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ABSTRACT: We report liquid−liquid mutual solubilities for binary aqueous mixtures involving 2-, 3-, and 4-ethylphenol, 2-, 3-,
and 4-methoxyphenol, benzofuran, and 1H-indene for the temperature range (300 < T/K < 360). Measurements in the water-
rich phase for (2-ethylphenol + water) and (4-ethylphenol + water) were extended to T = 440 K and T = 380 K, respectively, to
facilitate comparison with literature values. Liquid−liquid equilibrium tie-line determinations were made for four ternary systems
involving (water + toluene) mixed with a third component: phenol, 3-ethylphenol, 4-methoxyphenol, or 2,4-dimethylphenol.
Literature values at higher temperatures are available for the three (ethylphenol + water) systems, and in general, good agreement
is seen. The ternary system (water + toluene + phenol) has been studied previously with inconsistent results reported in the
literature, and one report is shown to be anomalous. All systems are modeled with the predictive methods NIST-modified-
UNIFAC and NIST-COSMO-SAC, with generally good success (i.e., within 0.05 mole fraction) in the temperature range of
interest (300 < T/K < 360). This work is part of a larger project on the testing and development of predictive phase equilibrium
models for compound types occurring in catalytic fast pyrolysis of biomass, and background information for that project is
provided.

1. INTRODUCTION
There is a current emphasis on developing conversion pathways
for the production of renewable fuels and chemicals from
lignocellulosic biomass materials, such as wood, corn stover,
and wheat straw, that do not compete with food sources such as
corn and sugar. In a simplistic representation, the primary
constituents of lignocellulosic biomass are cellulose (a
polysaccharide with glucose as building blocks), hemicellulose
(a heteropolysaccharide with acetyl groups), lignin (an
amorphous polyphenolic structure with variously bonded
hydroxy and methoxy units), extractives (nonstructural organic
matter of varying composition), and mineral matter (the
inorganic content in biomass, often referred to as ash).1 Thus,
the primary atomic constituents are CHO, with varying
amounts of other elements such as N and S, depending on

the biomass source. As an example, wood from some sources
can be approximated by CH1.4O0.6 (42 mass percent oxygen).1

The targeted products from biomass are often hydrocarbon
fuels, necessitating deoxygenation of the biomass feedstock in
the conversion processes.2,3 In other cases the products contain
oxygen (e.g., methanol and ethanol), which can be advanta-
geous because some of the oxygen in the biomassand its
associated massis valued as part of the product.4,5 Multiple
pathways exist for the conversion of lignocellulosic biomass
involving biochemical,6 thermochemical,2,3,7 and hybrid8,9

methods. Biochemical or microorganism-based conversion is
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naturally suited for the cellulose and hemicellulose in biomass6

but has significant challenges in converting lignin.10 Thermo-
chemical conversion pathways can usually convert all the
organic constituents, and gasification and pyrolysis are common
processes. High-severity gasification processes, aided by oxygen
or steam, typically operate in the 600−1500 °C (∼900−1800
K) range.11 The product is syngas, with simple molecules CO
and H2 as the desirable constituents. The syngas can be further
converted to products, such as methanol, ethanol, dimethyl
ether, and hydrocarbon fuels.12−15 In contrast, pyrolysis
typically involves the heating of biomass in the absence of
oxygen at lower temperatures, leading to a partial breakdown of
the biomass. The pyrolysis products retain the signatures of the
native constituents of the biomass, albeit in the form of
depolymerized and fragmented compounds. A specific type of
pyrolysis, called fast pyrolysis (FP), is conducted at approx-
imately 500 °C (∼800 K) with short vapor residence times of
∼2 s, giving the highest yields of condensable products (also
known as bio-oil or pyrolysis oil upon condensation),1 while
minimizing undesirable noncondensable gases and solid char.
However, the bio-oil is reactive, unstable, and acidic because it
still retains significant oxygen from the biomass and has limited
direct applications16 but can be further hydroprocessed to
fungible liquid hydrocarbon fuels.2 During FP, deoxygenation
of the liquid product occurs primarily with the formation of
H2O, CO, and CO2; the H2O, as expected, remains in the liquid
bio-oil and is produced in significant quantities.16

Catalytic fast pyrolysis (CFP) involves the use of catalysts to
improve the vapor quality by further reducing the oxygen
content, thus producing a more stable bio-oil.17−19 The catalyst
may be present within the FP reactor (in situ) or in a separate
reactor following the FP reactor (ex situ). Some of the
processing implications of these configurations have been
discussed in the literature.3,20

The focus of this article is on the liquid−liquid equilibrium
(LLE) behavior of model compounds for the condensed
products from CFP. The heterogeneous and varied structure of
biomass is reflected in the reaction products of FP, where
compounds number in the thousands21 and complete speciated
quantification is not achieved for FP derived bio-oil.1 Bio-oil
from FP includes a wide range of molecular weights and a
variety of oxygenated functional groups.22 The compounds
from CFP are often more tractable because deoxygenation
reduces the number and abundance of oxygenated species,23

and some shape-selective catalysts such as zeolites narrow the
molecular weight ranges and compounds in the products.24 The
degree of catalytic deoxygenation and associated reduction in
the polarity of species can result in different LLE separation
behavior of bio-oils. The oxygen-content range is broad, from
40% in noncatalytic processes16 to less than 10% in significantly
deoxygenated oils.19 There is usually an economic optimum
during deoxygenation for any specific process/catalyst, because
typically higher deoxygenationresulting in better qualityis
associated with lower carbon efficiency, translating to lower
product yields.
The emphasis of this project is on the testing and

development of predictive phase equilibrium models, with
initial focus on LLE. Predictive models are emphasized because
of the diverse compositions of differently produced bio-oils and
the futility of trying to experimentally generate binary data for
every possible compound pair. Nonetheless, the model
development needs to be informed and validated with key

experimental data, which is the reason for supplementing
existing literature information with targeted experiments here.
Liquid−liquid separation is a key process in the downstream

processing of bio-oil. While FP bio-oil (without catalytic
upgrading) typically remains in a single phase until the
proportion of water increases (see Figure 3 in ref 22),
deoxygenated oils from CFP tend to spontaneously separate
into organic and aqueous phases. The separation often results
in an aqueous phase sandwiched between light and heavy
organic phases,25 again depending on molecular weight ranges
and the degree of deoxygenation. Studies of processing
strategies and their optimization can be significantly improved
by understanding LLE behavior and separations in such
systems. In addition, this understanding can influence waste-
water handling and the utilization of carbon otherwise lost in
the aqueous phase. Models found to be effective in this work
can be applied to other biomass processes because almost all
biomass conversion involves oxygenated species. LLE of bio-oil
from pyrolysis processes, especially the ones with lower
deoxygenation, are however some of the most challenging to
model because of the variety of compounds and low selectivity
toward any specific compound.
This work was initiated by selecting a subset of compounds

(as model compounds) from CFP experiments at NREL.
Experimental and analytical methods for the CFP experiments
are described in detail by Iisa et al.25 Identified compounds
were classified into the following categories: 1-ring aromatics,
napthalenes, indanes/indenes, 3- and 4-ring aromatics, light
oxygenates, furans, phenols, methoxyphenols, indenols and
naphthenols, cyclopentenones, and anhydrosugars. For our
initial LLE experiments, involving only a small subset of those
compounds, the selections were driven primarily by the
representation of key functional groups and data availability
in the literature. The effects of the relative positions of alkyl
(methyl and ethyl) and methoxy and hydroxy groups in the
aromatic structure were given priority because of their
importance in model development.
Based on the CFP analytical results,25 a set of model

compounds and model systems were selected for measurement.
The three ethylphenols were selected because some exper-
imental LLE were available in the literature, but mostly from a
single source published in 1955 (Terres et al.),26 where LLE of
numerous substituted phenols with water had been reported. If
consistency could be demonstrated between the present earlier
results, a significant portion of the literature for (water +
phenolic) systems would be validated. The three methoxy
phenols, benzofuran, and 1H-indene were selected because of
their relatively large representation in the analytical results
combined with an absence of LLE data with water in the
literature. Toluene was selected to represent the organic phase
in the ternary studies because the analytical results25 showed
organic products to be largely single aromatic rings with short
side chains, for which toluene is the prototype. Mutual
solubilities for the system (water + toluene) have been studied
extensively and were most recently reviewed by Maczynski et
al.27 In this research, ternary systems involving (water +
toluene) were studied in the temperature range 300−360 K.
Evaluated solubilities of toluene in water and water in toluene
are 0.0002 mole fraction and 0.015 mole fraction, respectively,
at T = 360 K. Critically evaluated27 solubilities for (water +
toluene) for all temperatures of this research are listed in Table
S1 in the Supporting Information. A review of the existing
literature of LLE studies involving water with other compounds
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studied here did reveal some previous relevant results, but these
were often at temperatures in excess of those of interest in the
present research (T < 100 °C (373 K))26,28,29 or were mutually
inconsistent.30,31

Two predictive methods were recently reparameterized at
NIST, NIST-COSMO-SAC32 and NIST-modified-UNIFAC,33

and both were applied to all measured systems. The original
bridge between empirical models and quantum chemistry was
COSMO-RS (COnductor-like Screening Model for Real
Solvents), as formulated by Klamt et al.34,35 Subsequent to
this work, alternative approaches have been developed (e.g.,
COSMO-RS(Ol),36 COSMORS(ADF),37 COSMO-SAC,38

COSMO-3D39). Comparisons of performance levels40,41 for
COSMO-RS, COSMO-RS(Ol), and COSMO-SAC showed
that results were similar for the various methods. In the
development of NIST-COSMO-SAC,32 the temperature-
dependent σ profiles included contributions of up to 40
conformers for a molecule. Also, splitting of the H-bonding σ
profiles into OH and non-OH parts decreased the root-mean-
square deviation from the experimental data points by ∼10%
relative to the model using one H-bonding parameter. This
refinement is particularly important in the present research,
where water and phenolic compounds are major components.
NIST-modified-UNIFAC33 is based on the modified

UNIFAC model formulated by Gmehling and co-workers.42−46

The modified UNIFAC model provides improved property
prediction through additional temperature-dependent terms in
the representation of interaction parameters. All UNIFAC
methods are empirically parametrized with experimental data,
so if data are unavailable or unreliable for certain groups, no
predictions can be made. Parameterization of the COSMO
method involves the evaluation of sigma profiles derived from
computational chemistry, so limitations caused by lack of
experimental data are avoided. Predictions made with NIST-
modified UNIFAC and NIST-COSMO-SAC are compared
with experimental results obtained for all mixtures in this
research, and their relative effectiveness is discussed.

2. MATERIALS AND METHODS

2.1. Materials. All chemical samples used in this study were
obtained from commercial suppliers and used without further
purification. The chemical name, Chemical Abstracts Service
Registry Number (CASRN), supplier, and the purity stated by

the supplier, are listed for each chemical in Table 1. Three
compounds (2-ethylphenol, 3-ethylphenol, and indene) have
relatively low purities near 0.96 mass fraction. For 3-
ethylphenol, analysis by the supplier showed that the major
impurity was 4-ethylphenol.

2.2. Measurements. LLE measurements were obtained
with the apparatus shown schematically in Figure 1. This

apparatus consists of a 300 cm3 glass cylinder with stainless
steel flanges bolted together as end caps. The cell flanges were
sealed to the glass cylinder with polytetrafluoroethylene
(PTFE) O-rings. The cell was equipped with lines for sampling
of each phase, plus sample charging and degassing. The vapor
sample line was not used in the present study. The liquid in the
cell was stirred with a Teflon-coated magnetic stir bar. The
temperature of the mixture in the cell was measured with a
standard uncertainty of 0.02 K with a platinum resistance

Table 1. Source and Purity of Chemical Samples

chemical name CAS RNa sourceb purification methodc mass fraction purity

2-ethylphenol 90-00-6 ChemSampCo none 0.960
3-ethylphenol 620-17-7 Alfa Aesar none 0.961d

4-ethylphenol 123-07-9 TCI America none 0.987
2-methoxyphenol 90-05-1 TCI America none 0.998
3-methoxyphenol 150-19-6 Sigma-Aldrich none 0.983
4-methoxyphenol 150-76-5 TCI America none 0.994
2,4-dimethylphenol 105-67-9 TCI America none 0.990
phenol 108-95-2 Sigma-Aldrich none 0.999
toluene 108-88-3 Sigma-Aldrich none 0.999
benzofuran 271-89-6 Alfa Aesar none 0.993
1H-indene 95-13-6 ChemSampCo none 0.963
water 7732-18-5 AquaOne none 0.999

aChemical Abstracts Service Registry Number. bWeb sites for chemical suppliers: www.chemsampco.com, www.alfa.com, www.tcichemicals.com,
www.sigmaaldrich.com, www.drinkaquaone.com. cAll samples were degassed in the measurement cell before equilibration. dMass fraction impurities
in the 3-ethylphenol sample were 2.1% 4-ethylphenol, 1.1% phenol, 0.18% water, 0.1% m-cresol, plus other trace compounds, as determined by the
supplier.

Figure 1. Schematic of the experimental setup for the LLE
measurements.

Journal of Chemical & Engineering Data Article

DOI: 10.1021/acs.jced.6b00625
J. Chem. Eng. Data XXXX, XXX, XXX−XXX

C

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

http://www.chemsampco.com
http://www.alfa.com
http://www.tcichemicals.com
http://www.sigmaaldrich.com
http://www.drinkaquaone.com
http://dx.doi.org/10.1021/acs.jced.6b00625


thermometer inserted into a thermowell in the top of the cell.
Bath and cell thermometers were calibrated using ice and steam
points and referenced to a NIST traceable standard resistance
thermometer.
Measurements were initiated by evacuation and charging of

the cell with the desired amounts of each compound.
Approximately one-half of the cell volume was filled with
liquid. For the binary systems, 60−70 g of each component
were used, while for the ternary systems, 40−50 g of each
component were loaded into the measurement cylinder. For
some measurements on ternary systems, a larger proportion of
one component was added to ensure that the upper liquid
sample line was in the upper liquid phase (Figure 1). The cell
was placed in the constant temperature bath, and the bath was
brought to the desired temperature. The cell contents were
vigorously stirred for a minimum of 15 min, and the phases
were allowed to come to equilibrium. The stirrer was then shut
off, and the liquid phases were allowed to settle. Settling times
were dependent on the particular mixture, and samples were
allowed to settle for a minimum of 15 min after visual
observation of separation. Several mixtures required overnight
for the phases to separate. Samples were collected over at least
1 h and frequently several hours, enabling a determination of
the compositions over an extended time period without any
detectable shift in the results, thus assuring that equilibrium had
been reached. Sampling was accomplished by pressurizing the
cell to 0.15−0.3 MPa with dry nitrogen. Multiple samples of the
upper liquid and lower liquid phases were withdrawn into
weighed vials.

Sample vials for the aqueous phase contained 1-propanol to
assist in solvation and to act as an internal standard. Samples of
the aqueous phase were analyzed with an HP 5890 gas
chromatograph fitted with a Supelco SAC-5 column. The
column was 30 m long with an internal bore diameter of 0.25
mm and 0.25 μm film thickness. The gas chromatograph was
operated isothermally at 150 °C (423 K) with the temperatures
of the injection port and flame ionization detector held
constant at 250 °C (523 K). Typical retention times for the
oxygenates were approximately 2.5 min. Water content in
samples of the organic phase was analyzed using a Mettler
Toledo DL31 Karl Fischer titrator. For ternary systems
containing toluene, additional samples were taken from the
organic phase and analyzed by gas chromatograph. Phase
analyses were typically based on four samples of mass 0.3−1.0
g, with each sample analyzed a minimum of eight times. Mole
fraction compositions x were determined with a relative
standard uncertainty ur(x) ≈ 0.02, based on the standard
deviation for roughly 30 determinations. Low toluene
concentrations in the aqueous phase proved difficult to analyze,
and the reported uncertainties reflect this, with ur(x) ≈ 15%.
Standard uncertainties for individual compositions are given in
the tables of results (Tables 2 and 3).

3. RESULTS AND DISCUSSION
3.1. Experimental Results. Results of the LLE measure-

ments are listed in Table 2 for the eight binary systems and
Table 3 for the four ternary systems. The location of the
organic phase (top or bottom) is also noted for all mixtures in
the tables. For the binary systems, inversions were observed for

Table 2. Experimental Liquid−Liquid Equilibrium Mole Fractions x for Binary Systems at Temperatures T and Pressure p =
0.085 MPaa

aqueous phase organic phase aqueous phase organic phase

T/K x1′ u(x1′) x1″ u(x1″) Locb T/K x1′ u(x1′) x1″ u(x1″) Locb

2-Ethylphenol (1) + Water (2) 2-Methoxyphenol (1) + Water (2)
300.0 0.0018 0.0001 0.642 0.009 B 300.0 0.0060 0.0002 0.764 0.006 B
320.0 0.0019 0.0001 0.622 0.006 B 320.0 0.0056 0.0003 0.741 0.005 B
340.0 0.0022 0.0001 0.593 0.006 T 340.0 0.0062 0.0003 0.703 0.006 B
360.0 0.0029 0.0001 0.570 0.018 T 360.0 0.0080 0.0005 0.688 0.009 B
380.0 not measured 0.540 0.011 T
400.0 not measured 0.513 0.004 T
420.0 not measured 0.477 0.004 T
440.0 not measured 0.413 0.006 T

3-Ethylphenol (1) + Water (2) 3-Methoxyphenol (1) + Water (2)
300.0 0.0034 0.0001 0.600 0.001 B 300.0 0.0097 0.0001 0.400 0.019 B
320.0 0.0021 0.0001 0.580 0.001 T 320.0 0.0100 0.0004 0.371 0.003 B
340.0 0.0026 0.0001 0.535 0.005 T 340.0 0.0129 0.0003 0.319 0.013 B
360.0 0.0030 0.0001 0.502 0.011 T 360.0 0.0226 0.0009 0.274 0.008 B

4-Ethylphenol (1) + Water (2) 4-Methoxyphenol (1) + Water (2)
300.0 0.0025 0.0001 0.515 0.022 B 300.0 0.0127 0.0003 0.4171 0.0005 B
320.0 0.0017 0.0001 0.490 0.022 T 320.0 0.0158 0.0011 0.3840 0.0004 B
340.0 0.0019 0.0001 0.474 0.014 T 340.0 0.0216 0.0014 0.3238 0.0125 B
360.0 0.0031 0.0002 0.448 0.002 T 360.0 0.0329 0.0008 0.2575 0.0027 B
380.0 not measured 0.416 0.005 T

Benzofuran (1) + Water (2) 1H-Indene (1) + Water (2)
300.0 0.00023 0.00002 0.9905 0.0003 B 300.0 0.00004 0.00001 0.9942 0.0001 T
320.0 0.00021 0.00002 0.9855 0.0002 B 320.0 0.00009 0.00001 0.9905 0.0003 T
340.0 0.00026 0.00002 0.9772 0.0009 B 340.0 0.00010 0.00001 0.9851 0.0001 T
360.0 0.00035 0.00002 0.9663 0.0002 B 360.0 0.00014 0.00001 0.9766 0.0003 T

aThe standard uncertainties are u(T) = 0.02 K and u(p) = 0.003 MPa. Standard uncertainties for the measured compositions u(x) are given in the
body of the table. bB (bottom) and T (top) indicate the location of the organic phase in the two-phase mixture.
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Table 3. Experimental Tie-Line Mole Fractions x for Ternary Systems at Temperatures T and Pressure p = 0.085 MPaa

aqueous phase organic phase

T/K x1′ u(x1′) x2′ u(x2′) x1″ u(x1″) x2″ u(x2″) Locb

4-Methoxyphenol (1) + Toluene (2) + Water (3)
300.0 0.0069 0.0002 0.00007 0.00001 0.454 0.002 0.061 0.003 B
300.0 0.0070 0.0001 0.00016 0.00004 0.393 0.007 0.304 0.008 B
300.0 0.0055 0.0001 0.00010 0.00001 0.264 0.005 0.627 0.005 T
300.0 0.0060 0.0003 0.00005 0.00001 0.145 0.004 0.816 0.004 T
320.0 0.0096 0.0005 0.00013 0.00001 0.420 0.001 0.058 0.001 B
320.0 0.0083 0.0002 0.00009 0.00003 0.404 0.003 0.266 0.003 B
320.0 0.0070 0.0004 0.00009 0.00003 0.260 0.005 0.623 0.006 T
320.0 0.0050 0.0002 0.00005 0.00001 0.174 0.012 0.781 0.012 T
340.0 0.0133 0.0003 0.00014 0.00001 0.388 0.001 0.050 0.001 B
340.0 0.0105 0.0002 0.00014 0.00001 0.408 0.009 0.226 0.010 B
340.0 0.0097 0.0004 0.00011 0.00001 0.286 0.007 0.580 0.007 T
340.0 0.0057 0.0002 0.00017 0.00001 0.158 0.008 0.789 0.008 T
360.0 0.0195 0.0002 0.00025 0.00001 0.344 0.001 0.043 0.001 B
360.0 0.0130 0.0005 0.00022 0.00001 0.382 0.003 0.226 0.003 B
360.0 0.0138 0.0002 0.00023 0.00002 0.288 0.004 0.556 0.004 T
360.0 0.0091 0.0003 0.00019 0.00004 0.149 0.008 0.788 0.008 T

3-Ethylphenol (1) + Toluene (2) + Water (3)
300.0 0.0014 0.0001 0.00011 0.00001 0.579 0.003 0.078 0.003 T
300.0 0.0015 0.0001 0.00012 0.00001 0.541 0.005 0.213 0.006 T
300.0 0.0012 0.0001 0.00010 0.00001 0.384 0.013 0.514 0.014 T
300.0 0.0008 0.0001 0.00005 0.00002 0.258 0.009 0.701 0.009 T
320.0 0.0015 0.0001 0.00011 0.00001 0.557 0.002 0.072 0.003 T
320.0 0.0016 0.0001 0.00013 0.00001 0.532 0.005 0.202 0.006 T
320.0 0.0013 0.0001 0.00011 0.00001 0.396 0.010 0.488 0.010 T
320.0 0.0009 0.0001 0.00008 0.00001 0.260 0.009 0.694 0.009 T
340.0 0.0029 0.0001 0.00018 0.00001 0.536 0.003 0.065 0.004 T
340.0 0.0020 0.0001 0.00015 0.00001 0.510 0.006 0.198 0.006 T
340.0 0.0015 0.0001 0.00012 0.00003 0.398 0.011 0.473 0.012 T
340.0 0.0011 0.0001 0.00009 0.00001 0.279 0.011 0.648 0.011 T
360.0 0.0031 0.0001 0.00019 0.00001 0.505 0.002 0.063 0.002 T
360.0 0.0023 0.0001 0.00017 0.00001 0.510 0.004 0.176 0.004 T
360.0 0.0016 0.0001 0.00012 0.00001 0.405 0.013 0.448 0.014 T
360.0 0.0014 0.0001 0.00007 0.00002 0.275 0.010 0.636 0.010 T

Phenol (1) + Toluene (2) + Water (3)
300.0 0.0182 0.0005 0.00005 0.00001 0.404 0.002 0.033 0.002 B
300.0 0.0152 0.0005 0.00007 0.00002 0.441 0.004 0.140 0.004 B
300.0 0.0104 0.0002 0.00005 0.00001 0.371 0.004 0.466 0.004 T
300.0 0.0081 0.0001 0.00005 0.00001 0.230 0.005 0.706 0.005 T
320.0 0.0208 0.0001 0.00006 0.00001 0.368 0.002 0.030 0.002 B
320.0 0.0156 0.0001 0.00019 0.00004 0.426 0.002 0.127 0.002 T
320.0 0.0113 0.0002 0.00005 0.00001 0.349 0.008 0.476 0.008 T
320.0 0.0088 0.0002 0.00010 0.00002 0.224 0.003 0.706 0.003 T
340.0 0.0234 0.0004 0.00012 0.00003 0.366 0.003 0.046 0.004 B
340.0 0.0200 0.0003 0.00015 0.00004 0.402 0.005 0.114 0.005 T
340.0 0.0134 0.0006 0.00009 0.00001 0.357 0.013 0.452 0.013 T
340.0 0.0092 0.0001 0.00016 0.00001 0.215 0.004 0.704 0.004 T
360.0 0.0322 0.0011 0.00032 0.00006 0.298 0.002 0.046 0.002 T
360.0 0.0252 0.0008 0.00023 0.00006 0.367 0.002 0.103 0.002 T
360.0 0.0159 0.0003 0.00017 0.00003 0.362 0.005 0.421 0.005 T
360.0 0.0104 0.0001 0.00010 0.00001 0.208 0.008 0.698 0.008 T

2,4-Dimethylphenol (1) + Toluene (2) + Water (3)
300.0 0.0021 0.0001 0.00015 0.00004 0.591 0.001 0.068 0.001 B
300.0 0.0011 0.0001 0.00007 0.00003 0.549 0.012 0.228 0.013 T
300.0 0.0007 0.0001 0.00007 0.00001 0.351 0.003 0.564 0.003 T
300.0 0.0005 0.0001 0.00013 0.00002 0.212 0.013 0.751 0.013 T
320.0 0.0015 0.0001 0.00016 0.00003 0.567 0.001 0.075 0.001 T
320.0 0.0016 0.0001 0.00007 0.00001 0.543 0.002 0.219 0.002 T
320.0 0.0007 0.0001 0.00017 0.00002 0.361 0.006 0.545 0.006 T
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mixtures of 2-, 3-, and 4-ethylphenol with water. For the ternary
mixtures, only the system (3-ethylphenol + toluene + water)
did not invert at any temperature or composition.
3.2. Comparisons with Literature Data. Of the eight

binary systems investigated, only those involving the ethyl-
phenols were studied previously. Terres et al.26 measured LLE
temperatures for an extensive series of alkyl-substituted phenols
with water, including 2-ethylphenol (T = 410−487 K), 3-
ethylphenol (T = 385−463 K), and 4-ethylphenol (T = 376−
455 K). The system (4-ethylphenol + water) was also studied
by Erichsen and Dobbert28 (T = 433−486 K). Figure 2 shows
comparisons of the literature data with those of this research for

each (ethylphenol + water) system. As seen in Figure 2,
agreement is good for all data and systems, except for a single
value reported by Terres et al.26 for (2-ethylphenol + water), as
shown in the figure. We extended the measurements of this
research to T = 440 K for this system to test if consistency was
achieved at higher temperatures, and it was.
Of the four ternary systems studied here, LLE have

previously been reported for one system, (phenol + toluene
+ water). Martin et al.31 reported binodal data at the
temperature T = 298 K. Tie-lines were reported by Mohsen-
Nia and Paikar30 (T = 298.15 and 303.15 K) and Hooper et
al.29 (T = 423 and 473 K). Literature data near T = 300 K are
compared with those of the present research in Figure 3.
Agreement with the binodal data of Martin et al.31 is within
0.03 mole fraction, while results reported by Mohsen-Nia and
Paikar30 (shown in red) are seen to be anomalous. The high-
temperature values reported by Hooper et al.29 are not shown
for clarity, but these are consistent with expected trends in

Table 3. continued

aqueous phase organic phase

T/K x1′ u(x1′) x2′ u(x2′) x1″ u(x1″) x2″ u(x2″) Locb

2,4-Dimethylphenol (1) + Toluene (2) + Water (3)
320.0 0.0005 0.0001 0.00019 0.00005 0.207 0.015 0.751 0.016 T
340.0 0.0025 0.0002 0.00005 0.00001 0.561 0.003 0.072 0.003 T
340.0 0.0013 0.0001 0.00006 0.00001 0.558 0.007 0.193 0.007 T
340.0 0.0010 0.0001 0.00007 0.00003 0.344 0.008 0.553 0.008 T
340.0 0.0006 0.0001 0.00010 0.00002 0.228 0.005 0.724 0.005 T
360.0 0.0027 0.0002 0.00006 0.00001 0.545 0.001 0.068 0.001 T
360.0 0.0018 0.0002 0.00007 0.00002 0.541 0.013 0.196 0.014 T
360.0 0.0010 0.0001 0.00010 0.00003 0.348 0.011 0.534 0.011 T
360.0 0.0007 0.0001 0.00008 0.00002 0.244 0.010 0.697 0.010 T

aThe standard uncertainties are u(T) = 0.02 K and u(p) = 0.003 MPa. Standard uncertainties for the measured compositions u(x) are given in the
body of the table. bB (bottom) and T (top) indicate the location of the organic phase in the two-phase mixture.

Figure 2. Comparisons with literature LLE data for the (ethylphenol +
water) systems at pressure p = 0.085 MPa. ○, Terres et al.;26 ◇,
Erichsen and Dobbert;28 ●, this research. The arrow indicates the
single anomalous value reported by Terres et al.26

Figure 3. Comparison with literature LLE data for the system (phenol
+ toluene + water) near T/K = 300 K and pressure p = 0.085 MPa. ●,
Martin et al.31 (binodal data at T/K = 298.15 K); red ▲, Mohsen-Nia
and Paikar30 (tie-line data at T/K = 298.15 K); ○, this research (tie-
line data at T = 298.15 K). Tie-line data are connected with the green
lines. Red ◊, LLE composition at T = 300 K for the binary system
(phenol + water) evaluated by Goral et al.47
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solubility with temperature, as well as with the predictive
models used here. The binary system (phenol + water) has
been studied extensively, and the LLE composition at T = 300
K evaluated by Goral et al.47 is included in Figure 3.
3.3. Comparisons with Predictive Models. The NIST-

modified-UNIFAC and NIST-COSMO-SAC models were
applied to the eight binary and four ternary systems studied.
For the binary systems, both models are in fair accord with the
experimental data near T = 300 K but deviate high near the
consolute composition. A typical result is shown in Figure 4,

where experimental data of this research and the literature are
compared with both predictive models. Similar comparisons are
provided for all systems in the Supporting Information for this
article.
For the binary systems, agreement between the experimental

and predicted data for both prediction methods is similar. A
notable exception is the system (2-methoxyphenol + water), for
which results are shown in Figure 5. Here, the NIST-modified-
UNIFAC method overestimates the solubility of water in 2-
methoxyphenol by ∼0.2 mole fraction. In contrast, the
prediction with NIST-COSMO-SAC shows good agreement
(within 0.03 mole fraction) with the experimental values. A
possible explanation for this result highlights a key difference
between the NIST-modified-UNIFAC and COSMO methods.
For the NIST-modified-UNIFAC, group definitions result in
ortho, meta, and para substitutions being treated identically,
while for COSMOwhich is based on computed charge
distributions for each moleculethis limitation does not exist.
The 2-methoxyphenol molecule may include an intramolecular
hydrogen bond between the oxygen of the −OCH3 group and
the −OH group that could result in a reduced the strength of
interaction with water, resulting in a lower solubility of water
relative to that in the meta and para isomers. To account for
this, a special ortho OH−O group contribution would need to
be added to the NIST-modified-UNIFAC method. This
argument is supported by the fact that no analogous reduction
in water solubility is seen in 2-ethylphenol relative to 3- and 4-

ethylphenol, implying that the reduced solubility in 2-
methoxyphenol is not due simply to ortho substitution. A
general argument cannot be made based on a single example,
and a more extensive comparative review of the two prediction
methods is justified. This is planned as part of future work.
For ternary systems, predictions made with NIST-modified-

UNIFAC and NIST-COSMO-SAC are similar for all systems,
with good agreement between prediction and experiment for all
temperatures T = 300−360 K and compositions, with mole-
fraction deviations, generally, well within 0.05 mole fraction.
Typical results are shown in Figure 6 for the system (toluene +
2,4-dimethylphenol + water) at the temperature T = 320 K.
Analogous plots for all ternary systems at all temperatures are
given in the Supporting Information.

3.4. Comparison with Literature Data for the System
(2,4-Dimethylphenol + Water). In Figure 6, there is an
inconsistency between the ternary data for the system (2,4-
dimethylphenol + toluene + water) (●, this research) and
literature values for the binary system (2,4-dimethylphenol +
water) (red ⧫) reported by Terres et al.26 The LLE data of
Terres et al.26 are shown in Figure 7, together with values
reported by Erichsen and Dobbert,28and estimated values
obtained in this research by graphical extrapolation of the
ternary data to the binary limit. Values obtained in these
extrapolations are shown in Figure 7 (symbol ×) and in the
ternary diagrams for the system (2,4-dimethylphenol + toluene
+ water) provided in the Supporting Information (Figures
S21−S24). The dashed line in Figure 7 was used, here, to
calculate values based on the results of Terres et al.26 at the
temperatures of our research.
It is clear in Figure 7 that the results of Terres et al.26 and

Erichsen and Dobbert28 begin to diverge near 0.3 mole fraction.
Erichsen and Dobbert28 did not report results for temperatures
less than T = 440 K for the organic-rich phase, so extrapolation
to the conditions of the present research {T = 300−360 K}
cannot be done with any confidence. While it is tempting to
declare consistency between the present research and the work
of Erichsen and Dobbert,28 the large temperature gap seen in

Figure 4. Comparison of results from predictive models with
experimental LLE data for the binary system (3-ethylphenol +
water) at pressure p = 0.085 MPa. ○, Terres et al.;26 ●, this research.
The orange lines represent the region of predicted liquid−liquid
equilibrium, and the blue lines represent predicted solid−liquid
equilibrium. The green dots represent transitions between the various
types of predicted phase equilibrium.

Figure 5. Comparison of results from predictive models with
experimental LLE data for the binary system (2-methoxyphenol +
water) at pressure p = 0.085 MPa. ●, this research. The orange lines
represent the region of predicted liquid−liquid equilibrium, and the
blue lines represent predicted solid−liquid equilibrium. The green dots
represent transitions between the various types of predicted phase
equilibrium.
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Figure 7 and the difficult-to-assess uncertainty in the
extrapolations of the ternary data to the binary limit ensure
that such a declaration is highly tentative. Additional measure-
ments of LLE for the system (2,4-dimethylphenol + water) are
warranted, particularly near room temperature.

4. CONCLUSION
The NIST-modified-UNIFAC and NIST-COSMO-SAC pre-
diction methods were demonstrated, generally, to have good
predictive capabilities (within 0.05 mole fraction) for key
compound types found in liquid process streams from catalytic
fast pyrolysis of biomass. A single exception was found for the

system (2-methoxyphenol + water), where prediction with
NIST-COSMO-SAC was found to be superior. Intramolecular
hydrogen bonding in 2-methoxyphenol was postulated as a
possible underlying cause for this result. The presence of such
long-range intramolecular interactions are problematic for any
group-additivity method. Future work will involve further tests
and experimental validation of the predictive models for more
complex mixtures of ∼8−10 components, as well as additional
measurements and testing of predictions for selected model
compounds, as needed. Inconsistency in literature results for
LLE in the system (2,4-dimethylphenol + water) justify
additional measurements for this mixture.
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Figure 6. Comparison of results from predictive models with
experimental LLE data for the ternary system (2,4-dimethylphenol +
toluene + water) at the temperature T = 320 K and pressure p = 0.085
MPa. ●, this research. The green lines connect the experimental tie-
line data of this research, and the blue lines show representative
predicted tie lines and the binodal curve computed with the indicated
method. Red ◆, LLE composition for the binary system (2,4-
dimethylphenol + water) derived with extrapolated LLE temperatures
reported by Terres et al.26 ×, LLE composition for (2,4-
dimethylphenol + water) estimated by graphical extrapolation of the
ternary results of this research to the binary limit.

Figure 7. LLE temperatures for the system (2,4-dimethylphenol +
water) at pressure p ∼ 0.1 MPa. ●, experimental values reported by
Terres et al.;26 ◊, experimental values reported by Erichsen and
Dobbert;28 ---, curve used for extrapolation to T = 300 K of values
reported by Terres et al.;26 ×, LLE conditions estimated in this
research by extrapolation of ternary results for (toluene + 2,4-
dimethylphenol + water) to zero toluene content. See Figures S21−
S24 of the Supporting Information.
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