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Vapor–liquid behavior of phenol and cumene
in ternary and quaternary mixtures
Lisette MJ Sprakel,a G Bargeman,b,c Lara G Sanchezd and B Schuura*

Abstract

BACKGROUND: Although phenol is a key intermediate in the plastics and polycarbonate industry, it is also a toxic component
that requires removal from dilute aqueous streams, potentially by liquid–liquid extraction (LLX). For LLX, cumene is suggested
as a solvent as it is already present in processes in the polycarbonate industry. For the recovery of cumene from phenol by dis-
tillation, knowledge on vapor–liquid equilibrium (VLE) behavior is important, in combination with how this is affected by other
components possibly present as an impurity or explicitly added as a solvent. This was investigated in this work.

RESULTS: The binary cumene–phenol system shows a tangent pinch in the binary VLE diagram. Addition of a range of impuri-
ties and solvents showed that hydrogen bond accepting compounds strongly improve the relative volatility of the mixture,
whereas dodecane, not capable of forming hydrogen bonds, has a negative effect on the relative volatility.

CONCLUSION: Addition of polar components with hydrogen bonding abilities, i.e. ketones or ethers, affected the relative volatility
of cumene over phenol the most positively. Combining two types of components results in similar effects, and clear synergistic
effects could not be shown based on current VLE measurements. Addition of an apolar component in combination with polar com-
ponents with hydrogen abilities had only a minor effect on the relative volatility.
© 2021 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).
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INTRODUCTION
Phenol is a key intermediate in the production of polycarbonates
and plastics in the chemical industry. It is produced by the cumene
process: a process in which benzene and propylene are used as reac-
tants to formcumene. The cumene is thenoxidized to cumenehydro-
peroxide, which is decomposed in the presence of an acid to form
phenol and acetone. Phenol and acetone are further processed to
polycarbonates and precursors for plastics.1,2 Despite its industrial
importance, phenol is a toxic chemical and treatment of phenol-
containing wastewaters is of utmost importance. For removal of phe-
nol from wastewater, several techniques have been applied, where
the concentrations in the aqueous phase determinewhich technique
is most applicable.3 For example, at low phenol concentrations,
biodegradation,3 various types of oxidation-based processes,3

solid-phase extraction,3 liquid–liquid extraction (LLX),4,5 ozonation3

and reverse osmosis/nanofiltration are applicable.3 At higher phe-
nol concentrations LLX,3,6 membrane-based pervaporation and
extraction,3,7 adsorption and distillation are more applicable.3,8 There
are also various less commonly applied processes based on, for exam-
ple, biological treatment andoxidation.3,9-11 Next to the concentration
in the aqueous stream, the maximum allowable concentration in the
remainingwater stream is a determining factor.3 For surfacewater the
maximumallowable concentration is less than 1 ppbof phenol.9 Thus
the vapor–liquid equilibrium (VLE) behavior of phenol and cumene is

industrially relevant in two cases: that is, either phenol can be present
in relatively large concentrations in non-aqueous mixtures in indus-
trial processes where phenol is formed from cumene, and where it
is to be separated fromcumene andother impurities; or phenol is pre-
sent in highly diluted aqueous streams of severalmass percent or less,
with additional impurities present. The lower concentration aqueous
solutions are typically observed in downstream separations at the
industrial production from cumene.
Several extractants have been applied for liquid–liquid extraction of

phenol fromaqueous streams, e.g. sulfoxides,12 cumene13,14 and ethyl
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ether.15 In membrane-based extraction processes, combinations of
methyl tert-butyl ether, cumene andhydrocarbonmixtures havebeen
applied.7 The process of extractive distillation with tricresyl phosphate
was patented in the 1970s.8

Most of these solvents introduce new impurities into the process
– for example, through byproduct formation as a result of the
regeneration of solvent by stripping with a base.13-15 Conversely,
when cumene – an intermediate in the production process of phe-
nol and polycarbonates – is applied as an extractant, the solvent is
not an impurity in itself and cumene can be recycled in the produc-
tion process.14 The application of cumene in LLX of phenol resulted
in high distribution ratios, although these are strongly affected by
other polar impurities and contaminations.

For a viable process, successful regeneration of the cumene from
the phenol–cumenemixture after extraction is important. Separation
of phenol from the reactant cumene is also an important step in the
production process of phenol, as the presence of cumene is inhibit-
ing the oxidation of cumene to cumene hydroperoxide. Therefore,
phenol is to be removed from the recycled product stream in the
cumene process at high purity. This is generally performed by distil-
lation, condensation and a wash with caustic soda to remove other
impurities.6 Extractive distillation (ED) of the cumene and phenol
mixture may be an advantageous alternative for this process.
The aim of this research is to obtain more insight into the

VLE behavior of the cumene–phenol system, and to study
how impurities affect their separation. Effects of the relevant

Table 1. Chemicals used in this study

Chemical Compound name (abbreviation) Purity

Acetaldehyde 99%
Acetone Lichrosolv® ≥99.8%
Acetophenone (AcPhO) 99%
Alpha-methylstyrene (AMS) 98%
Cumene 98
Dimethyl benzyl alcohol (DMBA) 97
Cyclohexane 99.5
Diethylene glycol dibutyl ether (DEGDBE) ≥99%
Dodecane (DDec) ≥99%
1-Dodecanol (1 Dec) ≥98%
Glycerol 99%
Hexadecane (HexD) 99%
Hydroxyethyl ethylene diamine (Heediamine) 99%
Hydroxyacetone (HyAc) ≥95%
40-Hydroxyacetophenone (HyAcPhO) 99%
Mesityl oxide (MesOx) 98%
5-Methyl-2-hexanone (5-m-2-one) 98.0%
Methyl isobutyl ketone (MIBK) ≥99.7%
1 Octanol (1-Oct) ≥99%
2-Octanone (2-OctO) 98%
Polyethylene glycol (average molar weight 200 g mol−1) (PEG200) —

Phenol (PhOH) ≥99.5%

Note: All chemicals were provided by Merck KGaA/Sigma-Aldrich.
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Figure 1. Binary VLE data for the system phenol cumene at 300 (squares) and 1000 mbar (circles), showing (a) vapor and liquid composition and
(b) relative volatility as a function of the liquid composition.
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intermolecular interactions – for example, bonding mechanisms
and interactions with dipole inducing components –were studied
by experimental investigation of the VLE systems. With the
increased fundamental understanding it is possible to design
and develop separation processes for cumene–phenol separa-
tions based on extractive distillation.

MATERIALS AND METHODS
Chemicals
The chemicals used in this study, the associated compound name
(abbreviation) used in the rest of the article, purity and provider
are listed in Table 1. All compounds were used as received.

Vapor–liquid equilibria
VLE weremeasured using Fischer Labodest VLE602 ebulliometers,
in which a magnetically stirred equilibrium cell is present that is
connected to a Cottrell circulation pump. The cell is heated with
an immersion heater. The pressure can be set between 100 mbar
and either atmospheric pressure using an Edwards E2M1.5 or
4 bar using a Pfeiffer DUO 3 vacuum pump. The power supplied
to the reboiler and the heating mantle temperature can be set.
The equilibrium temperature of the mixture as well as the liquid
temperature in the reboiler were measured using Pt-100 thermo-
couples. For each sample composition the equilibrium cell was

filled with 80 mL of sample (including the solvent). Mixtures con-
sisting of phenol, cumene and a single solvent were prepared on a
specific weight-based solvent-to-feed (S/F) ratio, the exact ratio
being described for each of the experiments when the results of
that experiment are discussed in the Results and Discussion sec-
tion. In the case of simultaneous application of multiple additives,
including hydrogen bonding additives and dodecane, which does
not act as hydrogen bond donor or acceptor, samples were pre-
pared by applying a dodecane mass fraction in the total mix of
25 wt%. The other solvents were applied on a 1:1 mass basis. As
a result of differences in molar mass and volume of the solvents,
there are differences in the molar-based S/F ratios. Most of the
applied hydrogen bonding additives have boiling points with at
least a 20 °C difference from the boiling points of cumene
and phenol, which minimizes chances of azeotropic behavior,
and downstream fractionation would be possible thermally. The
impurities were selected so that their functional groups covered
a large range. The applied impurity dodecane was chosen as
model component with the largest anti-solving effect compared
to other impurities expected. Specific compositions of mixtures,
solvents and solvent mixtures in combination with the applied
binary compositions are given in the following sections when
the specific measurement data are presented. When the equilib-
rium temperature was reached after 30–90 min, samples of both
the liquid phase and the condensed vapor phase were taken.
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Figure 2. Binary (closed symbols) and (pseudo-)binary (open symbols) VLE data of cumene phenol at 300 mbar for (a) solvents with ketone functionality,
(b) ethers and (c) solvents with other functionalities, all at a weight-based S/F ratio of 1.
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Gas chromatography–mass spectrometry (GC–MS)
Liquid-phase and condensed vapor-phase samples from the ebul-
liometer experiments were dissolved in acetone and analyzed
with a 7890A Ms 5975C Agilent gas chromatograph–mass spec-
trometer with flame ionization detector and an Agilent HP-5Ms,
HP19191S-433 column. The carrier gas applied was helium. The
oven temperature was increased from an initial temperature of
45 °C up to 250 °C using a linear profile of 15 °C min−1.

RESULTS AND DISCUSSION
VLE data for binary mixtures of phenol–cumene
To validate the measurements, binary VLE data at 300 and
1000 mbar were obtained for the mixture of phenol (Tm = 41 °C,
Tb = 181.7 °C) and cumene (Tm = −96 °C, Tb = 152.4 °C), where
Tm is melting point and Tb is boiling point. The results are shown
in Fig. 1, where the VLE data are expressed in mole fraction of
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Figure 3. Binary (closed), pseudo-binary (open, with a solvent) and quaternary (grey, with a solvent and anti-solvent dodecane) VLE of the cumene–
phenol system. Solvents applied are (a) PEG200, (b) DEGDBE, (c) MIBK and (d) 1-octanol, at 300 mbar at an S/F ratio of 1. The first number in parentheses
indicates the molar-based ratio of the tertiary component to the total number of moles of the cumene–phenol mixture. In (e), only dodecane was added
for comparison. Dodecanewas in all cases applied at amass fraction of 25 wt% in the total mixture (at amolar based ratio of quaternary component dode-
cane to the total of cumene–phenol mixture indicated by the second number in parentheses).
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Figure 4. Binary (closed), pseudo-binary (open, with a solvent) and quaternary (grey, with a solvent and anti-solvent dodecane) relative volatility ⊍ of the
cumene–phenol system. Solvents applied are (a) PEG200, (b) DEGDBE, (c) MIBK and (d) 1-octanol, at 300 mbar at an S/F ratio of 1. The first number in
parentheses indicates the molar-based ratio of the tertiary component to the total number of moles of the cumene–phenol mixture. In (e), only dodecane
was added for comparison. Dodecane was in all cases applied at a mass fraction of 25 wt% in the total mixture (at a molar-based ratio of quaternary com-
ponent dodecane to the total of cumene–phenol mixture indicated by the second number in parentheses).
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cumene. The results are similar to those published by Cepeda
et al.16 for the cumene–phenol system at atmospheric pressure.
The equilibrium curve shows a tangent pinch (relative volatility

⊍=
ycumene=xcumene
yphenol=xphenol

close to 1) at low phenol fraction, where xi is liquid

phase mole fraction of i, and yi is vapor phase mole fraction of i.
Due to the tangent pinch, the use of distillation to obtain pure
cumene is hindered and makes it an energy-intensive process.
The influence of additives on the VLE behavior is of interest to
evaluate both impact of impurities, and of potential entrainers
in ED. The system is a case where ED is potentially interesting as
a separation process.17 Since the tangent pinch is obtained at
low phenol fraction, the use of a solvent that increases the relative
volatility of cumene over phenol is beneficial. Moreover, cumene
is still (slightly) more volatile than phenol close to the tangent
pinch point, and inversing the relative volatility is thus not
needed.

Effects of ternary components on pseudo-binary VLE data
mixtures of phenol–cumene
The effect of a selected range of ternary components with differ-
ent functional groups on the VLE of the cumene–phenol mixture
at 300 mbar is shown in Fig. 2. In this figure only the higher
cumene mole fraction region of the VLE data is represented, since
in this part of the diagram the effects on relative volatility aremost
important due to the presence of the pinch point. Results at a
pressure of 1000 mbar show similar effects, and are shown in
the Supporting Information, Fig. S1(a)–(c). For hydroxyacetone
the color of the mixture changed significantly, indicating the
occurrence of chemical reactions. Therefore, no results are pre-
sented for this ternary component. In the vapor phase of the mix-
ture with mesityl oxide no phenol was detected, as is also shown
in Fig. 2. The presence of dodecane results in inversion of the rel-
ative volatility, making phenol marginally more volatile than
cumene, and a relative volatility close to 1 is obtained for the
applied S/F = 1. All other ternary components increase the volatil-
ity of cumene over phenol, as desired. The strongest effects are
observed for the ketone group containing molecules mesityl
oxide, methyl isobutyl ketone (MIBK), acetophenone and
5-methyl-2-hexanone (5-m-2-one), followed by 2-octanone (see
Fig. 2(a)), which is due to their hydrogen bond accepting function-
ality. Similar effects observed for MIBK, 5-m-2-one, acetophenone
and 2-octanone, for example, are in line with their similar BF3
affinity (75.09 kJ mol−1 for MIBK, 74.84 kJ mol−1 for 5-m-2one,
74.52 kJ mol−1 for acetophenone and 74.47 kJ mol−1 for
2-octanone),18 which is an indication of their hydrogen bond for-
mation strength.19 For hydroxyacetophenone the effect was con-
siderably less strong, in line with its worse hydrogen bonding
capability compared to acetophenone, as indicated by its lower
pKBHX (0.56 for hydroxyacetophenone compared to 1.11 for acet-
ophenone).18 Consequently, in ketones of similar size, the pres-
ence of other functional groups, such as a double bond, an
aromatic group or an alcohol group attached to a linear carbon
chain, only seems to have a (small) secondary effect on the VLE
of phenol and cumene. Only when the alcohol group is situated
on the aromatic ring structure (for hydroxyacetophenone) does
this seem to lead to a weaker interaction with phenol. Dimethyl
benzyl alcohol, containing an alcohol functionality in the
branched organic part of the molecule attached to the aromatic
ring, also shows a strong interaction with phenol (see Fig. 2),
despite its relatively low expected pKBHX, which is not expected
to exceed 1 as it is expected in the range between 0.86 for benzyl

alcohol and 0.97 for phenethyl alcohol.18 The relatively strong
effect of dimethyl benzyl alcohol may be due to the relatively high
molar-based S/F ratio for this component (due to its relatively low
molecular weight). The effect for 1-octanol seems to be smaller
than for benzyl alcohol and seems to be marginally lower than
the effect of 2-octanone (see Fig. 2(a) and (c)), indicating a similar
but slightly worse effect of an alcohol group compared to a
ketone group in a similar linear organic molecule. This effect is fur-
ther supported by the relatively small effect of 1-dodecanol on
phenol–cumene VLE. Both alcohols have a lower pKBHX value than
the linear ketone (1.04 for 1-octanol compared to 1.18–1.21 for
2-octanone, assuming similar pKBHX for similar ketones).18 The
ethers polyethylene glycol (PEG) and diethylene glycol dibutyl
ether (DEGDBE) have a positive effect on the relative volatility as
well. This effect is comparable to themolecules containing ketone
and alcohol functional groups. For DEGDBE, with a BF3 affinity of
78.57 kJ mol−1 (based on similar molecules)19 slightly higher than
that for the ketones, this is somewhat surprising, but the effect
may be caused by the relatively high molecular weight of this
molecule, resulting in a relatively low molar-based S/F ratio.
Another explanation may be that the three ether groups can form
a crown structure, resulting in a chelating effect, reducing the
hydrogen bonding susceptibility. The difference in the relative
volatility effect between DEGDBE and PEG200 cannot be
explained by a difference in molar weight. At xCumene = 0.83 for
PEG200 and xCumene = 0.87 for DEGDBE (see Fig. 2), the mole-
based solvent-to-phenol ratios are approximately 3.1 and 4.3 for
PEG200 and DEGDBE, respectively, and PEG200 has on average
4.4 ether groups and 2 OH groups per mole, whereas DEGDBE
only has 3 ether O atoms and no OH groups. Despite the lower
amount of effectively available hydrogen bond accepting groups
for the ether compared to the glycol ether, and the lower molar-
based solvent-to-phenol ratio, the relative volatility increase
caused by the presence of the glycol ether is higher than for the
ether. Therefore, it is suggested that the increased effect of
PEG200 compared to DEGDBE could be caused by differences in
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Figure 5. Effect of combined solvents on binary (closed) and pseudo-
binary (open) VLE of cumene–phenol system at 300 mbar for mixtures of
solvents at a molar-based S/F ratio between 0.2 and 0.4 (exact number
in parentheses): ◁ MIBK + DEGDBE (0.3); 5 MIBK + PEG200 (0.3);
▷ PEG200 + 1-octanol (0.2); ? MIBK + 1-octanol (0.3); � 1-octanol +
DEGDBE (0.3); 4 PEG200 + DEGDBE (0.2); ♢ glycerol + DEGDBE (0.3);
X glycerol + PEG200 (0.4); ☐ glycerol + MIBK (0.4).
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intermolecular interactions as a result of the larger polarity of the
glycol ether compared to the ether.

Quaternary mixture effects for compounds with opposite
effects on binary VLE behavior of phenol–cumene
In industrial processes, several impurities and contaminations can
be present in the process streams. Next to impurities that may be
expected in traditional phenol processes, renewable phenol is
expected to contain a series of additional impurities that may
complicate the process. These impurities may also be present in
the phenol–cumene separation step, affecting the relative volatil-
ity. Dodecane was the single component that reduced and even
(marginally) reversed the relative volatility in the phenol–cumene
system. To investigate the effect of the presence of such a compo-
nent among components that have an opposite (positive) effect
on the relative volatility, quaternary mixtures including dodecane
were studied. The results for the combined presence are shown as
pseudo-binary VLE data in Fig. 3(a)–(d) and expressed as the rela-
tive volatility in Fig. 4(a)–(d), together with the results of the effect
of dodecane as single impurity in Figs 3(e) and 4(e). For these
experiments an S/F ratio of 1 was applied. This implies a molar-
based S/F ratio of 0.47–0.60 for PEG200, 0.43–0.55 for DEGDBE,
0.94–1.2 for MIBK and 0.72–0.92 for 1-octanol. The results in Figs 3
and 4 show that the negative effect of the quaternary compound

dodecane on the relative volatility is easily compensated by the
presence of a small amount of ternary compound having a posi-
tive effect on the relative volatility. DEGDBE and PEG200, in partic-
ular, have a strong improving effect on the relative volatility, and
as a result only a minor effect of the presence of dodecane is
observed. It can be concluded that this is a result of the amount
of hydrogen bonding groups per molecule relative to the amount
of phenol present, as DEGDBE has three ether oxygen atoms, and
already at a molar ratio of 0.5 shows a strongly improved relative
volatility, even at dodecane-ratio of 1.2 (both ratios relative to
phenol + cumene). Similarly, PEG200 has approximately four
ether oxygen atoms and one hydroxyl group, and also shows
strong improvement of the relative volatility at a molar ratio of
0.3 for the ternary component while at the same time dodecane
was present at a ratio of 1 (both ratios relative to phenol +
cumene). The differences between DEGDBE and PEG200 in inter-
molecular interactions and availability for hydrogen bond forma-
tion as a result of their structure and polarity are expected to be
enlarged in the presence of dodecane. This most likely explains
that DEGDBE shows less effect of the addition of dodecane than
PEG200 does.
For application in a process the relatively small effect of dode-

cane that could function as an anti-solvent, compared to the
larger effect of the hydrogen bonding solvent, shows the
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potential of these solvents for extractive distillation processes for
separation of cumene and phenol. These effects are particularly
strong for hydrogen bond accepting solvents.

Combined effect of multiple added components with
similar effects on the pseudo-binary VLE of phenol and
cumene
The effect of adding combinations of components with similar
effects was studied to investigate possible synergistic effects,
i.e. combining two components to reach an effect that is stronger
than the sum of the separate effects. The possibility of synergistic
effects may be expected as a result of combining functional
groups, increasing polarity. Figure 5 shows pseudo-binary VLE
data for the combined effect of multiple added components. It
is clear that most binary combinations of MIBK, PEG200,
1-octanol and glycerol have a similar positive effect on the relative
volatility (see those points in Fig. 6 that have an S/F ratio of 0.2).
Only mixtures containing DEGDBE, MIBK + DEGDBE and 1-octanol
+ DEGDBE, and possibly also glycerol + DEGDBE (although at
higher cumene fraction), show a significantly lower effect. The

mixture of MIBK + DEGDBE is the only mixture in which there
are no hydroxyl groups present, resulting in the lowest solvent
effect, followed by 1-octanol + DEGDBE, which is the mixture with
hydroxyl groups present, but at the lowest concentration. On top
of that, 1-octanol is also the least polar solvent of the selection.
Although competition with the interaction with phenol could be
expected, it appears that the presence of hydroxyl groups is not
directly negative for the solvent effectiveness. The increased
polarity of the mixture by the addition of hydroxyl groups may
have a sufficiently improving effect on the solvent effectiveness
to increase the relative volatility of cumene over phenol. Next to
that, the effect of chain length and functional group density,
and therewith London dispersion forces, for example, could play
a role. However, although in all cases an improving effect of the
addition of solvent is clear, an undoubtedly clear difference
between the combined mixtures of solvent and the application
of the pure solvents could not be shown in these results and sig-
nificant synergistic effects could not be determined. This would
require more data in several regions of the composition
(pseudo-)binary mixture.
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Quinary systems were also studied, in which a binary solvent
and an anti-solvent were combined with the cumene–phenol
mixture. The study of these systems showed similar results on
the strong improving effects of solvents consisting of multiple
components, e.g. ketones and alcohols, and the minor effect of
the addition of the anti-solvent dodecane. Since the results were
similar, they were not further interpreted, and are shown in the
Supporting Information, Fig. S2.
Whether synergistic effects occur when binary solvents are

applied to extractive distillation processes could not be deter-
mined; however, related to the application in a process this means
that a mixture of solvents is also not underperforming compared
to a single solvent. Thus, depending on specific impurities and tar-
get solutes present in an industrial process, mixtures of solvent
could be used to tune the overall effect of the solvent with respect
to specific conditions. Next to the studied contaminants, in indus-
trial processes water contamination could also be expected; as its
boiling point is well below that of cumene and phenol, only minor
effects on the VLE behavior are expected.

Effect of S/F ratio on relative volatility of the cumene–
phenol system
For application in a process, the effect of S/F ratio on the relative
volatility ⊍ is of importance, and thus the effect of S/F ratio was
studied for different solvents in combination with the cumene–
phenol mixture, as displayed in Fig. 6 as liquid and vapor phase
compositions and in Fig. 7 as relative volatility as a function of
the cumene fraction in the liquid phase. Although the actually
applied S/F ratio has an effect on the pseudo-binary VLE for the
three well-performing solvents MIBK, DEGDBE and PEG200
(Figs 6 and 7), they already perform very well at low S/F.
Based on these results solvents such as ketones and alcohols or

mixtures of those are promising for application in an ED process,
especially when they show an effect at low S/F ratio and effects
of other components that might function as an ‘anti-solvent’
(e.g. dodecane) are less significant. However, for application in
such an ED process other factors should also be taken into
account, such as boiling point, toxicity and availability. Thus, for
separation of a mixture of phenol and cumene, components such
as MIBK cannot be applied based on its low boiling point, which
does not fulfil the criterion for ED that the added solvent boiling
temperature needs to be 40–50 °C higher than the high boiling
component from the mixture to be separated (phenol in this
case).20 Suggested solvents are, for example, DEGDBE and
PEG200.

CONCLUSIONS
For recovery of phenol from cumene by distillation, knowledge on
VLE behavior is important; therefore, this was studied, including
how impurities affect the binary vapor–liquid equilibrium behav-
ior of cumene-phenol mixtures. It was found that the addition of
polar components with hydrogen bonding abilities, i.e. ketones
or ethers, affected the relative volatility of cumene over phenol
most positively. Combining two types of components results in
similar effects, and clear synergistic effects could not be shown
based on current VLE measurements. Addition of an apolar com-
ponent in combination with polar components with hydrogen
abilities had only a minor effect on the relative volatility, even
up to a weight percentage of 25 wt%. The larger effect of the
hydrogen bonding solvents, especially for the hydrogen bond

accepting types, compared to other components that could
potentially act as anti-solvent, shows the potential of these sol-
vents for extractive distillation processes for separation of
cumene and phenol. For application in an extractive distillation
process for separation of cumene and phenol, application of
ketones and alcohols is promising, especially since there was
already a significant effect at low S/F ratio, which allows for oper-
ation at low S/F ratio.
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