid, which can
be correlated with the critical acid concentration as reported by Ta-
mada [23]. However, this is only based on the complexation in the
solvent phase, excluding diluent effects on the physical extraction and
solubility of acids and complexes.

4.3.1.1. Solvents with phosphorous based extractants. Fig. 7 shows that
for the phosphorous based extractants, the distribution coefficient of
acids decreases with increasing temperature. This can be applied in a
temperature-swing regeneration process. The effectiveness of
temperature-swing may be indicated by the curvature of the
equilibrium line between aqueous and organic phase in the McCabe-
Thiele diagram. Substantially curved lines may result in a tangent pinch
that complicates back-extraction [43]. Brouwer et al. [136] showed
that the effect of temperature on the acid distribution ratio is even
stronger when active diluents are applied instead of inactive diluents.
The combination of TOPO in MIBK resulted in a high distribution ratio
of levulinic acid and a high selectivity of levulinic acid and formic acid
over sulphuric acid. Brouwer et al. [136] applied a double extraction -
temperature-swing back-extraction to concentrate levulinic acid and
formic acid from aqueous streams using 30wt% TOPO in MIBK as
solvent. Because of the more curved isotherm of formic acid at lower
concentrations (comparable to isotherms shown in Fig. 15a for high
K1,1-values), in the first extraction step the concentration factor of
formic acid is lower than that of levulinic acid. After the second step, at
higher concentrations, the overall concentration factors of both acids
become equal.

4.3.1.2. Solvents with nitrogen based extractants. For the complexation
of TOA, the decrease in entropy and the exothermic complexation
enthalpy are larger for succinic acid than for lactic acid. Therefore,
according to Tamada and King [43] temperature-swing regeneration is
more applicable for the extraction of succinic acid by Alamine 336 in
MIBK. This is because as a result of larger enthalpy of complexation the
temperature effect on the distribution ratio is also larger, as can be
explained by Eq. (13). These differences in enthalpy and entropy may
be caused by differences between these acids in the partial molar heat
of mixing of either the complex in the solvent or the acid in the aqueous
phase, or a difference in the enthalpy of complexation [43]. For
extraction of lactic acid by Alamine 336, San-Martin et al. [52] reveal
a larger enthalpy of complexation for the (1,2) and (1,3) complexes
with toluene as diluent, compared to MIBK or chloroform. Therefore the
temperature effect for the extraction with toluene applied as the diluent
is also larger. However, the distribution ratios in this system are around
1, much smaller than typical values around 3 – 8 or even higher for the
lactic acid distribution ratio in the case of active diluents, [23,29,43]
increasing the S/F ratio and energy required.

Fig. 15. a) Effect of increasing K1,1 value on the equilibrium curve for a system with an extractant concentration of M0.24 , K1,1 ranges from 5 to 90, K2,1 is 0. The
physical extraction =K 0.1m . The organic phase and aqueous phase have an equal volume, and b) effect of increasing K2,1 value on the equilibrium curve for the same
system, K2,1 ranges from 0 to 40, K1,1 is 5.
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4.3.1.3. Ionic liquid based solvents. For acid extraction there is either no
effect of temperature or only a very small (positive) effect of increasing
temperature, [27,156,157] which makes the IL based solvent not a
good candidate for temperature-swing regeneration. However, a
positive effect of increased temperature on the solvent is a decreased
viscosity and water solubility, which may be advantageous in a process
[27]. Another positive effect of the increased temperature and
decreased viscosity, reported for metal ion extraction, is the increased
ion transfer rate that can reduce the processing time [169]. In the
extraction of metals with imidazolium ILs there is also a positive
relation between the distribution of metal ions and the temperature
[170]. When the temperature was decreased to room temperature after
equilibrating at elevated temperatures, the change of metal ion
distribution was slow and did not decrease to the expected value at
room temperature. These phenomena are considered a result of non-
reversible temperature induced differences in the non-homogeneous
structure of the IL and its effect on parameters such as viscosity, water
solubility and therefore also on metal ion partitioning [170].

4.3.2. Diluent-swing regeneration
Tangent pinches in temperature swing operations might be solved

with a diluent swing, [113] yielding a combination of the two swings,
[43] but the diluent swing at isothermal operation may as well offer
concentration opportunity as follows from the solvent composition-
dependent distribution, which is observed in all three classes of com-
posite solvents (Figs. 6, 8 and 14).

Especially at lower concentrations of solute, diluent-swing might be
advantageous because of a larger equilibrium shift for low concentrations of
solute [113]. Literature examples of back-extractions using diluent-swing
mostly involve amine extractants. For example, Krzyzaniak et al. [29] used
heptane as an anti-solvent to lower the distribution in the back-extraction of
lactic acid with DDAP in 1-octanol. The high volatility of heptane allows
distilling off after the back-extraction. In a single stage back-extraction
process, a three times dilution in heptane increased the recovery from
approximately 10–20% to 60–70%, [29] and a maximum concentration
factor of 3.15–6.06 for 373K in the back-extraction step was calculated. The
outlet concentration was due to very diluted starting conditions only
0.041–0.078M [66]. Heptane was also applied to strongly decrease the
distribution of succinic acid, promoting intramolecular hydrogen bonding of
succinic acid, and reducing acid-extractant interactions, [171] making this a
good strategy for back-extraction.

Another option is to use a gaseous anti-solvent, for example pro-
pane, which reduces the need of distillation of the anti-solvent [172]. In
such processes the anti-solvent is simply removed by releasing the
pressure.

4.4. Energy considerations in the regeneration process.

In the previous sections, various options for regeneration have been
reviewed, and here some calculations on energy duty should direct on
which regeneration strategy is most interesting for future research. For
temperature-swing regeneration processes, heat requirement includes
primarily heating of streams entering the regenerator, and for diluent-
swing, energy is needed to distill the diluent off. An advantage of
temperature-swing regeneration is that diluent distillation can be
avoided, resulting in less unit operations.

To further study the effect of the KD in the extraction step and the
regeneration step, three different types of regeneration processes are
compared here, (1) temperature-swing, see Fig. 16, (2) diluent-swing by
evaporating part of the diluent, see Fig. 17; and (3) diluent-swing by
adding an anti-solvent, see Fig. 18. For the comparison of the three
configurations, the ratio of the distribution ratios in the forward and
backward extraction is referred to as K

K
D

D
' and is described in Eq. (28).
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The goal of the comparison of the three regeneration processes is to
obtain a general insight on the influences of the parameters KD, K

K
D

D
' and

the initial concentration of the acid on the energy requirements of re-
generation processes. In all of these processes there is an extraction
column and an extra column to regenerate the solvent. In the diluent-
swing processes there is an extra distillation column to evaporate a part
of the solvent or anti-solvent.

The following assumptions were made:

- the solvent-to-feed ratio S
F
was set to × ( )1.5 S

F min
, which was cal-

culated by Eq. (25) in combination with Eq. (26) for Yout max, .
- the weight fraction of the feed leaving the extractor xout was set to
0.001, for both extraction and back-extraction

- 90% recovery of the acid in the feed stream is assumed
- leaching of solvent or water co-extraction are not taken into account

Counter-current
extraction
column

Feed (water + acid)

Raffinate
(water, acid)

Evaporator

Back-extract
(acid, water)

water

Concentrated acid

Counter-current
back-extraction

column

Extract
(solvent, acid)

Solvent recycle
(solvent, acid)

water

S/F =
1.5 · S/Fmin

S/F =
1.5 · S/Fmin

xout x100.0= out = 0.001 yin = 0

Fig. 16. Flowsheet of extraction process with temperature-swing back-extraction followed by evaporation. If applicable, the evaporator can be replaced by a
distillation column.
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- the model solvent phase is 30 vol% TOA in octanol, with the cor-
responding heat capacity and density

- for ‘diluent-swing – evaporation’ the heat capacity and heat of
evaporation of octanol are used, and after evaporation there is
70 vol% TOA in the solvent.

- for ‘diluent-swing – anti-solvent’ the heat capacity and heat of
evaporation of heptane are used, and a volume ratio of 1/1 is used

- the evaporation process uses only 25% of the energy that would be
required for evaporating the stream in a normal process by using a
five effect evaporator.

- a temperature difference of 10 °C is used in the heat integration to
heat ingoing streams of the back-extraction units and the evapora-
tors.

- E E/product evaporation, or E E/ is the energy required for the process ex-
pressed as a fraction of the energy that would be required for using
evaporation of the feed stream to reach the same concentration
factor.

- a constant value of KD is assumed, but the shape or possible pinch
points of the equilibrium curve is not taken into account.

- boiling point of the acid is assumed to be higher than that of the
solvents

For all the three processes, the initial acid concentration was varied
between 1 and 5wt%. For the distribution value of acid between aqu-
eous and organic phase, either 2 or 8 was used. For K

K
D

D
' , 2 and 2.5 were

used. For diluent-swing with anti-solvent, an additional factor of 2 for
K
K

D

D
' was applied over the standard factor to account for changing nature

of the diluent (decreased solvent polarity). For all combinations of
variables, the results for the obtained concentration factor, as defined in
Eq. (4), and the energy required compared to the energy of evaporation
are shown in Fig. 19.

In general, the influence of initial concentration of acid is small; a
higher concentration slightly decreases the obtained concentration
factor and increases the energy demand compared to that for eva-
poration. Also, temperature-swing regeneration requires more energy
than either diluent-swing processes. Unlike for temperature-swing re-
generation, the relative energy demand decreases strongly with in-
creasing KD for both diluent-swing processes. For temperature-swing
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extraction
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Feed (water + acid)

Raffinate
(water, acid)
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Extract
(acid, water)

water
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back-extraction

column

Extract
(solvent, acid)

water
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Fig. 17. Flowsheet of extraction process with diluent-swing back-extraction by distilling of the solvent followed by evaporation. If applicable, the evaporator can be
replaced by a distillation column.
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Fig. 18. Flowsheet of extraction process with diluent-swing back-extraction by adding anti-solvent followed by evaporation. If applicable, the evaporator can be
replaced by a distillation column.
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regeneration, the effect of increasing K
K

D

D
' on the relative energy required

is larger than for increasing KD, as was also found by Tamada [113].
The process of diluent-swing by evaporation yields the highest

concentration factors and has the lowest energy requirements com-
pared to other processes. For diluent-swing regeneration both by eva-
poration and by addition of anti-solvent, the effect of increasing KD is
stronger than increasing K

K
D

D
' . This is remarkable taking into account that

for the anti-solvent process an extra K
K

D

D
' of 2 is added. The effect of K

K
D

D
' is

similar for regeneration by both temperature-swing and diluent-swing
using anti-solvent.

Brouwer et al. [136] calculated the energy requirements for a
temperature-swing based regeneration process. In a double extraction –
back-extraction cycle for levulinic acid and formic acid the concentra-
tion factor for both acids was 2.45, using a heater duty of 4.5MJ per kg
of lactic acid that is produced [136]. However, still a final distillation
column is required to obtain the pure products. After the pre-con-
centration by the double extraction-back-extraction cycles, the dis-
tillation heat duty reduced from 31.5MJ/kg acid to 11.3MJ/kg acid
[136].

Tamada [113] studied the performance of both diluent-swing and
temperature-swing processes to achieve 95% recovery of succinic acid.
The process of temperature-swing is based on a binary solvent of Ala-
mine 336 in MIBK over a temperature range of 25–80 °C, and the di-
luent-swing process is based on Alamine 336 in chloroform where half
of the solvent was evaporated. The concentration factor at a feed con-
centration of 0.1M is approximately 9 for diluent-swing and around 7
for temperature-swing, which is high because the complexation of a
tertiary amine is more temperature dependent than the complexation of
a phosphine oxide [136] or aminopyridine [66]. In the case of 1.2 times
the minimum solvent-to-feed ratio for a feed concentration of 0.1M the
temperature-swing process used approximately 9MJ/kg acid produced,
which is only a third of the energy of the diluent-swing process (26MJ/
kg acid produced), although resulting in lower concentrations of the
product (product concentration of 0.44M instead of 0.64M for diluent-
swing) [113]. For the temperature-swing regeneration process, a large
shift in equilibrium allows the use of less water in the regenerator and
therefore higher product concentration. For the diluent-swing the costs
are mainly determined by the required total diluent flow that

dominates the costs of evaporation in the regeneration. Higher dis-
tribution ratios can reduce this solvent flow [113].

Similar to the results presented in Fig. 19, the results from Tamada
[113] also imply that not only the distribution ratio KD influences the
energy and amount of solvent required in a regeneration process, also
the distribution ratio that is achieved in the changed conditions in the
back-extraction step KD

' has a strong effect. This distribution ratio in the
back-extraction step was also incorporated by Krzyzaniak et al. [66] in
Eq. (27) as

K
1
D
.

5. Conclusions

Solvent developments for liquid-liquid extraction (LLX) of car-
boxylic acids were described for three main categories of solvents:
composite solvents containing nitrogen-based extractants, phos-
phorous-based extractants and ionic liquids. The mechanism of ex-
traction is influenced by multiple variables. As well as the character-
istics of the acid and the extractant, the diluent plays an important role
in the mechanism. There are many parameters that aim to describe the
effect of the diluent on the liquid-liquid equilibrium. However, there is
no single parameter that can describe all the effects. The mechanism of
complexation describes the various types of complexes that are formed
in the organic phase during LLX. The complexes that are formed are
also dependent on the diluent, and they determine the loading of the
organic phase. The diluent not only influences the extraction in terms of
polarity, solvation capacity and the dimerization constant of the acid in
the specific diluent, but for active diluents also through specific inter-
actions and stabilization of complexes. Furthermore, the diluent influ-
ences the enthalpy change of the complexation reaction which de-
termines the temperature effect. Reverse micelles are often present in IL
solvents. This specific formation of clusters is a result of the combina-
tion of electrostatic and intermolecular forces. Two mechanisms play a
role in the extraction of acids by ionic liquid, formation of complexes
between IL and organic acid, and formation of reverse micelles that
include the acid. Water can also be extracted through these two me-
chanisms.

The effect on the loading differs for dicarboxylic and mono-
carboxylic acids. For dicarboxylic acids, there is a decrease in loading
with increasing diluent concentration, while for monocarboxylic acids
there is only a small effect of increasing diluent concentration. The
effect for dicarboxylic acids is an advantage in the case of diluent-swing
regeneration. Hydrophobicity of the acids and the presence of addi-
tional functional groups are also important factors in the mechanism of
LLX. In general, more hydrophobic and stronger monocarboxylic acids
have a higher distribution ratio in TOA and also a higher loading of
TOA. Systems other than amine-based extractants are affected by the
polarity and specific interactions of the diluent.

Using active, polar and proton donating diluents for the extraction
of carboxylic acids results in higher values of the distribution ratio
compared to inactive diluents. However, with such solvents the back-
extraction of the acids is more complicated. Therefore, combining both
active and inactive diluents is a promising approach. Ionic liquids can
be diluted to improve practical applications by reducing the viscosity,
thereby modifying the solubility of solutes. Adding a polar diluent to an
ionic liquid mixture can also increase the distribution coefficients. An
important advantage is that an IL mixture with up to 80mol% of co-
solvent still can have the main properties of the IL.

The most beneficial swing for regeneration is diluent-swing re-
generation by evaporation of part of the diluent. This regeneration
process increases the concentration factor that is obtained and reduces
the energy demand. This means that not only a high KD is important,
but so is the swing in KD.

Based on this, future work should focus on systems where K
K

D

D
' is high.

This implies that, instead of improving the KD a good approach is to
start with KD values that are moderate. Since the affinity is lower in

Fig. 19. Effect of initial acid concentration, distribution coefficient and ratio of
distribution coefficients in back-extraction and extraction on the concentration
factor and energy requirements of three acid extraction processes, based on
temperature-swing (squares), based on diluent-swing by evaporation (circles)
and based on diluent-swing by adding an anti-solvent (diamonds). Blue symbols
represent an initial acid concentration HA[ ]0 of 5 wt% and black symbols re-
present 1 wt%. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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these cases, a high K
K

D

D
' might be obtained by using a binary diluent that

consists of both an active and an inactive diluent. Furthermore, in
temperature-swing regeneration, a higher K

K
D

D
' is obtained for higher

enthalpy of complexation. Therefore, research should focus on which
combinations of extractants and diluents result in largest heats of
complexation.
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