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Renewable phenol can be obtained from pyrolytic bio-oil, which contains not only phenol, but also other
phenolic compounds, oxygenates and carboxylic acids. For applications of renewable phenol in produc-
tion of polycarbonates, it is required to upgrade and separate intermediate products and phenol. To sup-
port separation and purification approaches for bio-based phenol, interactions related to separation and
purification of phenol and phenolics have been studied together with extraction results, focusing on phe-
nol separation from low concentration aqueous streams by liquid-liquid extraction. The effect of the pres-
ence of other components and the effect of the substitution of the phenols were studied at 293 < T/
K < 333. High phenol distribution ratios were obtained, the presence of especially polar impurities
decreased the distribution ratios for phenol. Increasing the ratio of phenol to extractant weakened the
primary hydrogen bond as a result of homoconjugate competition of phenol. Analysis with isothermal
titration calorimetry (ITC), nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy showed
that interaction with phenol is based on hydrogen bonding, not proton transfer. Thus extractants with
a high hydrogen bond basicity have a high potential. This explains that, although 2-nitrophenol and thio-
phenol have a lower pKa value than phenol, their interaction with the phosphine oxide extractant is
weaker.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Phenol is an organic component that is mostly used for the pro-
duction of phenolic resins, caprolactam aniline and alkylphenols
[1]. Moreover it is one of the raw materials for the production of
polycarbonates. More than 99% of the global market for phenol is
based on synthetic processes from fossil oil, and the market grows,
from worldwide nearly 6.4 million metric tons in 2001 to over 10.7
million metric tons in 2016 [2,3]. Phenol is mostly produced by the
cumene process, in which also acetone is formed. The process is
based on cumene that is formed during Friedel-Crafts acylation
of benzene by propylene [2,4]. Cumene is then oxidized to form
cumene hydroperoxide, which is further hydrolyzed and cleaved
to phenol and acetone. From the product stream of acetone and
phenol, intermediates can be formed from which several other
chemicals can be derived, e.g. polycarbonates. The temperatures
in the production process are moderate, ranging from T/K of 303
in the cleavage process to 393 in the oxidation step [2,4].

Biobased phenol can be derived from pyrolysis of wood or other
forms of lignocellulosic biomass, and can potentially replace the
fossil oil based phenol. Pyrolysis oil from biomass contains not only
phenols and other phenolics, but also other aromatics (e.g. ben-
zene, toluene, xylene), and oxygenates including carboxylic acids
[5,6]. The ratio of phenol over other phenolics is higher for catalytic
pyrolysis of the biomass compared to non-catalytic pyrolysis [6–
10]. The biomass-based processes result in the presence of a wide
variety of impurities in the product streams, including several aro-
matics (e.g. cumene), oxygenates and heavier alcohols [5,8–11].
Next to pyrolysis, platform chemicals and phenol production can
also be based on micro-organisms and fermentation of biomass
[12], where also extraction from a complex aqueous feed stream
is required to obtain the phenol from the product stream.

For further applications of these renewable phenols in the pro-
duction of polycarbonates, as well as for the production of phenol
from the benzene and cumene based products that are formed,
several other processes may be applied for upgrading of the pro-
duct mix to yield more phenol. Alkoxyphenols derived from lignin
biomass may for example be demethoxylated to form phenol [5].
Because chemical modification of the lignin and phenolics may
be energy intensive, also other processing routes and applications
e.g. as a precursor for larger macromolecules and development of
new building blocks are investigated [13]. Further processing of
biobased phenol and furan derivatives can be based on coupling
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Nomenclature

A, B Feed components
½A� Concentration of acid
½A� Concentration of acid in organic phase
FT-IR Fourier-Transform Infrared Spectroscopy
HAc Acetic acid
HPLC High – Performance Liquid Chromatography
IR Infrared (spectroscopy)
ITC Isothermal Titration Calorimetry
LLE Liquid-liquid equilibrium
MIBK Methyl isobutyl ketone
MM Molecular Modeling
NMR Nuclear Magnetic Resonance
TBP Tributylphosphate
TOA Trioctylamine
TOPO Trioctylphosphine oxide
UV Ultraviolet

BF3-affinity Scale for interaction energy based on interaction
with BF3, (kJ/mol)

w0 Initial weight fraction, (–)
K Complexation constant, (–)
Ka Acid-dissociation constant, (–)
KD Distribution ratio (mass fraction based), (–/–)
pKa Acidity, (–)
pKb Basicity, (–)
pKHBX Hydrogen-bond basicity scale based on interaction with

4-fluorophenol, (–)
q Density, (g/mL)
Q Heat (of mixing), (kJ/mol)
S/F Solvent-to-feed ratio (mass – based), (–)
T Temperature, (K)
Tb Boiling point, (K)
Tm Melting point, (K)
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reactions, similar to the process for the production of bisphenol A
from phenol [14]. The phenol in the bio-oil can also be obtained by
direct extraction from the bio-oil [8–10]. Extraction of aromatic
components is also applicable in the production of bioethanol from
pyrolytic sugars, derived from bio-oil from pyrolysis of biomass. In
these fermentation processes aromatics are inhibiting and may
also be valuable components that require separation, e.g. with
ionic liquids [15].

For application of renewable phenol in the polycarbonate
industry, impurities and components formed during the cumene
process should also be taken into account. The main impurities
are byproducts that are formed in one of the process steps, e.g.
dimethyl benzyl alcohol (DMBA), alpha-methylstyrene (AMS), ace-
tophenone, carboxylic acids, hydroperoxides, aldehydes, hydroxyl
acetone, 2-methylbenzofurane (2MBF) and mesityl oxide. For all
these byproducts special separations are required, ranging from
addition of caustic soda to convert the aldehydes, extraction steps
to remove water soluble components, hydrogenation processes,
and conversion of components with ion exchange resins, to biolog-
ical treatment of the final wastewaters [4,16].

To improve and develop separation and purification processes
for successful implementation of biobased phenols in the polycar-
bonate industry, more knowledge and understanding is required of
the interactions, equilibria and reactions of phenol and the other
components typically present. In this work interactions have been
studied that are related to phenol, separation of phenol and pheno-
lics and production of phenol via either the biobased routes or the
cumene process. The focus is on phenol separation from low con-
centration aqueous streams, either to remove valuable compo-
nents or traces of toxic components in effluents that are not
allowed for discharge as surface water. This is of special impor-
tance as phenol is a harmful pollutant with significant health
effects and the water purity standard is less than 1 ppb in surface
water [17]. The effect of the presence of other components and
impurities that are typically present is studied, as well as the effect
of the substitution of the phenols.

Separation processes and intermolecular interactions that may
be expected.

The preferred method of separation of phenols and phenol
derivatives from diluted aqueous streams is mainly dependent on
the phenol concentration in the aqueous streams [18]. Several sep-
aration techniques have been applied, e.g. liquid–liquid extraction,
distillation, extractive distillation, adsorption and anion exchange,
emulsion liquid membranes or even less conventional methods
2

based on oxidation reactions or enzymatic treatment [17,19–21].
Various solvents have been applied for liquid–liquid extraction of
phenol, including both physical solvents and reactive solvents
[16,22–27]. Wastewater from coal gasification processes contain-
ing phenols can be treated with methyl isobutyl ketone (MIBK)
or other organic solvents [28,29]. All of these processes are intro-
ducing new impurities in the process either by reactive extraction
or in the regeneration step to recycle the solvent. Regeneration is
generally performed by stripping with a base [22,24]. Among all
other solvents applied, a large potential is found for cumene, as
cumene is already present in the process for phenol production
[24].

Although already in 1963 the ability of accepting an H-bond
from phenol was reported for organophosphorous compounds
(strongest), followed by esters and ketones, aldehydes, ethers,
pyridines and tertiary amines [30], and it was also reported that
interactions in phenol complexes and phenol-water complexes
result in very stable complexes based on hydrogen bonding
[31,32], it is important to map which impurities can cause prob-
lems to reach the strict norm of 1 ppb. Problems might be expected
when these impurities interfere with the hydrogen bonding, and
thorough analysis of interactions is required. Further literature
on phenol interactions with ethers, phosphates and amine-N-
oxides are extensively described by Cuypers [33–36], where in
each of these cases hydrogen bonding is the dominant mechanism.
Dimerization also occurs in phenol-water systems, as well as for
phenol in other solvents [33,37], as well as p-hydrogen bonding
and migration of the hydrogen bond across the molecule [38–
40]. Dimers and trimers form stronger bonds than the monomer,
either as result of a more optimal structure or of increased basicity
of the O-atom as a result of hydrogen bonding of the H-atom [41].
These effects might also occur with other hydrogen bond accepting
components interacting with phenol. Steric hindrance was shown
not to be an influencing factor on hydrogen bonding interaction
of phenol with different types of ketones [30]. Although less sol-
vent effects may be expected in systems where O–OH bridges
and hydrogen bonding already occur, solvent effects are reported,
e.g. for substituted phenols and strongly hydrogen bonding sol-
vents [42]. Solvent effects can be a result of specific dipolar inter-
actions at either one of the ends of the hydrogen bond [42]. To
investigate in more detail the expected interactions, a range of
impurities related to the cumene-process for production of phenol,
but also relevant for interactions in other production routes have
been applied in studies with isothermal titration calorimetry
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(ITC), NMR and IR to interpret the results from liquid-liquid extrac-
tion experiments. By combining the insights from the ITC, the NMR
and IR, this work presents new insights in interactions and interac-
tion mechanisms of phenol and substituted phenols related with
other components and impurities often present in affinity separa-
tion processes in the phenol and polycarbonate industry. Thereby
it provides information for development and design of industrial
processes.

2. Materials and methods

2.1. Chemicals

All chemicals were used without further purification and pur-
chased at the purity indicated that was reported by the supplier
and obtained from the suppliers specified in Table 1. Densities
reported by suppliers have been used to calculate masses from
pipetted amounts of liquids at 293 ± 1 K, as further validated by
balance, explained below in the section on liquid–liquid extraction
experiments.

2.2. Liquid-liquid extraction equilibria (LLE) experiments

LLE-experiments were performed in 10 mL glass vials, by mix-
ing 3 mL of aqueous phenol solution (weight fraction w of 0.001
and 0.02) with either 3 mL or 0.6 mL of an organic solution that
is used as a solvent phase for extraction (for all experiments, the
exact intake of each of the chemicals by weight is given in the sup-
plementary information, reported accuracies are based on pipet-
ting accuracy (±1%) as well as the measured raffinate
compositions). All experiments were prepared using pipettes for
obtaining the sample volume, with a check by balance to ensure
pipette functionality. For all measured masses of liquids and calcu-
lated ratios, pipette accuracy applies. Additionally, the density of
the 0.24 mol/dm3 TOPO-toluene and 0.24 mol/dm3 TOPO-MIBK
solutions at 293 ± 1 K were measured in eight-fold, resulting in
average density of 0.87 kg/dm3 for TOPO-toluene and 0.79 kg/
dm3 for TOPO-MIBK, both at 293 ± 1 K. The relative standard uncer-
tainty as a fraction of the reported density is 0.010. All experiments
were performed at atmospheric pressure. Aqueous solutions of
either phenol or 2-nitrophenol are applied. In experiments to study
Table 1
Chemicals.

Name CAS-number Abbreviation P
p

acetic acid 64-19-7 �
Acetaldehyde 75-07-0 �
Acetophenone 98-86-2 0
a,a-dimethylbenzyl alcohol 617-94-7 DMBA 0
Cumene 98-82-8 Cu 0
Hexadecane 544-76-3 HexD 0
hydroxyl acetone 116-09-6 HyAc >
mesityl oxide 141-79-7 mes. Ox 0
methyl isobutyl ketone 108-10-1 MIBK �
2-nitrophenol 88-75-5 0
1-octanol 111-87-5 �
2-octanone 111-13-7 2-Octo �
Phenol 108-95-2 PhOH �
1-pentanol 71-41-0 �
Thiophenol 108-98-5 0
Toluene 108-88-3 >
toluene d8 2037-26-5 0
tributylphosphate 126-73-8 TBP 0
Trioctylamine 1116,76-3 TOA 0
trioctylphosphine oxide 78-50-2 TOPO 0

a n.a. is not applied for calculation of masses from pipetted volumes (solids were dire
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on LLE relevant for the cumene process, hydroxyl acetone
(0.17 mol fraction) was added to phenol as impurity. The impuri-
ties acetaldehyde, acetic acid and 1-pentanol were added in
10 vol% to the organic phase (corresponding to a mole fraction of
0.19 for acetaldehyde, 0.18 for acetic acid, 0.11 for 1-pentanol
and 0.16 for hydroxy acetone in toluene and 0.20 for acetaldehyde,
0.20 for acetic acid, 0.11 for 1-pentanol and 0.17 for hydroxyl ace-
tone in MIBK) for their possible relevance in bio-based phenol pro-
duction. In addition, to study impact of modification on the phenol
moiety, also experiments with 2-nitrophenol were performed. Any
impurities added to 2-nitrophenol were added in 10 vol%. The
organic phase consists of an organic diluent (i.e. cumene, toluene,
MIBK or 1-octanol), and when reactive extraction is applied, the
diluent is combined with an extractant molecule, either triocty-
lamine (TOA), trioctyl phosphine oxide (TOPO) or tributylphos-
phate (TBP). After extensive shaking by hand, the vials were
placed into a shaking water bath with a shaking speed of
200 rpm for at least 4 h. The temperature T/K in the shaking bath
was set to either 293 or 333. After the shaking time, the samples
were allowed to settle for 1 h in order to separate the aqueous
and organic phases. After equilibration, the samples of the aqueous
phase of the LLE experiments were analyzed with HPLC and the
composition of the organic phase was determined based on a mass
balance over both phases. The weight of the aqueous phase prior to
the equilibration was used for this calculation, and since the
mutual solubilities of MIBK and water are by the largest (1.9 wt%
water in MIBK and 2.4 wt% MIBK in water at 293 K [48,49]), these
were used to estimate the maximum uncertainty due to uncor-
rected mutual miscibility of the solvents and water).

2.3. HPLC

Samples from the aqueous phase of the LLE-experiments were
directly analyzed with an Agilent HPLC 1200 series equipped with
a Refractive Index (RI) Detector (standard error �1%). The column
used is an Agilent Hi-plex H + Column (300*7.7 mm), with a
5 mmol�dm�3 H2SO4 solution (H2SO4 mole fraction 9:0 � 10�5)
mobile phase and a flow rate of 0.01 mL/s at 338 K. Although the
(absolute) value of the standard uncertainty in the value for KD that
is determined strongly depends on the initial concentration and
the value for KD itself. Therefore, for results based on measured
urity (mass based,
rovided by supplier)

Density (kg/dm3),
provided by supplier

Supplier

0:995 1.049 Sigma-Aldrich
0:995 0.784 Sigma-Aldrich
.99 1.03 Sigma-Aldrich
.97 n.a.a Sigma-Aldrich
.98 0.862 Sigma-Aldrich
.99 0.80 Sigma-Aldrich
0.95 1.082 Sigma-Aldrich
.98 0.86 Sigma-Aldrich
0:997 0.802 Sigma-Aldrich
.98 n.a. Sigma-Aldrich
0:99 0.83 Sigma-Aldrich
0.98 0.819 Sigma-Aldrich
0:995 n.a. Sigma-Aldrich
0.99 0.811 Sigma-Aldrich
.99 1.073 Sigma-Aldrich
0.995 0.87 VWR International
.996 (atom-based) n.a. Sigma-Aldrich
.99 0.979 Acros Organics
:98 0.81 Sigma-Aldrich
.99 n.a. Sigma-Aldrich

ctly weighed, not pipetted).
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liquid–liquid equilibria an average relative standard uncertainty of
5% can be assumed based on the analyzed data, the HPLC standard
uncertainty of �1%, the concentration range and the note that
higher values are expected in case of very high values of KD.

2.4. ITC

A TA Instruments TAM III Microcalorimeter operated at 293 ±
0.1 K was used for the ITC experiments. The apparatus was oper-
ated based on dynamic correction. A sample cell of either 1 or
4 mL was applied in combination with a reference cell with a heat
capacity equal to that of the sample cell including the sample. A
stirring speed of 1.33 Hz was applied. Solute-extractant interaction
experiments using the solute in combination with an organic sol-
vent phase were performed where the extractant concentration
was 0.24 mol�dm�3, unless mentioned otherwise. Injection inter-
vals of 1.25 h were applied for equilibration of the system and
ensuring that the signal returned to the baseline. The injection vol-
ume was set between 3 and 20 lL, depending on the area of inter-
est of the measurement. The first injection was not taken into
account for further analysis as a diffuse loss of titrant may occur.
Blank titration experiments were performed to correct for titrant
dilution and effects of the varying volume of the sample cell. For
experiments with a low K-value and heat release, the data were
corrected with the energy released by the last injection. Previous
work on ITC of similar systems showed relative standard uncer-
tainty of < 5% in the heat release from reactions and interactions
[43].

3. IR

Fourier Transform InfraRed (FT-IR) spectroscopy was performed
using a Bruker TGA-IR Tensor 27, with ATR unit with DTGLS detec-
tor, according to the manufacturer specification. The FTIR cell is
kept at 473 K ± 0.1 K. Samples were dissolved in toluene and the
full spectrum from 500 to 4000 cm�1 of the sample was measured
relative to a blank measurement. As FT-IR was only applied for
qualitative analysis of the interactions present in the systems, no
peak integration was performed.

4. NMR

A Bruker 400 (400.13 MHz) NMR spectrometer was used to
record the 31P NMR and 1H NMR spectra. Toluene d8 was used as
the solvent for all recordings. A total of 32 scans were performed
for each spectrum.

5. Results and discussion

5.1. Liquid-liquid extraction equilibria (LLE) of phenols and phenolic
components

LLE experiments for extraction of phenol (weight fraction w0 of
0.001 and 0.02) and 2-nitrophenol (initial weight fraction w0 of
0.0012) from aqueous solutions were carried out by contacting
them with an organic solvent phase using the physical solvent
cumene and using reactive extraction with 0.24 mol�dm�3 TOPO
in toluene (TOPOmole fraction 0.028) or MIBK (TOPOmole fraction
0.030), in the presence of various impurities. Before comparing
impacts of impurities on the distribution coefficients, the results
from quaternary systems (TOPO + water + phenol + toluene and
TOPO + water + phenol + MIBK) were compared with previously
reported ternary (i.e. without TOPO) data for these systems and
also with a similar ternary system based on cumene. Since the data
obtained from literature are measured over a large range of con-
4

centration, they are shown on log-scale in Fig. 1. The data from
[24] were graphically derived from a ternary phase diagram dis-
playing the liquid–liquid equilibria, as a result, a lower accuracy
and minor up to major variations in solvent-to-feed ratio were
obtained, which may also explain the inconsistency with other lit-
erature data. At the lower concentrations the data are similar as
reported in literature, small differences may also be a result of a
difference in the applied temperature. The data for cumene show
a lower fraction of phenol in the organic phase, which may be
explained by the reduced polarity of cumene compared to the
other solvents. The data for the ternary system of water + phenol +
toluene (ref [44;45]) show good agreement between each other,
although the concentrations are out of range for comparison with
the quaternary experimental results. The experimental data in
Fig. 1 also appear in Fig. 2 and in Table 3 and 4 in the Supplemen-
tary Information.

Based on the concentration in the aqueous phase and the mea-
sured weight of both phases, the equilibrium composition was cal-
culated using a mass balance. The ratio of the concentration of
solute in the solvents phase and in the aqueous phase is defined
as the distribution ratio, and although equal volumes of the organic
and aqueous phase were pipetted, based on weighing of the phases
at equilibrium, and aqueous phase analysis to yield the solute
weight fractions, the distribution ratio KD was expressed as the
ratio of the mass fractions in the organic phases over those in
the aqueous phases. The results with reactive extraction with
TOPO show high distribution ratios, see Fig. 2. In MIBK the distribu-
tion ratios are even higher than in toluene. This leads to the conclu-
sion the complexes that are formed between TOPO and phenol are
more stabilized by hydrogen bonding interactions with MIBK than
by pp-interactions with toluene.

Both an increase in temperature, and the presence of the impu-
rities hydroxyl acetone, acetaldehyde, acetic acid and 1-pentanol,
reduce KD as displayed in Fig. 2. This effect is most significant for
acetic acid and 1-pentanol, followed by hydroxyl acetone and
acetaldehyde. Lower initial weight fractions of phenol (0.001) in
the aqueous phase resulted in general in a too low concentration
of phenol in the aqueous phase for analysis, which would be
reported as a KD of at least the value corresponding to a raffinate
concentration at the detection limit, and this is shown in the figure
with a full bar in the diagram and the *. Only at elevated temper-
atures in MIBK a very high distribution ratio could be measured,
due to the stronger heat effect for this solvent that decrease the
distribution ratio, see Fig. 2.

LLE experiments with 2-nitrophenol in the aqueous phase show
in general higher KD values than for phenol in the aqueous phase,
see Fig. 3. The detection limit of the HPLC is higher than that for
phenol, as a result of which no values were obtained at a solvent
to feed ratio S/F, i.e. the ratio of the volume of solvent and volume
of the aqueous feed phase that was applied, of S/F = 1 with the RID
detection. Therefore, results based on the UV signal are shown in
Fig. 3. The temperature effect on KD is stronger for 2-nitrophenol
than for phenol in the aqueous phase, most likely a result of stron-
ger variations in water solubility. In MIBK as the solvent phase
additional impurities seem to decrease KD, whereas in toluene as
the solvent phase they increase KD as a result of their polarity,
except for the case of 1-pentanol in the solvent phase which is
the least polar additive. LLE experiments were also performed at
S/F = 1/5, see Fig. 3. To be able to determine the different effects
of the impurities, while obtaining higher raffinate concentrations
of 2-nitrophenol in the aqueous phase. As a result of the limited
water solubility of 2-nitrophenol in the aqueous phase, the differ-
ences between a S/F of 1 and 1/5 are rather large. Also at the
reduced S/F = 1/5 the temperature effect is stronger in MIBK, a
result of increased temperature dependent hydrogen bonding with
the MIBK molecules in the solvent phase.



Fig. 1. Liquid-liquid equilibria based on the results from quaternary systems in this work (TOPO + water + phenol + toluene (circle) and TOPO + water + phenol + MIBK
(triangle)), with 0.24 mol�dm�3 TOPO (liquid phase) in toluene (TOPO mole fraction of 0.028) and MIBK (TOPO mole fraction of 0.030) at 293 K (1:1 vol based solvent to feed
ratio, open symbols). For comparison also literature data is displayed based on ternary systems, i.e. without TOPO, closed/marked symbols) for an equilibrium with toluene as
the third component (circle) (at 298 K, dark grey [45] and at 300 K light grey [44]), MIBK as the third component (triangle) (at 303 K (black) [46], and 298 K (grey) [47]), or
cumene as the third component (at 298.2 K (checkers squares) [24]).

Fig. 2. Liquid-liquid equilibria (ratio of mass fractions) of aqueous phenol (liquid aqueous phase at 1:1 vol ratio, initial weight fraction w0 of 0.02 or 0.001, as indicated) with
an organic solvent phase consisting of 0.24 mol�dm�3 TOPO (liquid phase) in toluene (corresponding to a TOPO mole fraction of 0.028) and MIBK (TOPO mole fraction of
0.030) with addition of 10 vol% impurity (i.e. mole fraction of 0.19 for acetaldehyde, 0.18 for acetic acid, 0.11 for 1-pentanol and 0.16 for hydroxy acetone in toluene and 0.20
for acetaldehyde, 0.20 for acetic acid, 0.11 for 1-pentanol and 0.17 for hydroxy acetone in MIBK) and 333 as indicated. The * at the limit of the KD scale corresponds to the
distribution ratio based on the concentration at the detection limit. The quaternary data (no contamination) are the same data as in Fig 1, and reported in Table 3. The
quintenary data are reported in Table 4. Error bars are based on the propagation of standard uncertainties in the measured aqueous phase concentrations and solvent-to-feed
ratio, as indicated in the tables in the SI.
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In the case of phenol production based on the more traditional
cumene process, cumene is already present in the process and is
therefore a potentially advantageous solvent for extraction of
phenolics, as leaching of solvent would not add additional impu-
rities to the product [22,23]. Fig. 4 shows the LLE for both phenol
and 2-nitrophenol in the aqueous phase of LLE-experiments with
cumene in the organic solvent phase and a volume fraction of
impurity of 0.10. Also in these experiments the KD values for
5

2-nitrophenol were significantly higher than those for phenol.
The result for phenol without an impurity can be compared with
results from Asrami and Saien [24], and are comparable based on
the trend in distribution ratio versus aqueous phase phenol con-
centration reported by them. In the case of phenol the very polar
additional solvents hydroxyl acetone, acetaldehyde and acetic
acid have only little effect on the KD, whereas the other less polar
solvents, 1-pentanol, DMBA, mesityl oxide and 2-octanone,



Fig. 3. Liquid-liquid equilibria (ratio of mass fractions) of 2-nitrophenol in the
aqueous phase (liquid aqueous phase at 1:1 vol ratio, initial weight fraction w0 of
0.0012) with a solvent phase of 0.24 mol�dm�3 TOPO (liquid phase) in toluene
(TOPO mole fraction of 0.028) and MIBK (TOPO mole fraction of 0.030) with
addition of 10 vol% impurity (i.e. mole fraction of 0.19 for acetaldehyde, 0.18 for
acetic acid, 0.11 for 1-pentanol and 0.16 for hydroxy acetone in toluene and 0.20 for
acetaldehyde, 0.20 for acetic acid, 0.11 for 1-pentanol and 0.17 for hydroxy acetone
in MIBK) at T/K = 293 and 333. Error bars are based on the propagation of standard
uncertainties in the measured aqueous phase concentrations and solvent-to-feed
ratio, as indicated in the tables in the SI.

Fig. 4. Liquid-liquid equilibria (ratio of mass fractions) of phenol in the aqueous
phase (black, initial weight fraction w0 of 0.02 in aqueous phase, analyzed based on
RI-signal) and 2-nitrophenol in the aqueous phase (gray, initial weight fraction w0

of 0.0012 in aqueous phase, analyzed based on UV-signal) with a solvent phase of
cumene (liquid phase) with addition of impurity up to a volume fraction of 0.10 (i.e.
mole fraction of 0.14 for hydroxy acetone, 0.17 for acetaldehyde, 0.17 for acetic
acid, 0.10 for 1-pentanol and, 0.07 for DMBA, 0.094 for mesityl oxide and 0.071 for
2-octanone) at T/K = 293. Error bars are based on the propagation of standard
uncertainties in the measured aqueous phase concentrations and solvent-to-feed
ratio, as indicated in the tables in the SI.
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increase KD. Based on this it can be concluded that an increase of
polarity does not improve KD, but the presence of less polar
hydrogen bonding accepting and/or donating functional groups
does increase KD. This may be a result of increased competition
for interaction with the TOPO in the case of the more polar com-
ponents. Increased competition of the polar impurities is also vis-
ible for the case of 2-nitrophenol in the aqueous phase where
they reduce KD.
6

Based on the obtained KD values for extraction based on
cumene, short-cut calculations can be performed for the minimum
S/F-ratio required [50]. Using the rule of thumb that S/F = 1.5*S/
Fmin [50], the required S/F can be determined. The initial weight
fraction of phenol in the aqueous stream is assumed to be 0.02,
as a model for an industrial aqueous wastewater stream. The
regenerated cumene should only contain 0.1 ppb of phenol. To
obtain a raffinate concentration below 1 ppb at a KD of 1.4, the
required S/F-ratio would be 0.94, using 39 stages. Assuming the
impurity of hydroxyl acetone, a strongly hydrophilic component
with the most negative influence on KD (mass based KD of 1.1).
With this impurity the required S/F would be of 1.4 and 39 stages.
As this number of stages may result in operational challenges, it
can be reduced to 10 at the cost of increased and high S/F of 5.2.

In all of these cases, regeneration of the solvent is key to devel-
oping a viable process, especially since the concentrations are
below 1 ppb and in the recycled cumene even lower concentra-
tions are thus required. Because the interactions are only based
on hydrogen bonding, they are temperature dependent. Therefore,
regeneration of the sample by either distillation or extractive dis-
tillation is suggested. The previously suggested opportunity for
application of reactive extraction would in that case have another
benefit, as the in that case stronger hydrogen bonds with the
extractant are strongly temperature dependent, as was also shown
in Fig. 2 and Fig. 3.

5.1.1. ITC – calorimetric analysis of interaction of phenol with TOA,
TOPO, TBP
5.1.1.1. Effect of extractant. Interpretation of the phenomena
observed in the LLE experiments can be done by comparing with
earlier performed calorimetric analysis with ITC, for which data
from Sprakel et al. [51] on the interactions for phenol in solvent
phases consisting of TOA, TOPO and TBP in toluene were taken
and combined with similar data measured in solvent phases con-
sisting of MIBK and 1-octanol, see Fig. 5. In all of these cases the
interactions in the solvent phase of the extraction were studied,
i.e. in the organic phase. Fig. 5a and b show the interaction of phe-
nol with the three extractants in solvent phases based on 1-octanol
and MIBK, respectively. A data summary of all ITC – related figures
is shown in Table 2, vide infra. In 1-octanol, see Fig. 5a, the interac-
tions between 1-octanol and the extractants are too strong in com-
petition with phenol, thus only very low activity with the titrated
phenol is measured. In MIBK this effect is less present, however
still for TOA and TBP the measured heat of interaction is very
low. From the ITC results in MIBK it is clear that the strongest
interaction occurs with TOPO, followed by TBP and TOA.

Ideally, in ITC experiments an S-curve is obtained, from which
not only the enthalpy of interactions, but also the stoichiometry
and equilibrium constant(s) can be derived, based on which the
Gibbs energy and the entropy of the interaction (reaction) can be
calculated. However, as in these cases only for interactions with
TOA an S-curve is obtained, it is not possibly to fully compare
the interactions in other solvents based on all thermodynamic
parameters. The measured energy of interaction is directly related
to the enthalpy of the reaction, and in absence of a clear s-curve,
this is the only thermodynamic parameter that can be obtained
directly from ITC results, as it was not possible to obtain informa-
tion on the Gibbs energy via fitting of the equilibrium constant(s)
to the s-curve. For complexations with similar species from the
same family (e.g. cyanopyridine complexation with a variety of
phenols [52], a phenomenon called entropy-enthalpy compensa-
tion (EEC) [53,54] was observed. EEC can be interpreted as the
entropic penalty of enthalpic complexation. At higher enthalpy of
complexation, degrees of freedom in the system reduce, which
results in larger decrease in entropy too. As a result, Gibbs energies
in similar complexations tend to be very similar. However, here we



Fig. 5. ITC data at T/K = 293 of the Interaction of phenol (5 mol�dm�3 in corresponding diluents) with TOA, TOPO and4 TBP in a) 1-octanol and b) MIBK. The heat measured is
expressed per mole of phenol titrated, against the molar ratio of the phenol titrated and the extractant, i.e. TOA, TOPO or TBP. (TOA 0.25 mol�dm�3 (molar fraction of 0.034 in
MIBK and 0.042 in 1-octanol), TOPO 0.21 M (molar fraction of 0.028 in MIBK and 0.035 in 1-octanol) and TBP 0.36 mol�dm�3 (molar fraction of 0.048 in MIBK and 0.059 in 1-
octanol).
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compare extractants from different classes with each other, and
application of EEC is not trivial, even impossible if the nature of
the interactions is different for the different extractants. Therefore
to further interpret complexations and both strengthen and sup-
port ITC analysis, analysis through NMR and FTIR was also applied
in this work.

Sprakel et al. [51] show that in toluene, there are clear iso-
therms visible. Interaction with TOPO is clearly the strongest, fol-
lowed by TOPO and TBP. The isotherm has a more steep section
for TBP, indicating stronger complex formation than with TOA.
Sprakel et al. [51] combined their ITC results for acetic acid with
molecular modeling data and showed that there is no proton trans-
fer in any of the cases of interactions with phenols and in the case
of acetic acid, there is only proton transfer when 1-octanol was
used. The absence of proton transfer in phenol extractions is the
reason that the interaction with TOPO is stronger than that with
TOA, as TOPO is a stronger hydrogen bond accepting molecule.
Thus, the stronger interaction with TOPO would not be expected
based on the basicity of TOA, but is a result of the dominant hydro-
gen bonding mechanism, for which TOPO and TBP have a higher
affinity, based on their pKBHX index as well [20,51].
5.1.2. Effect of phenol substitution
Phenols with different side-groups were used for ITC experi-

ments to study the effect of phenol substitution on the interac-
tion with the extractants. Interaction of phenol (pKa = 9.99),
was compared with thiophenol (pKa = 6.62) and 2-nitrophenol
(pKa = 7.23), for interaction with TOPO in either toluene or MIBK,
see Fig. 6. The strongest interaction is observed for phenol, fol-
lowed by 2-nitrophenol and then thiophenol in both MIBK and
toluene. This is opposite to the order that would be expected
based on pKa, supporting that hydrogen bonding and hydrogen
bond basicity is not directly related to the pKa. For 2-
nitrophenol shape of curves is even more similar to heat of mix-
ing curves (see e.g. [55]), whereas thiophenol only shows very
weak interactions.

The interaction of the (substituted) phenols with TOA and TBP
was also measured by ITC, see Fig. 6b. Compared to Fig. 6a the
heat of interaction is clearly lower, which would also be expected
based on the results in Fig. 5. The curves for 2-nitrophenol and
thiophenol just show values in the range of heat of mixing, the
interaction with the extractant is not strong enough to be
analyzed in this way.
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5.1.3. Effect of impurities
For interaction of phenol with TOPO in toluene, see Fig. 7, all

impurities reduce the interaction between phenol and TOPO. There
is a decrease in the slope of the steep part of the isotherm, indicat-
ing a decrease of the complexation constant of the interaction. The
strongest inhibiting effect is for acetic acid, followed by acetalde-
hyde and hydroxyl acetone. For 1-pentanol higher exothermic
effects are shown for N > 2, this is a result of the less steep isotherm
indicating weaker complex formation and lower complexation
constants. These results support the LLE results in Fig. 4 as they
also show reduced phenol extractability upon addition of impurity
in general, with the exception of 1-pentanol.

Fig. 8a shows that the interaction of 2-nitrophenol with TOPO in
toluene is strongly inhibited by the presence of alcohols, as shown
for DMBA, 1-pentanol, hydroxyl acetone. The presence of DMBA
and acetic acid even results in an endothermic interaction between
2-nitrophenol and TOPO. This is most likely based on competition
between the impurity and the phenol for interaction with the
TOPO. The presence of acetaldehyde and ketones has limited or
no effect on the interaction, whereas there is also an inhibiting
effect of hydroxyl acetone, mesityl oxide, DMBA and 1-pentanol.
The profile and interactions for the interaction in MIBK are similar,
see Fig. 8b. In this case there are no (significant) endothermic
effects and only for acetic acid (HAc) the heat of interaction is very
low. The availability of the solvent MIBK for hydrogen bonding and
its effect on the polarity thus stabilize complexes and interaction
between 2-nitrophenol and TOPO. The difference between alcohols
and ketones as impurities is less clear in MIBK, compared to the
results for TOPO in toluene.

Without impurities the interaction between thiophenol and
TOPO in toluene was already very weak, see Fig. 6, and thus only
for a few impurities the interaction energies were measured. Addi-
tion of the impurities hydroxyl acetone, acetic acid and 1-pentanol
even further reduced the interaction energy. However, for the inter-
action of thiophenol with TOPO in toluene a very strong effect of the
presence of acetaldehydewas observed, see Fig. 9a, especially when
compared to the effect of the presence of other impurities. To study
whether acetaldehyde either strongly promotes the interaction
between thiophenol and TOPO or that there is complex formation
directly between acetaldehyde and thiophenol, experiments were
performed with different concentrations of the added impurity
acetaldehyde, see Fig. 6b. Increasing the amount of acetaldehyde
in the system directly increases the interaction energy that is mea-
sured for the interaction of thiophenol and TOPO, possibly also



Table 2
Maximum interaction energies observed upon titration of (substituted) phenols to several solvent mixtures consisting of combinations of extractant, diluent and/or impurity. In
all titrations, T/K = 293 ± 0.1 K and P/Pa 1.01 ± 0.01�105, and energies are expressed in kJ per mol of phenol titrated. Complete data sets are shown in SI Tables 7–12.

Type of Phenol Solvent Qmax/J mol�1

Extractant Diluent Impurity

Phenol (5 mol�dm�3 in diluent reported in third column) TOA 0.25 mol�dm�3 MIBK – �3.9∙103

‘‘ TOA 0.25 mol�dm�3 1-octanol – �4.6∙103

‘‘ TOA 0.25 mol�dm�3 Toluene – �1.6∙104

‘‘ TOPO 0.21 mol�dm�3 MIBK – �1.6∙104

‘‘ TOPO 0.21 mol�dm�3 1-octanol – �6.7∙103

‘‘ TBP 0.36 mol�dm�3 MIBK – �6.5∙103

‘‘ TBP 0.36 mol�dm�3 1-octanol – �9.7∙103

‘‘ TOPO 0.24 mol�dm�3 Toluene – �2.3∙104

‘‘ TOPO 0.24 mol�dm�3 MIBK – �1.7∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Hydroxy acetone �1.2∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetic acid �5.1∙103

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetaldehyde �1.8∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene 1-pentanol �1.3∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene DMBA �6.9∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Mesityl oxide �2.1∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene 2-octanone �2.1∙104

Thiophenol (pure) TOPO 0.24 mol�dm�3 Toluene �3.1∙103

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetaldehyde 0.5 M �5.2∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetaldehyde 0.64 M �5.4∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetaldehyde 1.5 M �5.3∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetaldehyde 1.7 M �6.1∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene 1-pentanol 2.6∙102

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetic acid 2.1∙102

‘‘ TOPO 0.24 mol�dm�3 Toluene Hydroxyl acetone �3.2∙103

‘‘ TOPO 0.24 mol�dm�3 MIBK – �7.0∙103

‘‘ TOA 0.25 mol�dm�3 MIBK – �9.3∙103

None Toluene Acetaldehyde 0.77 M �3.5∙104

2-nitrophenol 5 M in corresponding diluent reported in third column) TOPO 0.24 mol�dm�3 Toluene – �1.1∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetaldehyde �1.2∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene 1-pentanol �7.2∙103

‘‘ TOPO 0.24 mol�dm�3 Toluene Acetic acid 1.2∙103

‘‘ TOPO 0.24 mol�dm�3 Toluene DMBA 1.2∙103

‘‘ TOPO 0.24 mol�dm�3 Toluene 2-octanone �1.2∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Mesityl oxide �1.4∙104

‘‘ TOPO 0.24 mol�dm�3 Toluene Hydroxyl acetone �7.0∙102

‘‘ TOPO 0.24 mol�dm�3 MIBK – �1.4∙104

‘‘ TOPO 0.24 mol�dm�3 MIBK Acetaldehyde �1.4∙104

‘‘ TOPO 0.24 mol�dm�3 MIBK 1-pentanol �7.6∙103

‘‘ TOPO 0.24 mol�dm�3 MIBK Acetic acid �2.2∙104

‘‘ TOPO 0.24 mol�dm�3 MIBK DMBA �6.2∙103

‘‘ TOPO 0.24 mol�dm�3 MIBK 2-octanone �1.7∙104

‘‘ TOPO 0.24 mol�dm�3 MIBK Mesityl oxide �2.6∙104

‘‘ TOPO 0.24 mol�dm�3 MIBK Hydroxyl acetone �4.6∙104

‘‘ TOA 0.25 mol�dm�3 MIBK – �7.1∙103

‘‘ TBP 0.36 mol�dm�3 MIBK – �1.9∙103

Reported errors for the heat released are standard relative uncertainties as a fraction of the reported value, r((Q/Q)/(–)) = 0.050 and standard error for temperature r(T/
K) = 0.1.
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directly interacting with acetaldehyde in a ternary complex. Direct
complexation of acetaldehyde and thiophenol could not be mea-
sured with clear isotherms expressed in terms of molar ratio with
respect to acetaldehyde, thus there is no (strong) complex formation
(with a high K value) with that component. However, as a nucle-
ophilic addition reaction is a possibility, especially in an acidic envi-
ronment [56], the increased enthalpy of formation is most likely a
result of such an interaction. This is further supported by an exper-
iment without TOPO. In this experiment pure thiophenol was
titrated to a mixture of 0.77 mol�dm�3 acetaldehyde in toluene
and the heat of interaction was measured to study just the interac-
tion between thiophenol and acetaldehyde, that showed only a
low heat of interaction, see data in the SI Table 12.With the interac-
tion heat Q/kJ mol�1 up to 20, however, it was larger than for thio-
phenol – TOPO, but the heat of interaction was not large enough to
fully account for the acetaldehyde effect in Fig. 6a. Hence, a nucle-
ophilic addition reaction is suspected.
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Table 2 shows a data summary of all ITC related figures, i.e.
Figs. 5–9, corresponding to full data tables in SI Table 7–12. In
this table the maximum interaction energies are compared for
the different sets of (substituted) phenols with solvent combina-
tions (extractant and diluent), and an added impurity for some
cases. Comparing the different phenols, the values in the table
show stronger interaction of combinations with thiophenol as
the acid and combinations with TOPO as the base compared to
the other used components. From this table it is clear that for
interaction of 2-nitrophenol with TOPO, compared to the values
for no impurity, the impurities acetaldehyde, 1-pentanol, acetic
acid and DMBA show the strongest deviations in both diluents.
Similar values are obtained for phenol and TOPO, where also 2-
octanone and mesityl oxide show only a small effect. Further-
more, toluene as a diluent increases interaction energy also in
general compared to MIBK and 1-octanol, as a result of pp-
interactions.



Fig. 6. ITC data at T/K = 293 of the interaction of (substituted) phenols (5 M in corresponding diluents) a) with 0.24 mol�dm�3 TOPO in toluene (molar fraction of TOPO equals
0.028) and MIBK (mole fraction of TOPO equals 0.030), and b) with 0.24 mol�dm�3 TOA and 0.39 mol�dm�3 TBP in MIBK (molar fraction of TOA equals 0.030 and of TBP 0.052)
and toluene (molar fraction of TOA equals 0.028 and of TBP 0.040). The heat measured is expressed per mole of (substituted) phenol titrated, against the molar ratio of the
(substituted) phenol titrated and the extractant, i.e. TOA, TOPO or TBP.

Fig. 7. ITC data at T/K = 293 of the interaction of phenol (5 mol�dm�3 in
corresponding diluent) in toluene with 0.24 mol�dm�3 TOPO in toluene (molar
fraction of TOPO equals 0.028) and 0.5 mol�dm�3 of impurity (i.e. the impurity is
present in a mole fraction of � 0.055). The heat measured is expressed per mole of
phenol titrated, against the molar ratio of the phenol titrated and the extractant, i.e.
TOPO.
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5.1.4. Interaction of phenol and extractant at the molecular level
studied with NMR/IR
5.1.4.1. NMR. The interactions of phenol and TOPO were studied at
the molecular level, representing a model solution of phenol –
extractant interactions in the solvent phase of the LLE process.
31P NMR spectra are shown in Fig. 10 for several mixtures of phe-
nol and TOPO in toluened8 at increasing loading Z ranging from 0
to 9. The spectra show a significant downfield peak shift (towards
higher ppm values) with increasing loading of phenol over TOPO.
This peak shift is similar to the one observed by Reyhanitash at
al. [57] for their phosphinate IL system, where a shift occurred
for the POO- phosphorous atom upon addition of acetic acid. The
downfield shift can in the current work be attributed to increased
hydrogen bonding between TOPO and phenol by the increased
number of phenolic protons, as proton transfer is not expected
[43]. There is also a small peak visible at higher shift than the
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major peak, a result of impurity in the phosphine oxide (e.g. iso-
mers, derivatives).

Fig. 11 shows the 1H NMR spectra of the same mixtures as those
used for Fig. 10, with an additional spectrum for phenol. Fig. 11b
and c show a zoom of the area around 7 ppm and around 1 ppm,
respectively. Peaks at 7 ppm and 2.5 ppm are expected from a sam-
ple of pure toluene, resulting from the aromatic protons and
methyl-protons respectively. For phenol the aromatic protons also
result in three peaks around 7 ppm and the hydroxyl proton is vis-
ible around 3.4 ppm (strongly dependent on solvent). The peak
around 1 ppm in the spectrum for phenol results from a water
impurity in the phenol sample, which in toluene d8 is visible at this
chemical shift. In Fig. 11 for Z = 0, there is no phenol present and
thus all peaks originate from either TOPO or toluene, confirming
the peaks of the aromatic protons for toluene at 7 ppm and the
peak from the methyl group of toluene at 2.1 ppm.

The signal from the protons of TOPO is expected and present in
the range from 0.8 to 1.5 ppm. For Z > 0, the aromatic protons for
phenol are expected and visible around 6.7–7.4 ppm, where the tri-
plet around 6.8 shows increasing intensity upon increasing Z (and
is not present in sample 1). Upon increasing Z, the intensity of the
peaks around 0.95 ppm decreases and the peak around 1.25 does
not only decrease in intensity but also becomes broader. The
decrease in intensity is a result of the increased concentration of
phenol over TOPO that has a diluting effect on the overall sample.
The broadening effects are most likely a result of the broadening
effect of hydrogen bonding (proximity broadening) between TOPO
and the increased number of phenol molecules. This is a result of
the formation of different types of complexes that are present
simultaneously, and continuously change their chemical nature
due to exchanges of phenols between different types of complexes,
causing a slightly different shift.

The quartet/triplet around 7.20 ppm and the doublet/triplet
around 6.9 that is only visible in sample 5 and 6 shifts towards
lower ppm. The effect of addition of phenol at high concentrations
on the interaction between TOPO and phenol is thus very signifi-
cant, in pure phenol there is a triplet visible whereas for TOPO this
is a full visible quartet, indicating that there is an extra neighboring
proton as a result of the interaction of TOPO and phenol. This sug-
gests that the intermolecular interactions are strong enough to



Fig. 8. ITC data at T/K = 293 of the interaction of 2-nitrophenol (4 mol�dm�3 in corresponding diluent) with 0.24 mol�dm�3 TOPO in a) toluene (with a TOPO mole fraction of
0.028) with 0.5 mol�dm�3 of added impurity (i.e. the impurity is present in a mole fraction of � 0.055) and b) MIBK (with a TOPO mole fraction of 0.030) with 0.5 mol�dm�3 of
added impurity (i.e. the impurity is present in a mole fraction of � 0.060). The heat measured is expressed per mole of 2-nitrophenol titrated, against the molar ratio of the 2-
nitrophenol titrated and the extractant, i.e. TOPO.

Fig. 9. ITC data at T/K = 293 of the interaction of pure thiophenol with 0.24 mol�dm�3 TOPO in toluene (with a TOPO mole fraction of 0.028) a) with 0.5 mol�dm�3 of added
impurities (i.e. the impurity is present in a mole fraction of � 0.055) and b) with varying concentration of the added impurity acetaldehyde (i.e. 0 mol�dm�3, 0.5 mol�dm�3,
0.64 mol�dm�3, 1.5 mol�dm�3 and 1.7 mol�dm�3, or weight fractions of 0, 0.055, 0.069, 0.15 and 0.17, respectively). The heat measured is expressed per mole of thiophenol
titrated, against the molar ratio of the thiophenol titrated and the extractant, i.e. TOPO.
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reduce the interaction distance sufficiently that protons from TOPO
have the effect of neighbors on the aromatic protons.

The field shift towards lower ppm implies a decreased level of
interaction as the field shift is opposite to the previously men-
tioned shift for the phosphorus-NMR. This is most likely caused
by a weakening bond strength for the primary interaction of TOPO
and phenol, upon more interaction of the TOPO-phenol with addi-
tional phenol molecules, i.e. a result of competition. Especially for
the samples with a significant excess of phenol over TOPO this
effect is expected as a result of intermolecular hydrogen bonding
of phenols.

5.1.4.2. IR. Phenol interactions in the organic solvent phase of a LLE
process were also studied using IR, based on the same model solu-
tion of TOPO and toluene. Fig. 12a shows the IR spectrum of a ser-
ies of samples of TOPO in toluene with varying concentration of
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phenol, ranging from Z = 0–5, subfigures b and c show zoom in
around wavelength of 1000–1500 and around 3000 cm�1. The
peaks that around 2800–1600 cm�1 are all related to hydrogen
bonding and decrease with increasing phenol concentration, espe-
cially in the region from 3000 to 2500 cm�1 (OH – vibrations). This
is a result of competition between the phenols for interaction with
the TOPO and the formation of larger clusters of phenols, similar to
the effect observed in the NMR data. A very peak is visible at
720 cm�1, a result from P – C stretch vibrations. The signals at
1407 and 1288 cm�1 are coupled in intensity and increase with
increasing phenol concentration, indicating that they belong to a
C-O stretch vibration in combination with OH-deformation in the
phenol molecules. Lastly, the peak at 1230 cm�1, belonging to C-
O stretch vibrations of phenol also increases with increasing phe-
nol concentration for Z > 1, showing increased concentration of
phenol-phenol bonds at overloading.



Fig. 10. 31P NMR spectrum for mixtures of 0.24 mol�dm�3 TOPO in toluene d8 (with a TOPO mole fraction of 0.028), mixed with phenol in the following mole ratios of phenol
to TOPO: 1: 0, 2: 0.75, 3: 0.97, 4: 2.0, 5: 4.5, 6: 9.0.
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Clear hydrogen bonding signals can be expected around
930 cm�1 in the case of strong hydrogen bonding, as a result of
OH - O deformation vibrations that are out of plane, these are how-
ever not visible in Fig. 12. These signals can however be observed
in IR spectra for interaction of acetic acid – TOPO in toluene, see
Supporting Information Fig. 13.

For the system of Cyanex 272 (also a phosphine oxide) and
acetic acid, Reyhanitash et al. [57] also observed peaks around
wavelengths 954 cm�1 for the P-O stretch and 1166 cm�1 for the
P = O stretch, this peak is also clearly visible in Fig. 12. Furthermore
they also recognized the other C–C skeletal absorption around
812 cm�1, C–H and P-C stretch at 730 cm�1. Reyhanitash et al.
[57] also observed an absorption band at 1900 cm�1 from which
they derived the presence of strong hydrogen bonds, however this
band is not visible in Fig. 12 (phenol) and Supporting Information
Fig. 13 (acetic acid), suggesting that (strong) hydrogen bonding can
be present without absorption at 1900 cm�1.

Several similarities and analogies can be derived when compar-
ing the LLE results of the equilibrium of the aqueous phase and the
organic solvents phase with those obtained from ITC, NMR and IR
in which the organic solvent phase was studied. IR results con-
firmed that only hydrogen bonding is observed, not proton trans-
fer. This explains why, in both ITC and LLE results, TOPO and TBP
outperform TOA and also show a stronger interaction and extrac-
tion, as phenol does not ionize or transfer its proton under these
typical extraction conditions [58]. The NMR results show an effect
of overloading, which is typical for hydrogen bonding [59,60] and
hence this also supports the previously mentioned finding of
hydrogen bonding as the main mechanism. Addition of the impu-
rities hydroxyl acetone, acetic acid and 1-pentanol even further
reduced the interaction energy that was measured in ITC for inter-
action of TOPO with phenol, which supports the findings in Fig. 2 in
which it was observed that the extracted amount of phenol
decreased when these impurities were added. More knowledge
of interactions with other components, e.g. contaminants or impu-
rities, is also required for application of more sustainable processes
in industry. In the case of bio-based phenol impurities can be
expected of which several where applied in this work (acetalde-
hyde, acetic acid and 1-pentanol). The addition of these impurities
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showed that although impurities can inhibit and decrease extrac-
tion and thereby increase the difficulty of separation, the other
impurities did not show a significantly stronger effect than hydro-
xyl acetone did, which is the main component that can be expected
to be present in process streams based on fossil based phenol in
the cumene process. Thus, based on these results the difficulty of
purification of bio-based phenol is not expected to be more diffi-
cult than is the case in the most relevant conventional cumene
process.

6. Conclusions

Biobased phenol production processes deal with more impuri-
ties than phenol produced through the cumene process. This is a
result from several steps that are required to obtain the phenol.
LLE was studied to remove phenols and phenolics from aqueous
streams with these impurities. Furthermore, fundamental insights
on the interactions in the organic solvent phase of LLE processes
between phenols, its extractants and the impurities that are gener-
ally present were obtained with ITC, NMR and IR. Liquid-liquid
equilibria showed high distribution ratios in general for phenol
and even higher for 2-nitrophenol. The presence of especially polar
impurities decreased the extraction. Since cumene is already pre-
sent in processes related to polycarbonate formation this is an
advantageous solvent that does not bring additional impurities.
Extraction with cumene shows high distribution ratios for 2-
nitrophenol, for phenol only moderate KD values where obtained
although the presence of impurities increases them in general,
with the exception of acetic acid and hydroxyl acetone as impuri-
ties. Based on short-cut calculations it was derived that with LLE-
based separation based on physical extraction it is very challenging
to obtain a raffinate concentration below 1 ppb, especially in the
presence of specific impurities. Thus, reactive extraction or other
processes may be required. For other phenols, e.g. 2-nitrophenol,
the increased KD also eases application of the LLE process. Regener-
ation of the solvent that is applied for LLE is a fundamental aspect
in developing a viable process. Because the interactions are only
based on hydrogen bonding, regeneration of the sample by either
distillation or extractive distillation is suggested.



Fig. 11. 1H NMR spectrum for mixtures of 0.24 mol�dm�3 TOPO in toluene d8 (with a TOPO mole fraction of 0.028), mixed with phenol in the following mole ratios of phenol
to TOPO: Z = 0, 0.75, 0.97, 2.0, 4.5, 9.0, as well as the spectrum for phenol. a) Whole range from 16 to �4 ppm, b) Zoom (6.5–7.45 ppm) and c) Zoom (0.8 – 1.65 ppm).
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Fig. 12. FT-IR spectrum of 0.24 mol�dm�3 TOPO in toluene d8 (with a TOPO mole fraction of 0.028) interacting with phenol at different loading Z (Z = 0, 0.4, 0.6, 2, 3.5, 5).
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ITC results showed that reactive extraction is based on hydro-
gen bonding, which was confirmed by NMR and IR, and thus this
explained the results measured in LLE experiments in which the
extractants TOPO and TBP were more effective than TOA. Further-
more, the interaction with of TOPO is the strongest with phenol in
toluene a result of stabilizing pp-interactions. The presence of
impurities generally strongly decreases the interaction energy,
which was supported by ITC experiments for interaction of TOPO
with phenol. NMR and IR analysis showed that the direct bond
between TOPO – phenol is weaker at higher loading of phenol over
TOPO, as a result of more intermolecular phenol-phenol bonding
and competition for interaction with TOPO. In NMR overloading
was observed, which also indicates interaction based on hydrogen
bonding. Although differences in toluene and MIBK were shown in
LLE, only small differences were observed in ITC for similar mix-
tures. Applying NMR and IR to further study interactions in other
diluents than toluene is a potentially interesting focus of further
study. The insights on the mechanism of interactions and the effect
of impurities can be applied to develop new affinity based separa-
tion processes for successful implementation of biobased phenols
in the polycarbonate industry. By comparison of the addition of
several impurities, no increased difficulties were shown for the
bio-based phenol process compared to the conventional cumene
process.
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