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A B S T R A C T

Isothermal Titration Calorimetry (ITC) and molecular modeling (MM) were combined with liquid-liquid
equilibrium data to obtain better understanding of solvent effects on complexation in reactive liquid–
liquid extraction. Two examples with ample extraction literature available were studied, acetic acid
extraction and phenol extraction. Interactions with binary solvents were studied. Based on the insight
and quantification of complexation with MM and ITC, models describing the liquid-liquid equilibrium
(LLE) were formulated and validated with experiments, showing that ITC can predict LLE. ITC together
with MM indeed can yield additional insight in complexation behavior in reactive liquid–liquid
extraction and may guide solvent selection procedures.
© 2018 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Liquid–liquid extraction (LLX) is a commonly used technique
with applications in the petrochemical industry [1], pharmaceuti-
cal industry [2–4], nylon industry [5], wastewater treatment [6]
and fermentation processes [7–9]. For feed streams where one of
the components is present in very low concentration, distillation is
intrinsically inefficient [10]. Affinity based separation processes
such as liquid–liquid extraction that address the dilute solute are
promising alternatives for such dilute solute streams. With the
changing orientation of the chemical industry towards more
renewable feedstock, affinity separations become much more
important [11]. Selection or design of the most appropriate solvent
is not straight forward, as the solvent should preferentially have a
high capacity and selectivity in the extraction step to reduce the
solvent-to-feed ratio, but regeneration should also be possible to
recycle the solvent and obtain the solute preferentially in
concentrated streams. Good understanding of the intermolecular
interactions in solvents that are typically reactive is required to
Abbreviations: HAc, acetic acid; IL, ionic liquid; IR, infrared; LLX, liquid–liquid
extraction; MIBK, methyl isobutyl ketone; PhOH, phenol; TBP, tributylphosphate;
TBPO, tributylphosphine oxide; TOA or Alamine 336, trioctylamine; TOPO,
trioctylphosphine oxide.
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find the best combination of good distribution in the primary
separation, while allowing proper regeneration of the solvent.

For physical solvents a number of solvent screening approaches
is available, e.g. based on linear solvation energy relationship
(LSER) or the more expanded Abrahams model [12]. The drawback
of these models is that new solvents first need to be parametrized
based on distributions of solutes with known parameters, which is
labor intensive. Alternatively, COSMO-RS may be applied [13], a
software package deriving its parameters from quantum chemical
calculations. This might still be time-consuming if the solvent is
not in the database. For reactive solvents, affinity scales describing
the interaction between extractants and solutes may be more
applicable for solvent screening [14]. Examples of these scales are
the BF3-affinity scale for strong interactions and the pKBHX

hydrogen-bond basicity scale for weak interactions [15].
All of these approaches may yield initial screening results, after

which in-depth studies are required, because typically conditions
change between the extraction and regeneration and the effect of
the conditions on the solvent is highly important information in
the selection of a solvent and design of an LLX process [16]. Since
this effect cannot be based on the affinity scales or empirical linear
relationships, a good insight in and understanding of the
mechanism and interactions of the complexation is required.
We aim to obtain this insight by combining theoretical and
practical methods, including direct homogeneous measurement of
interaction energy through isothermal titration calorimetry (ITC),
and molecular modeling (MM). The studies are complemented and
hed by Elsevier B.V. All rights reserved.
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Symbols

Symbol explanation unit
A� Deprotonated anion of acid (–)
B Base (–)
ca,org,corg Concentration (of a) in solvent phase (M)
ca,aq,caq Concentration (of a) in raffinate phase (M)
c0 Initial concentration (M)
ΔG Gibbs energy change of a reaction (kJ/mol)
ΔH Enthalpy change of a reaction (kJ/mol)
HA Acid (–)
[HA] Concentration of acid (M)
½HAg Concentration of acid in organic phase (M)
HAð ÞnBm (n,m)-acid–base complex (–)
H+ Proton (–)
Ka Acid-dissociation constant (–)
m Number of bases in acid–base complex (–)
n Number of acids in acid–base complex (–)
pKa Acidity (–)
pKBHX Hydrogen bond basicity (–)
Kc,KE Complexation constant (M(n+m�1))
KD,a,KD Distribution coefficient of a (M/M),(–)
Km Physical extraction constant (–)
Kn,m (n,m)-complexation constant (M(n+m�1))
ΔS Entropy change of reaction (J/mol/K)
T Temperature (�C)
Z Extractant loading (–)

Fig. 2. Schematic overview of reactions in a liquid–liquid equilibrium.
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validated using liquid–liquid equilibria (LLE). With this approach,
direct results are obtained on the complexation behavior between
solvent and solute, and interpretation thereof is aided by MM. The
extractions of acetic acid (HAc) and the less acidic phenol (PhOH)
serve as case studies that were selected because of industrial
relevance, resulting in ample literature being available, e.g. on
extraction of acids from fermentation processes [7,8] and other
biobased streams [17] and removal of phenol from wastewater
[18,19], that can be used for comparison.

A key factor in extraction processes is the ratio of the
distribution coefficient (Eq. (1)) in the forward extraction over
the back-extraction [16]. The effect of operational parameters such
as the choice of the diluent and the temperature on the
intermolecular interactions between solute and extractant (and
thus indirectly the distribution ratio) was studied with ITC and MM
for extraction systems using tri-n-octylamine (TOA) [19–21],
trioctylphosphine oxide (TOPO) and tributylphosphate (TBP)
[22–27]. Extractant structures are given in Fig. 1. Based on the
insights in the intermolecular interaction behavior with tempera-
ture and diluent composition, future research can be directed, not
Fig. 1. Structure of extractan
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only with regard to solvent composition but also for extractant
design. With the upcoming biorefinery separations, development
of new LLX systems is highly important and may be aided using the
combination of ITC and MM reported here.

Theory

The distribution ratio of an acid HA as defined in Eq. (1) results
from a set of simultaneous equilibria displayed in Fig. 2. The
overbar indicates organic phase compounds, and B is the
extractant.

KD;a ¼ ca
ca

ð1Þ

Next to aqueous phase acid dissociation (Ka) and physical acid
partitioning (Km), complexes with B in various stoichiometries can
be observed depending on the system and the conditions [28]. E.g.
for tertiary amines, next to direct binding of the first acid to
the amine, additional acid molecules can bind sequentially to the
acid amine complex through hydrogen bonding [28,29]. It is
assumed that the interactions of all sequentially hydrogen bonding
acids are identical, but may be different from the interaction of the
first acid with the amine. The example in Fig. 3a [28] shows proton
transfer from the first acid to the extractant, whereas also
extraction mechanisms in which hydrogen bonding is the
dominating interaction for the first acid have been reported
[22,28,30].

To account for the difference in interaction of the first acid and
following acids with the extractant, a consecutive reactions model
can be applied in the case of overloading of the amine [31]. The first
reaction is described in Eq. (2).

HA þ BAHAB ð2Þ
ts applied in this work.

 understanding of solvent effects on intermolecular interactions in
and molecular modeling, J. Ind. Eng. Chem. (2018), https://doi.org/

https://doi.org/10.1016/j.jiec.2018.12.038
https://doi.org/10.1016/j.jiec.2018.12.038


L.M.J. Sprakel, B. Schuur / Journal of Industrial and Engineering Chemistry xxx (2018) xxx–xxx 3

G Model
JIEC 4331 No. of Pages 10
In this reaction the (1,1)-complex is formed with reaction
enthalpy ΔH1,1. The equilibrium constant of this reaction K1,1 can be
defined as:

K1;1 ¼ HAB½ �
HA½ � B½ � ð3Þ

And the consecutive reactions are described in Eq. (4) as a
lumped equation, which may be done assuming all hydrogen
bond-based affinities are similar.

nHA þ HAB@ðHAÞnþ1B ð4Þ
In this reaction the (1,1)-complex reacts with n acid molecules

to form the new complex, the reaction enthalpy of this reaction is
ΔHn+1,1. The equilibrium constant of this reaction Kn+1,1 is defined
as:

Knþ1;1 ¼ ½ðHAÞnþ1B�
½HAB�½HA�n ð5Þ

Model extension for active diluent complexation

Active diluents such as 1-octanol may actively participate in
complex formation [28,29,32,33]. For the active diluent 1-octanol
Oð Þ, the reaction is described by Eq. (6), where HAB is the acid-
extractant complex and HABO is the complex with the 1-octanol.
Other active diluents such as chloroform interact similarly. Fig. 3b
shows the complex formation between extractant TOA, acetic acid
and the diluent.

O þ HAB@HABO ð6Þ
The equilibrium constant of this reaction K1,1,O is defined as:

K1;1;O ¼ ½HABO�
½HAB�½O� ð7Þ

ITC

With ITC any type of thermal interaction effects between
molecules can be analyzed, and in a previous publication its
applicability and accuracy for studying LLX was described [31].
From the titration curve the enthalpy of the reaction DH, the
stoichiometry of complexation n and the binding association
constant K, can be fitted to model equations. From these
parameters DG and DS can be calculated, using Eqs. (8) and (9)
[34]. By determining all thermodynamic parameters, ITC can
Fig. 3. Complex of trioctylamine with (a) three acetic acid mol
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provide insight in the extraction mechanism.

DG ¼ �RTlnK ð8Þ

DG ¼ DH � TDS ð9Þ
Assuming a constant ΔH, the dependence of the equilibrium

constant on temperature is given in Eq. (10), which is derived from
Eqs. (8) and (9).

ln
KT2

KT1

� �
¼ �DH

R
1
T2

� 1
T1

� �
ð10Þ

The temperature dependent shift in equilibrium constant has a
major effect on the shift in distribution ratio of the acid with a
change of temperature.

The fitting parameters of the sequential binding model of Eqs.
(2)–(5) are K1,1, Kn+1,1, ΔH1,1, ΔHn+1,1 and n, and are fitted to the
total energy released Qtot in Eq. (11). For the model where the
molecule of 1-octanol is incorporated in the complex, the total
energy released is fitted to Eq. (12), including the additional fitting
parameters K1,1,O and ΔH3.

Qtot ¼ Vtotð½HAB�DH1;1 þ ½ðHAÞnþ1B�ðDH1;1 þ nDHnþ1;1Þ ð11Þ

Qtot ¼ Vtot

�
½HAB�DH1;1 þ ½ðHAÞnþ1B�ðDH1;1 þ nDHnþ1;1Þ

þ ½HABO�ðDH1;1 þ DH3Þ
�

ð12Þ

Experimental

Chemicals

Chemicals were used without further purification and com-
mercially obtained from Sigma Aldrich (acetic acid (HAc, >99.7%),
phenol (PhOH, >99%), trioctylamine (TOA, 98%), trioctylphosphine
oxide (TOPO, 99%), 1-octanol (>99%), heptane (99%), methyliso-
butylketon (MIBK, �99%), chloroform (�99%), ethyl acetate
(99.8%)), from Acros Organics (tributylphosphate (TBP, 99%)) and
from VWR International (toluene (>99.5%)).

ITC

Isothermal Titration Calorimetry was performed on a TA Instru-
ments TAM III Microcalorimeter, operated with the procedure
ecules and (b) acetic acid and the active diluent 1-octanol.
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previously described in [31]. For experiments with TBP a 1 mL sample
vial was used that contained about 0.65 mL of organic solvent. Unless
mentioned otherwise, the extractant concentration was 0.24 M. The
injection volume was set between 5–20mL and the injection interval
was 75 min to ensure that the signal was back at the baseline level. In
the case of acetic acid blank titration measurements were performed
to correct for dilution of the titrant. For the experiment with 2.4 M TBP
in heptane (>50 vol%) the data were corrected with the heat released
from the last injection because the sample mixture ismuch morepolar
than the pure heptane in the blank measurement. For the experiments
with phenol and TOA data were corrected with the energy released by
the last injection because of the low K-value and heat release,
whereas for TOPO and TBP the data were corrected based on the
results of blank measurements.Previous work on a similar system of
acetic acid and 0.24 M TOA with a parameter fit based on the
sequential model of Eqs. (2)–(5) showed standard deviations of 11%
in K1,1, 4.2% in ΔH1,1, 26% in Kn+1,1, 12% in ΔHn+1,1 and 1.4% in n [31].

Liquid–liquid equilibria (LLE)

LLE experiments were performed by mixing 3 mL of aqueous
acid solution with 3 mL of organic solution in 10 mL glass vials. The
initial acetic acid concentration was 2.0 wt% and the initial phenol
concentration was 1.0 wt%. Vials were extensively shaken by hand
and vortex mixer, and then placed into a shaking water bath with a
shaking speed of 200 rpm for 4 h. Thereafter the phases were
allowed to settle for 1 h, after which samples were taken for
analysis of the aqueous phase. Concentrations in the organic phase
were determined by mass balance. The temperature in the shaking
bath was set to either 20 �C or 60 �C.

HPLC

The aqueous phase of the LLE experiments was analyzed with
an Agilent HPLC 1200 series equipped with a Refractive Index (RI)
Detector (error �1%). The columns used are an Agilent Hi-plex
H + Column (300 � 7.7 mm) or a GROM Resin H + IEX (250 � 8 mm)
column, with a 5 mM H2SO4 solution mobile phase and a flow rate
of 0.6 mL/min.

Molecular modeling

Molecular modeling of the intermolecular interactions was
performed with Spartan’16 Parallel software from Wavefunction
Fig. 4. ITC results for a typical experiment. (a) Heat flow of periodical titration of acetic
Integrated ITC curve.
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Inc. Interaction between two molecules can be described using the
energy of the system of molecules as a function of the
intermolecular distance. To obtain these profiles for the acids
and extractants applied in this study, calculations were performed
with a constrained distance between the acid and extractant
modeled. For each distance, optimized geometries and energy
profiles were calculated for the molecules with the Hartree–Fock
6-31G* level of calculation, since higher order calculations showed
no significant improvement. Calculated energies were normalized
by referencing them to systems with a very large intermolecular
distance whose interaction energy was set at zero. For solvation
the SM8 model was used in combination with the Hartree–Fock
wavefunction, which is a parametrization for all atoms that treats
the solvent as a continuous field. Reducing the carbon chain length
of extractants with long hydrocarbon tails was applied to reduce
the computation time. A comparison between complexes of
trioctylamine (TOA) and tripropylamine (TPA) with up to 5 acid
molecules showed that the structures and relative interaction
energies of the complexes are not dependent on the carbon chain
length of the amine. There is only an increase in the absolute
interaction energy for the complex of the first acid with TOA, a
direct result of the increased carbon chain length. This will
however have a similar effect for all applied diluents and
extractants.

Results and discussion

Typical ITC experiment

In Fig. 4 the results of a typical ITC experiment are displayed, in
which acetic acid is titrated into the solvent comprising of 0.24 M
TOA in toluene at 20 �C. In Fig. 4a the heat released by the reaction
of the compounds is shown. The ‘S-curve’ in Fig. 4b is obtained by
integrating the heat release from Fig. 4a. The first data point (at the
lowest value of molar ratio) is very high. A deviant first data point is
seen more often in the experiments and is probably caused by
either air that is present in the injection line, diffusive loss of titrant
[35] or an extra drop of titrant at the tip of the injection line. This
integrated curve is used to fit the thermodynamic parameters of
the system.

Fig. 5 shows the integrated ITC-results and sequential reaction
model fit for an experiment in which the accuracy of the first part
of the curve is improved by decreasing the injection volume of the
first 4 injections. The larger negative ΔH1,1 (�23.2 kJ/mol) than ΔHn
 acid to trioctylamine (0.24 M) in toluene at T = 20 �C, injection volume = 10 mL. (b)
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Fig. 5. ITC results for titrating acetic acid to trioctylamine (0.24 M) in toluene at
T = 20 �C, injection volume = 3 mL, for first injection, 5 mL for injections 2–6,10 mL for
injection 7–21 and 15 mL for further injections. & experimental data, dashed line
represents the sequential reaction model fit based on Eqs. (2)–(5).

Table 1
Fit parameters of ITC data on complexation of acetic acid with 0.24 M TOA in several
diluents at T = 20 �C. Parameter fits are based on the sequential model in Eqs. (2) and
(4).

Diluent DH1;1
kJ
mol

� �
K1;1 DHnþ1;1

kJ
mol

� �
Knþ1;1 n

Toluene �23.2 22.3 �20.0 68.5 1.6
Heptane �17.9 22.5 �20.9 45.4 1.9
MIBK �22.2 5.6 �20.4 47.5 1.5
Ethyl acetate �24.6 5.9 �21.3 43.3 1.6
Chloroform �50.0 15.0 �25.1 5.0 0.4
Water saturated 1-octanol �38.0 97.1 �19.6 0.6 0.8
Unsaturated 1-octanol �28.8 90.7 �27.6 0.8 0.8
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+1,1 (�20.0 kJ/mol) results from the double S-shape of the
isotherm, and indicates that the first acid is bound stronger than
the subsequent acids.

Solvent composition effects on complex formation

For each of the three extractants studied for acetic acid
complexation, several diluents were applied. The results are
displayed in Fig. 6, with 0.24 M TOA in Fig. 6a, with 0.24 M TOPO in
Fig. 6b, and with TBP in Fig. 6c. In Fig. 6a, different types of curves
can be distinguished. For TOA in chloroform, the heat effect is
larger than for the other diluents and the first measurement point
is very low compared to the rest, a typical problem with the first
point that was also shown for the typical experiment in Fig. 4. TOA
in 1-octanol results in the second largest heat effect, also reducing
strongly around a molar ratio of 1. The other diluents all show the
steep part at higher molar ratio. Where toluene and heptane
exhibit a flat region in the beginning of the curve, MIBK and ethyl
acetate show an increasing heat release.

The active and protic diluents chloroform and 1-octanol thus
promote complexation indicated by the large heat release. Due to
competitive hydrogen bonding of these diluents, a 1:1 stoichiometry
is observed. The inactive diluents toluene and heptane exhibit lower
energy release, but due to absence of hydrogen bonding with the
diluent, multiple acids add to the complexes by hydrogen bonding.
Fig. 6. Effect of diluent on ITC ‘S-curve’ for the net heat of complexation of the reaction of
the hydrogen bond accepting solvents ^ ethyl acetate and ! MIBK and in the inactive so
(2.3 M in ethyl acetate, 1.1 M in MIBK, 1.8 M in toluene and 2.4 M in heptane).
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MIBK and ethyl acetate are active hydrogen bond accepting diluents,
and the loss of hydrogen bonds between extractant and diluent
results in a reduced net heat release at low stoichiometry. Their
hydrogen bonds are less strong than the double hydrogen bonds
between two acids, also resulting in overloading.

The effect of the diluent on the heat of complexation of acetic
acid with TOPO (Fig. 6b), is different than for TOA (Fig. 6a). For the
active and protic 1-octanol as a diluent the heat of complexation is
almost negligible. The other diluents all show a steep decrease in
heat of complexation around a stoichiometry of 1 acid per TOPO
molecule, indicating 1:1 stoichiometry. Apparently the nature of
the complexes does not favor additional interactions with acids.
The inactive diluents toluene and heptane show a larger heat of
complexation than the hydrogen bond accepting diluents MIBK
and ethyl acetate. From this we can conclude that the interaction
between TOPO and 1-octanol is of similar intensity as the
interaction between TOPO and acetic acid. This effect might also
be the reason why the heat of complexation is lower for MIBK and
ethyl acetate.

Similar trends were obtained for the heat of complexation of
acetic acid with TBP (Fig. 6c) although with a much higher TBP
concentration because at 0.24 M it was not possible to obtain a
proper ‘S-curve’. It should be mentioned that from increasing the
TBP concentration also a change in the K-value is expected, as K
depends on extractant concentration [24,31,36]. For TBP no protic
diluents were applied, since all other diluents showed already low
heat of complexation and low complexation constants, visible
through shallow slopes in the ITC-curves.

Fitting of the data

The isotherms in Fig. 6a were fit with the sequential binding
model that allows the formation of two types of complexes,
described by Eqs. (2) and (4). The fitted parameters are shown in
Table 1 for complexation at a temperature of 20 �C.
 acetic acid and extractant in the active protic solvents * 1-octanol, b chloroform, in
lvents4 toluene and & heptane, with (a) 0.24 M TOA, (b) 0.24 M TOPO and (c) TBP
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Fig. 7. Effect of 1-octanol concentration in the binary diluent of 1-octanol and
toluene on the ITC ‘S-curve’ for the heat of complexation of the reaction of acetic
acid with 1 M TOA (�45 vol%) at 20 �C in: � 0% 1-octanol & 50 vol% 1-octanol 5
75 vol% 1-octanol and 4 100 vol% octanol. Lines are fitted data with model
parameters of Table 4.
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From Table 1 it clearly reads that in the protic diluents 1-octanol
and chloroform stronger 1:1 complexes are observed at higher ΔH
1,1, whereas n and Kn+1,1 are lower than for non-protic diluents.
When 1-octanol was saturated with water, the presence of water
increased ΔH1,1 and K1,1. For the hydrogen bond accepting diluents
the typical signal showing initial increasing heat of complexation
with increasing stoichiometry is indeed fitted with a higher Kn+1,1

than K1,1.
The fit results for TOPO and TBP are given in Tables 2 and 3

respectively. The parameters were fitted using only the first
reaction of the model, Eq. (2), since clearly no overloading occurs
and applying extra equations decreases the accuracy of the
parameter fit [31]. Fitting of the data for the diluents 1-octanol
and chloroform appeared to be more difficult than for the other
diluents, because there is no flat part in the beginning of the curve
for the lower stoichiometry systems. Although the extractant
concentration was taken into account for the fitting, comparing the
results directly is difficult because of the influence of the
concentration on K1,1. No fit was possible at all for the energy of
complexation with TOPO when 1-octanol was used, because the
measured energy is too low.

Binary diluents

Mixtures of 1-octanol and toluene were applied in varying
composition as binary diluents with extractant TOA to study the
diluent composition effect on the complexation of TOA with acetic
acid. The results are displayed in Fig. 7. For these experiments a
high TOA concentration of 1 M was used to decrease the 1-octanol
to TOA concentration ratio and to improve the slopes of the curves
for easier comparison. It can be observed in Fig. 7 that with
increasing 1-octanol fraction in the solvent the stoichiometry
Table 2
Fit parameters of ITC data on complexation of acetic acid with 0.24 M TOPO in
several diluents at T = 20 �C. Parameters are fitted based on the (1,1)-complexation
in Eq. (2).

Diluent ΔH1,1 (kJ/mol acid) K1;1

Toluene �18 57
Heptane �28 13
MIBK �16 11
Ethyl acetate �18 19
1-octanol – –

Table 3
Fit parameters of ITC data on complexation of acetic acid with TBP in several
diluents at T = 20 �C. Concentration of TBP was 1.8 M in toluene, 2.4 M in heptane,
1.1 M in MIBK and 2.3 M in ethyl acetate. Parameters are fitted based on the (1,1)-
complexation in Eq. (2).

Diluent ΔH1,1 (kJ/mol acid) K1;1

Toluene �7.9 2.9
Heptane �22 0.3
MIBK �6.2 3.7
Ethyl acetate �9.1 1.2

Table 4
Fitted model parameters for complexation of acetic acid with 1 M TOA (�45 vol%) in bina
complex model combining Eqs. (2), (4) and (6).

Vol% 1-octanol DH1;1
kJ
mol

� �
K1;1 DH1;1;O

kJ
mol

� �

0 �20.5 10.4 – 

50 �20.6 0.10 �11.2 

75 �24.0 0.030 �13.8 

100 �18.4 0.067 �10.4 
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shifts down to favor more the (1,1)-complex being stabilized by 1-
octanol.

Using Eqs. (2), (4) and (6), the ITC results of Fig. 7 were also
fitted to determine the thermodynamic parameters. The results are
shown in Table 4. Two trends are observed with increasing the
volume fraction of 1-octanol, (1) a decrease of ΔHn+1,1 that is most
likely a result of the competition between acetic acid and 1-
octanol, and (2) a decrease of K1,1, except for the 100% 1-octanol
diluent, where also a decrease in all ΔH and K values is observed. In
the solvent where the diluent only consists of 1-octanol, there is a
1-octanol to TOA ratio of 4. An explanation for the decrease in all
parameters at this composition may be that this ratio of 1-octanol
to TOA is too high for optimal complex solvation.

Effect of temperature

To study on the effect of temperature on acetic acid
complexation with TOA in various diluents, ITC measurements
were done at 60 �C and the thermodynamic parameters were
fitted. These results are shown in Table 5. In general all K-values are
lower than those at 20 �C (see Table 1). For the value of Kn+1,1 this
effect is even stronger than for K1,1. As a result, the average
stoichiometry of the complexes is also lower at elevated
temperature, which may be explained by reduced formation of
hydrogen-bonds at elevated temperatures. In contrary to the
observations for the other diluents, for 1-octanol that is not
saturated with water, the value of ΔH1,1 significantly increases at
increasing temperature, whereas ΔHn+1,1 reduces. This implies
that in absence of water the interaction with the first acid is
stronger at 60 �C than at 20 �C and the interaction of the following
acids is weaker. This may also be explained by less favored
ry diluent of 1-octanol and toluene at 20 �C. Parameters are fitted based on the three

K1;1;O DHnþ1;1
kJ
mol

� �
Knþ1;1 n O½ �

TOA½ �

– �18.0 19 1.7 0
48.5 �16.2 855 1.6 2
58.2 �15.3 622 1.4 3
30.6 �11.4 288 1.7 4
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Table 5
Fit parameters of ITC data on complexation of acetic acid with 0.24 M TOA in several diluents at T = 60 �C. Parameters are fitted based on the sequential binding model in Eqs.
(2) and (4).

Diluent DH1;1
kJ
mol

� �
K1;1 DHnþ1;1

kJ
mol

� �
Knþ1;1 n

Toluene �25.4 11.8 �23.7 10.5 1.4
Heptane �18.5 13.4 �25.4 6.2 1.5
MIBK �23.3 2.2 �18.9 19.5 1.5
Ethyl acetate �26.2 2.8 �23.4 6.8 1.5
Unsaturated 1-octanol (0.36 M) TOA) �39.2 12.5 �12.8 2.2 1.4
Water saturated 1-octanol �38.6 14.0 �14.5 2.7 0.7
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hydrogen-bonding at elevated temperatures. For the water-
saturated 1-octanol there is no such effect since the presence of
water can improve hydrogen bonding.

Extraction of phenol

The isotherms for the interaction of phenol with the three
extractants measured with ITC are shown in Fig. 8, with the fitted
parameters inTable6. Foreachof theextractants inthe complexation
with phenol there is approximately a 1:1 ratio between phenol and
extractant, therefore the data were fitted with the (1,1)-complexa-
tion reaction of Eq. (2). The release of energy from complexationwith
TOPO is larger than for the other two extractants. Compared with the
data in Fig. 6, the K-values are clearly lower for complexation with
phenol than for acetic acid in the case of TOA and TOPO. However,
the K-values are difficult to compare since larger complexes (n = 3)
are formed with TOA and the applied concentration of TBP is 0.36 M
with phenol and 1.8 M with acetic acid.

The differences in affinity of acetic acid and phenol for the
extractants are a result of the ability of the TOA to accept a proton
Fig. 8. Integrated ITC data for complexation with &TOA (0.25 M), * TOPO (0.21 M)
and ~TBP (0.36 M) in toluene for phenol at 20 �C.

Table 6
ITC results for complexation of phenol with TOA (0.25 M), TOPO (0.21 M) and TBP
(0.36 M) in toluene at 20 �C, for ITC data of Fig. 8. Parameters are fitted based on the
(1,1)-complexation in Eq. (2). Because of the low K1,1 the error for the parameters for
these results is up to a standard deviation of 20% in ΔH1,1 and 8% in K1,1.

Extractant ΔH1,1 (kJ/mol phenol) K1;1

gr �20 5.7
TOPO �55 8.7
TBP �30 11
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from acetic acid, which is not possible for phenol [37]. Because the
molecules of phenol cannot get ionized, TOA is not a suitable
extractant for phenol. The weak interaction that is measured
between TOA and PhOH further implies that also hydrogen
bonding between TOA and PhOH is not strong enough to compete
with the p –p interactions between PhOH and the diluent toluene.

Validation of ITC data with LLE

To predict the distribution in biphasic extraction systems on the
basis of ITC data, the acid dissociation constant of acetic acid
(=1.75 �10�5) [38] and the physical distribution of acetic acid are
needed, as graphically illustrated in Fig. 2. The physical distribution
was measured for the applied diluents, and the results are given in
Table 7.

The calculated distribution coefficients using the complexation
constants determined by ITC for acetic acid extraction with TOA in
several diluents at 20 �C and 60 �C, or KD,model, are compared with
experimentally determined liquid–liquid equilibria KD,LLE in Fig. 9.
Table 7
Physical extraction of acetic acid by several diluents: distribution coefficients KD of
acetic acid (c0 = 2wt %) in a liquid–liquid equilibrium with pure diluents at 20 �C and
60 �C.

Physical solvent KD;HAc
M
M

�
, T = 20 �C KD;HAc

M
M

�
; T = 60 �C

Heptane 0.00064 	 0.020 0.0019 	 0.020
Toluene 0.013 	 0.020 0.015 	 0.020
MIBK 0.48 	 0.030 0.46 	 0.030
1-octanol 0.46 	 0.030 0.51 	 0.031

Fig. 9. Calculated distribution coefficients of acetic acid, or KD,model, compared
with experimentally determined values for liquid–liquid extraction of acetic acid
(c0 = 2 wt%) with 0.24 M TOA in several diluents: at T = 20 �C in & heptane, ~

toluene, ! MIBK, and * (water saturated) 1-octanol; and at T = 60 �C in & heptane,
4 toluene, 5 MIBK, and � (water saturated) 1-octanol.
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It follows that overall, the model based on ITC data successfully
predicts the value of KD for the diluents 1-octanol and MIBK
reasonably well, although at lower values of KD,LLE there is
underprediction, this might be an indication that dimerization in
the organic phase should be taken into account to improve the
model, since there is more dimerization in less polar diluents
where also KD is lower. However, incorporating dimerization as an
extra equation in the fitting model for the ITC data also results in
fitting of more variables, thereby reducing the accuracy of the fit.

Compared to acetic acid, phenol is a much weaker acid and also
for this weaker acid the LLE was studied, and interactions with the
extractants were studied in 1-octanol and toluene with ITC. For the
experimental results in Table 8, the concentration of TOPO in the
diluents is lower than for the other extractants due to limited
solubility. From these results it is clear that higher values of KD are
obtained in the active diluent 1-octanol for the pure diluent and
the TOA based solvent. For TOPO and TBP based solvents toluene
shows higher values of KD. Next to that, higher KD is also obtained
for phenol compared to acetic acid, which is due to the more
hydrophobic nature of this molecule. In the diluent toluene p –p
interactions between phenol and toluene contribute to the very
high values of the distribution coefficient.

In contradiction to the case of acetic acid extraction, for
extraction of phenols the tertiary amine TOA does not show the
highest distribution, see Table 8. Similar results are reported in
literature [39–42]. LLE experiments with TOPO, TBP and even pure
1-octanol result in a higher distribution coefficient than that in the
case of TOA, although because of limited solubility the concentra-
tion of TOPO is only 11 wt% (�0.24 M), compared to those of TOA
0:92Mð Þ and TBP (1.46 M).

Comparing the ITC and LLE results (Tables 1, 2, 3, 6 and 8) with
the BF3-affinity and pKBHX scale [15], it can be concluded that for
extraction of phenol the pKBHX scale is more applicable since it
clearly predicts high KD for TOPO and TBP (taking into account the
lower concentration of TOPO). For extraction of acetic acid with
TOA in toluene the differences in KD are too small to compare it
with one of the scales, while for acetic acid in TOA in 1-octanol,
where protonation of the extractant is expected, the BF3-affinity
scale clearly predicts the high KD for TOA.

Molecular modeling

Aiming to understand the differences in mechanisms in the
various systems, molecular modeling was used. For the interaction
of both acetic acid and phenol with the three extractants TOA,
TOPO and TBP energy profiles were created using a solvation model
with 1-octanol and with toluene, see Fig. 10.

In the case of acetic acid interaction in 1-octanol (Fig. 10a), for all
three extractants there is a (local) minimum visible at an intermolec-
ular distance of 2 Å, characteristic for hydrogen bonding [43,44]. In
addition, for TOA there is a minimum at a lower intermolecular
distance around 1 Å, which is around the covalent bond distance for
the N–H bond [38], which indicates a dative bond implying proton
transfer. A deeper energy valley could be expected for proton transfer
with TOA than for hydrogen bonding with TOPO and TBP, as proton
transfer is a stronger interaction. It might be that neglecting
Table 8
Distribution coefficient KD for phenol (c0 = 1.0 wt%) and acetic acid (c0 = 2.0 wt%) with

Solvent KD;HAc
M
M

� �
KD;PhOH

M
M

� �
Pure toluene 0.013 	 0.020 1.89 	 0.058 

TOA (40 vol% in toluene) 0.73 	 0.012 10.3 	 0.23 

TOPO (11 wt% in toluene) 0.86 	 0.038 185 	 23 

TBP (40 vol% in toluene) 0.89 	 0.038 210 	 26 
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interactions with surrounding water molecules influences the energy
profile significantly. To study the influence of water molecules in the
near vicinity of the complex, a simulation was run with five water
molecules for a similar system comprising of trimethylamine and
acetic acid, indeed confirming that in presence of water the
characteristic proton transfer shows a deeper energy valley. In
Fig.10c, the results are shown for interaction between acetic acid and
the extractants using toluene as a diluent. Here there is no (local)
minimum at the typical distance of the N–H bond that would occur
due to proton transfer, onlyat the distance forhydrogen bonding forall
three extractants, so no proton transfer takes place between acetic and
TOA when toluene is the diluent. The effect of diluent on the
complexation of a tertiary amine and acetic acid was also studied with
MM for the diluents chloroform, ethyl acetate, MIBK and heptane. Just
as was the case for TOA in 1-octanol and toluene (Fig.10a–c), for these
diluents also two local minima are visible in the total energy. All
diluents except 1-octanol show the lowest energy for hydrogen
bonding, although for chloroform the local minimum around a proton
transfer distance is relatively strong, followed by ethyl acetate and
MIBK. Similar to toluene, for heptane the proton transfer state is even
less favorable than the reference state in which there is no interaction.

With ITC (Table 1) it was also shown that for 1-octanol mainly
the (1,1)-complex is formed and has a large enthalpy of
complexation, followed by chloroform with a lower K1,1 value.
The difference between chloroform and the diluents MIBK and
ethyl acetate is less clear in MM than in the ITC-data. It may be
concluded that with the exception of chloroform, the findings of
MM directly support the results from ITC (Table 1), where only for
1-octanol and chloroform larger differences between ΔH of the
first and following acids were found, and only smaller differences
in ΔH for the non-proton donating diluents as well as lower ΔH. No
proton transfer was calculated for interaction between acetic acid
and TOA in toluene, this is in accordance with the ITC results
(Fig. 6a and Table 1) where TOA showed only a small difference in
ΔH for the first and following acid interactions.

TOPO and TBP both only show an energy minimum at the
typical distance of hydrogen bonding, with a larger energy value
than TOA at that distance (Fig. 10a). This could not be compared
with ITC results, since no isotherms could be measured for
interaction of TOPO and TBP as a result of a too strong interaction
between extractant and 1-octanol. The strong hydrogen bonding
ability that is expected based on this interaction with 1-octanol is
indeed visible in the MM results, also compared to TOA. In toluene
(Fig. 10c), for TOPO and TBP also no proton transfer was calculated
for interaction with acetic acid, which is in accordance with the ITC
results (Fig. 6b and c and Tables 2 and 3).

The liquid–liquid equilibria in 1-octanol in Table 8 shows a very
high KDof acetic acid for TOA and a lower KD for TBP and TOPO, which
is in accordance with the proton-transfer that was only found for
TOAusing MM (Fig.10a). The bond energy in molecular modeling is a
bit higher for TOPO than for TBP in both 1-octanol and toluene
(Fig.10a–c). This can be related to the liquid–liquid equilibria, since
the values for KD are almost equal but TOPO was in LLE applied at a
much lower concentration because of solubility limitations.

Fig. 10b shows the interaction between phenol and the three
extractants TOA, TOPO and TBP in 1-octanol and Fig. 10d shows the
 different extractants at a temperature of 20 �C.

Solvent KD;HAc
M
M

� �
KD;PhOH

M
M

� �
Pure 1-octanol 0.46 	 0.030 32 	 4.0
TOA (40 vol% in 1-octanol) 7.2 	 0.17 30 	 3.8
TOPO (11 wt% in 1-octanol) 0.75 	 0.035 45 	 5.6
TBP (40 vol% in 1-octanol) 0.79 	 0.036 117 	 14
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Fig. 10. Energy profile for varying the distance between the acid and extractant in complexation with &TOA, * TOPO and ~TBP; calculated with Hartree–Fock 6-31G*
wavefunction with SM8 solvation in 1-octanol, using Wavefunction’s Spartan’16 Parallel, for (a) acetic acid in 1-octanol, (b) phenol in 1-octanol, (c) acetic acid in toluene and
(d) phenol in toluene.

L.M.J. Sprakel, B. Schuur / Journal of Industrial and Engineering Chemistry xxx (2018) xxx–xxx 9

G Model
JIEC 4331 No. of Pages 10
results in toluene. There is no energy minimum visible in the
region of proton transfer in any of the graphs. For TOA there is also
no energy minimum in the region of hydrogen bonding for both 1-
octanol and toluene. Moreover, for both diluents the energy
minimum is indicating a larger bond energy for TOPO than for TBP.
Equal to the case of acetic acid, interactions of phenol with TOPO
and TBP in 1-octanol could also not be analyzed with ITC, therefore
only the modeling results for toluene can be compared with the
ITC-results (Fig. 8 and Table 6). In these ITC measurements very
little interaction with TOA was shown and TOPO showed more
interaction, followed by TBP. This exactly matches the molecular
modeling results and is also confirmed in the LLE results for the
phenol-extractant system (Table 8), in which a very low KD was
found using TOA and high values of KD were found for TBP and
TOPO. Overall, it can be concluded that he use of MM strengthens
the interpretation of the heat effects measured by ITC and together
these two techniques can aid research on new solvents by allowing
much better understanding of the intermolecular interactions that
occur in solvent systems.

Conclusion

Isothermal Titration Calorimetry (ITC) was applied to directly
characterize the thermodynamics of complexation in the study of
liquid–liquid extraction of organic acids, and molecular modeling
Please cite this article in press as: L.M.J. Sprakel, B. Schuur, Improving
reactive liquid–liquid extraction with Isothermal Titration Calorimetry 

10.1016/j.jiec.2018.12.038
(MM) was used to aid interpretation of the ITC data. Complexation
of acetic acid and phenol with extractants TOA, TOPO and TBP were
studied in various diluents. It was found that the choice of diluent
can affect the mechanism of the complexation, and that interaction
between TOA and acetic acid has larger negative values of ΔH and
larger complex stoichiometry than phenol. When protic diluents
were applied the stoichiometry of the complexes was reduced
because of competition between the acid and diluent, whereas
inactive diluents resulted in more overloading of the amine. At
elevated temperatures, all K-values are lower, where especially Kn

+1,1 decreases strongly as a result of less tendency towards
overloading of amine at elevated temperatures. In contradiction
to the case of acetic acid, for phenol TOPO is a very suitable
extractant, already at a concentration of only 11 wt% in 1-octanol
TOPO outperforms the other extractants. The differences between
interaction with phenol and acetic acid could be described using
the BF3-affinity scale for acetic acid and the hydrogen bond basicity
pKBHX scale for phenol, which was confirmed by ITC and MM.

The model based on ITC data can be used to predict LLE, and
further interpretation by MM showed two local minima for the
tertiary amine–acetic acid complex at typical distances for
hydrogen bonding and proton transfer. For active diluents such
as 1-octanol proton transfer is preferred and for the other diluents
hydrogen bonding. This shows that the combination of ITC with
MM is a strong approach to study the thermodynamics of
 understanding of solvent effects on intermolecular interactions in
and molecular modeling, J. Ind. Eng. Chem. (2018), https://doi.org/

https://doi.org/10.1016/j.jiec.2018.12.038
https://doi.org/10.1016/j.jiec.2018.12.038


10 L.M.J. Sprakel, B. Schuur / Journal of Industrial and Engineering Chemistry xxx (2018) xxx–xxx

G Model
JIEC 4331 No. of Pages 10
intermolecular interactions in liquid–liquid extraction processes
and can help to improve the understanding of the interaction
mechanism. Improved understanding of the effect of molecular
structure of the extractant and diluent on the extraction and
regeneration can help in the design of new solvents to improve
solvent-based processes such as liquid–liquid extraction.
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