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Spectroscopic study of mutual solubilities of water and benzene
at high temperatures and pressures
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~Received 24 June 2004; accepted 14 October 2004; published online 22 December 2004!

Near-infrared and ultraviolet absorption of water–benzene mixtures has been measured at
temperatures and pressures in the ranges of 323–673 K and 50–400 bar, respectively.
Concentrations of water and benzene in both the water-rich phase and the benzene-rich phase of the
mixtures were obtained from absorption intensities of near-infrared bands of water and benzene and
ultraviolet bands of benzene. Mutual solubilities in molar fractions increase remarkably with
increasing temperature at pressures in the two-liquid-phase coexistence region, and are consistent
with previously reported values. It proves that the solubility of benzene in water is an order of
magnitude smaller than that of water in benzene throughout the two-phase region. In addition, it is
found that effect of pressure on the solubilities is opposite between water in benzene and benzene
in water. These solubility properties are discussed on the basis of a cavity-based solvation model. It
is suggested that the asymmetry in the mutual solubility and the opposite direction of the pressure
effect are caused by difference in molecular size and difference in thermal compressibility,
respectively, between water and benzene. ©2005 American Institute of Physics.
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I. INTRODUCTION

Water and hydrocarbons are almost immiscible or o
poorly miscible with each other at room temperature. Ho
ever, their mutual solubilities are of fundamental importan
for the study on the water–hydrocarbon interaction, which
concerned with a wide variety of naturally occurring ph
nomena. The solubility data are particularly important
characterize hydrophobic nature of various segments of
teins, which plays an important role in formation and sta
lization of the biologically active structures.1–3 The solubility
data are also useful to assessment and suitable treatme
water pollution by hydrocarbons, which leads to air polluti
also.4,5 So far a great number of experimental data of mut
solubilities for water–hydrocarbon systems have be
accumulated.6–8 Most of the data are of ambient condition
not far from it, but solubilities at high temperatures and pr
sures have scarcely been reported. Recently, solubilitie
aqueous systems at high temperatures have been paid
attention. These data are required for pollution assessme
high-temperature water discharged from laboratories and
dustrial plants,9–13 and moreover, for designing an enviro
ment protecting technology that uses high-temperature w
in the sub- to supercritical condition as a reaction medi
for destruction of toxic waste chemicals.14–17In addition, the
high-temperature solubility data are indispensable to desi
operations and maintenance of plants for oil refineries
petrochemical industry.9,18–20

Nevertheless, mutual solubilities of water and hydroc
bons at high temperatures are scarce and considerably s
even for the water-benzene system that has been most e
sively studied among others.7 This is due to difficulty in
measurements of solubilities at high temperatures and p
sures. Usually a small amount of mixtures equilibrated i
high temperature-pressure vessel is sampled and transf
122, 0240021-9606/2005/122(2)/024509/7/$22.50
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to analytical instruments such as gas chromatographs
Karl Fisher titration instruments for composition analys
The transferring of a sample without disturbing equilibriu
and/or without composition change is rather difficult, pa
ticularly at high temperatures and pressures.10,21 Therefore
most of the solubility data of the water–benzene system h
been limited at the three-phase equilibrium pressures,9,10,13,21

and a few other pressures at higher temperatures.22–25 In ad-
dition, effect of pressure on the mutual solubilities has n
been fully understood, in contrast to the temperature eff
namely the significant increase in the mutual solubilities w
increasing temperature.

In this context, we have attempted to measure the mu
solubilities of water and benzene at high temperatures in
two-liquid-phase coexistence region usingin situ spectros-
copy. This method enables us to determine concentration
water and benzene in both the water-rich phase and
benzene-rich phase of the high-temperature mixtures with
disturbing the equilibrium. Recently,in situ infrared and Ra-
man spectroscopy has been successfully applied to studi
molecular-level structure of high-temperature aqueous m
tures. It revealed how the rotational motion and t
hydrogen-bonded association of water molecules in the m
tures vary with temperature and pressure.26–30 In addition, it
has been shown that a concept ofp-hydrogen bond is still
valid for describing intermolecular interaction between wa
and aromatic ring at temperatures as high as 523 K un
pressure.28,31 Moreover, it is only thein situ measurements
that can directly provide volumetric concentrations for ea
phase of the two coexisting liquid-phases. Using the vo
metric concentrations obtained from infrared and ne
infrared measurements, we could find the anomalous v
metric expansion on the mixing of water and hydrocarbo
in the vicinity of the critical region.32,33
509-1 © 2005 American Institute of Physics
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II. EXPERIMENTAL METHODS AND RESULTS

A high-temperature-pressure cell used has been
scribed previously.27,33 Distilled and deionized water with
electric conductivity of less than 0.2mS21 was used, and
spectroscopic grade benzene from Nacalai Tesque~Japan!
was used as received. Near-infrared spectra in the 55
7800 cm21 range were measured with a Perkin–Elmer S
tem 2000 Fourier-transform spectrometer equipped wit
near-infrared source and a near-infrared detector. Spe
measurements were performed with 2 cm21 resolution at
sample temperatures in the 423–673 K range and press
in the 50–400 bar range. Ultraviolet spectra in the 220–3
nm @(4.5– 3.3)3106 cm21# range were measured with
JASCO V-550 spectrometer with 1 nm resolution at tempe
tures and pressures in the ranges of 323–498 K and 50–
bar, respectively. The optical path length of the cell was 1
mm for the near-infrared measurements and 0.34 mm for
ultraviolet measurements. The sample temperature was m
sured with a Chromel–Alumel thermocouple inserted
rectly into the sample fluid and controlled by a digital co
troller with an accuracy of61.0 K. The sample pressure wa
measured with a pressure transducer of a semicondu
strain gage and controlled within60.5 bar. Each of the ex
perimental temperature-pressure points was attained
slow enough rate, and the phase equilibrium of the sam
fluid was confirmed by the spectrum that remained
changed for at least an hour.

A. Observed near-infrared spectra

Figure 1 shows observed near-infrared spectra of
water-rich phase~a! and the benzene-rich phase~b! of the
water–benzene mixtures at a constant pressure of 200
Absorption at around 7100 cm21 is assigned to the OH
stretching overtone transitions of water and that at aro
6000 cm21 to the CH-stretching overtone transitions of be
zene. The shoulder at 7400 cm21 is attributed to the
R-branch of the rotational structure of water molecul
while that at 6800 cm21 is mainly attributed to hydrogen
bonded small clusters.27 The spectra of the water-rich phas
~a! were described in detail in the previous paper.33 For the
spectra of the benzene-rich phase~b!, the benzene absorptio
decreases monotonously with increasing temperature. On
other hand, the absorption of water as a solute initially
creases with increasing temperature up to 573 K, and t
decreases at higher temperatures. In addition, even the
tional fine structures can be seen at the higher temperat
This means that significant proportion of the water molecu
in the benzene-rich phase rotate quite freely, where collisi
with surrounding molecules are not frequent enough to co
pletely suppress the sharp peaks of the fine structure.

B. Observed ultraviolet spectra

Near infrared absorption of benzene in water at tempe
tures in the two-phase region is very weak due to the p
solubility of benzene in water, and is difficult to provid
reliable concentration. Then we have measured ultravi
absorption of benzene, which is attributed to ap–p* transi-
tion. This absorption has been used to measure conce
Downloaded 12 Feb 2006 to 133.87.26.100. Redistribution subject to AIP
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tions of benzene in water at high pressures.34,35 However,
measurements at high temperatures and pressures
scarcely been reported.

Figure 2~a! displays examples of observed ultraviolet a
sorption of benzene in the water-rich phase at various t
peratures and at a constant pressure of 150 bar. Several p
with roughly the same interval seen in the spectra are
vibrational progressions originated from the totally symm
ric ring-breathing mode of benzene. The positions of th
peaks are consistent with those observed in a low-resolu
gas-phase spectrum,36,37though slightly shift to longer wave
length. The gas-phase spectra has been fully analyzed.
somewhat long progression is caused by the increase in
the C–C bond lengths from 1.397 Å~ground state! to 1.434
Å ~excited state!, and the interval of the progression, 92
cm21 ~gas phase!, gives a vibrational frequency of th
breathing mode in the excited state. This frequency is d
tinctly smaller than that in the ground state, 992 cm21 ~gas
phase!, and consistent with the longer bond length in t
excited state. The peaks of the spectra shown in Fig. 2
very broad due to collapse of the rotational fine structu
and their intervals could not be estimated with a precis
comparable to the gas-phase spectra. Nevertheless, the
age interval of roughly 880 cm21 is not far from the above-
mentioned gas phase value. This fact suggests that the

FIG. 1. Near infrared spectra of~a! the water-rich phase and~b! the
benzene-rich phase of the water-benzene mixtures at various tempera
and at a constant pressure of 200 bar.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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cited state of benzene and its vibrational structure does
significantly change on transfer from the gas phase into
high-temperature water. The remarkable increase in the
sorbance with increasing temperature is due to increas
benzene concentration. The absorption profile is appr
mately the same at different temperatures, although a f
fine structure can be seen at the higher temperatures. Ea
the peaks exhibits a very small shift to longer wavelen
with rising temperature~about 0.015 nm/K!.

Figure 2~b! shows pressure dependence of the absorp
at constant temperature of 448 K. The absorption intens
increase only slightly with increasing pressure from 50
400 bar, in contrast to the remarkable increase with ris
temperature shown in Fig. 2~a!.

III. DISCUSSION

A. Estimation of concentrations

Concentrations of water and benzene were obtai
from observed near-infrared band intensities in the same
as in the previous work.33 Integration ranges of the absorp
tion were 6200–7800 cm21 and 5824–6064 cm21 for the
water and benzene bands, respectively. The base lines
drawn by connecting the signal levels of the both ends of
integration, to minimize effect of band overlapping.

To estimate the concentrations, molar absorption int
sities are required. Allowing for the fact that the molar a
sorption intensities of water vary with the hydrogen bond

FIG. 2. Ultraviolet absorption of benzene in water~a! at various tempera-
tures and at a constant pressure of 150 bar and~b! at various pressures an
at a constant temperature of 448 K.
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state, we have proposed the following expression for the m
lar absorption intensity:38

~Am/cm mol21!57.4108310722.12603104~ n̄/cm21!

11.5317~ n̄/cm21!2, ~1!

where,Am and n̄ denote the molar absorption intensity an
the first band moment, respectively. This expression has b
obtained from an empirical relationship between the mo
absorption intensity and the first band moment of neat wa
at various temperatures and pressures, using literature da
the water density.39 The first band moment can be obtaine
from a normalized absorption profile on condition that t
absorption does not significantly overlap with other abso
tion. Then the water concentration in the mixtures is giv
by,

~CW /mol l21!51033~Aobs/cm22!/~Am/cm mol21!.
~2!

The molar absorption intensity of benzene band was
sumed to be given by that of neat benzene at the same
perature and pressure. This method has been supporte
the fact that the position and the profile of the overtone
sorption of benzene exhibit little change on going from n
liquid to the aqueous mixtures, indicating the transition
insensitive to the molecular environmental change.33

Ultraviolet absorption of benzene was integrated o
the 230–290 nm range, where the baseline was taken
straight line connecting the both ends of the absorption. C
centrations of benzene were estimated from ratios of the
tegrated intensities to that measured at 298 K and 1 ba
which solubility of benzene in water has been extensiv
studied and a value of 0.0226 mol/l has been recommend7

Since water is completely transparent in the ultraviolet
gion, we can not obtain water concentrations in the sa
solutions from the ultraviolet measurements. Therefore,
have estimated water concentrations on the assumption
the molar volumes of water and benzene are additive in
temperature range of 323–498 K. Then the water concen
tion in the water-rich phase is given by

CW5CW
0 2CB

vB
0

vW
0

, ~3!

wherevW
0 andvB

0 are molar volumes of neat water and ne
benzene, respectively, which have been calculated from
erature data.39,40 The above-mentioned temperature range
far from the critical region where the mixtures exhib
anomalous volumetric behavior,33 and Eq.~3! is expected to
provide a good approximation as for ordinary liquid mi
tures.

The mutual solubilities in molar fractions are calculat
from the concentrations obtained above. The resulting va
at a constant pressure of 200 bar are plotted against temp
ture in Fig. 3, and are in good agreement with previou
reported values22–25which are indicated by open symbols. A
temperatures higher than the critical solution temperatu
570 K,23 the mixtures form the homogeneous phase at
mixing ratio. Therefore, the molar fractions obtained in th
region are not concerned with the mutual solubility b
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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should be dependent on experimental condition such a
initial fluid composition in the cell and a way to attain th
experimental temperature-pressure points. In the two-ph
region, at temperatures below 570 K, both the solubilities
water in benzene and benzene in water remarkably incr
with increasing temperature. In addition, it is obvious th
the solubility of benzene in water is an order of magnitu
smaller than that of water in benzene. This asymmetry of
mutual solubility is consistent with tendency for wate
hydrocarbon systems41 at room temperature. Figure 4 show
pressure dependence of the mutual solubilities at sev
temperatures. Although the pressure dependence is
small as compared with the temperature dependence
should be noticed that the solubility of benzene in water a
that of water in benzene exhibit opposite pressure dep
dence. The former increases whereas the latter decre
with increasing pressure at a constant temperature. This
sult on the opposite pressure dependence is consistent
previous observations.9,25,42A systematic study of the pres
sure dependence of the mutual solubilities at high temp
tures, however, has never been reported so far to our kn
edge, though the pressure dependence of the solubilitie
around room temperature has been studied in detail.34,35

To discuss further the solubility properties, it is wort
while to mention experimental errors in the present resu
Reproducibility of the integrated band intensities was qu
good and the uncertainty was less than a few percent. H
ever, uncertainty of the absolute values of the water conc
trations estimated by Eq.~2! may be somewhat larger, be
cause of use of the empirical relationship Eq.~1! to estimate
the molar absorption intensity. Nevertheless, it may be
than 20% judging from comparison with previous valu
cited in Fig. 3. On the other hand, relative variations of t
concentrations with temperature and pressure shown in
4 will have much higher reliability than their absolute value
The relative values of the concentrations are mostly given

FIG. 3. Mutual solubilities in molar fraction for water–benzene mixtur
plotted against temperature at a constant pressure of 200 bar.
Downloaded 12 Feb 2006 to 133.87.26.100. Redistribution subject to AIP
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the relative integrated band intensities, and the concentra
variations should be determined within a few percent unc
tainty. In addition, the pressure dependence seen in Fig.
at least qualitatively, consistent with the previous obs
vations.9,25,42Therefore, the temperature-pressure-depend
tendency of the mutual solubilities shown in Figs. 3 and 4
quite certain and worth while to discuss further.

To understand the asymmetric features of the magnit
and the pressure dependence of the mutual solubilities for
water–benzene system from a molecular viewpoint, we w
discuss the mutual solubilities on the basis of a cavity-ba
model in the next section.

B. Solubility from a molecular viewpoint

Hydrophobic hydration has been one of the most imp
tant subjects of solution chemistry and biophysic
chemistry.43–45 To reveal the nature of the hydrophobic h
dration, solubilities of hydrocarbons in water have been u
as basic data. One intriguing fact is that aromatic hydroc
bons in general are much more soluble than aliphatic hyd
carbons in water.41 This is naturally attributed top electrons
of the aromatic ring. However, a mechanism of thep elec-
trons action is still a question in controversy. One plausi
explanation is that thep-hydrogen bonding with water is
responsible for the higher solubility in water and then t

FIG. 4. Pressure–temperature dependence of the solubilities in molar
tion for ~a! benzene in water and~b! water in benzene.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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024509-5 Mutual solubilities of water and benzene J. Chem. Phys. 122, 024509 (2005)
smaller hydration free energy of the aromatic hyd
carbons.46,47 The p-hydrogen bonding is an important con
cept to understand gas-phase structure of water–ben
complexes48,49 and various spectroscopic behaviors of t
water–benzene mixtures.28,31,50,51Very recently, on the othe
hand, Graziano52 has proposed an important role of the v
der Waals interaction that is strengthened by a larger po
izability density of the aromatic ring as compared with a
phatic hydrocarbons. He has suggested that the formatio
the p-hydrogen bonds between water and benzene is lar
an enthalpy–entropy compensating process that does no
fect the hydration free energy. Another basic problem is
what extent the water–water hydrogen bonding affects
hydrophobic hydration. Recently, Ikeguchiet al.53 have indi-
cated on the basis of Monte Carlo simulations that the f
energy of hydrophobic hydration is mainly determined by
hard-core effect of water and less by the hydrogen bond
of water molecules, and the effect of the latter could be s
in the coordination-number dependence of the average
ergy of one molecule. These facts suggest that a cavity-b
model with the hard-core effect but without explicit inclusio
of the hydrogen-bonding effect is useful as far as the hyd
tion free energy is concerned, although the hydrogen bo
ing interactions are undoubtedly important in understand
molecular-level structures and dynamics of the mixtures.

In view of these situations, we estimate free energy
solvation using a cavity-based model. The solvation Gib
energy as a Ben–Naim Standard quantity is given by,43,45

DG5DGc1DGa , ~4!

whereDGc denotes a energy of creating cavity for a solu
molecule in a solvent, andDGa a work of turning on the
solute-solvent attractive potential. The former quantity
positive in nature and the latter negative. The Gibbs ene
change on the transfer of a solute molecule~denoted bys:
s5b for benzene ands5w for water! from its neat liquid
into a solvent is given by,

DDG~s!5DGSolv~s!2DGNeat~s!5DDGc~s!1DDGa~s!,
~5!

where

DDGc~s!5DGc
Solv~s!2DGc

Neat~s!, ~6!

DDGa~s!5DGa
Solv~s!2DGa

Neat~s!. ~7!

Various expressions have so far been proposed to esti
the cavity creation energy and the solute-solvent interac
energy.45 In the present paper, we employ a recent sophi
cated expression by Matyushov and Ladanyi54 for the cavity
creation energy:
Downloaded 12 Feb 2006 to 133.87.26.100. Redistribution subject to AIP
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DGc5RTF 3h

12h
~s2 /s1!

1
3h~22h!~11h!

2~12h!2
~s2 /s1!2

1
h~11h1h22h3!

~12h!3
~s2 /s1!32 ln~12h!G ,

~8!

whereR is the gas constant,s1 ands2 are the hard sphere
diameters of the solvent and solute molecules, respectiv
andh is the volume packing density of the solvent given

h5ps1
3NA/6v1 , ~9!

where v1 is the molar volume of the solvent. The Gibb
energy change due to solute–solvent interaction,DGa , is
simply replaced by purely dispersion energy,Ea . This is
based on an assumption that the solvent reorganization a
ciated with the process of turning on the attractive poten
is an enthalpy–entropy compensating process.45,55,56The dis-
persion energy is estimated by,57

Ea52~64/3!hRe12~s12/s1!3, ~10!

wheres125(s11s2)/2, e125(e1e2)1/2, and e1 and e2 are
the Lennard-Jones potential parameters for the solvent
solute, respectively. The molar volumes of water and b
zene at various temperatures and pressures were obta
from literature densities,39,40 and the other parameter value
used weresW52.87 Å, sB55.27 Å,45 eW /kB5100 K, and
eB /kB5531 K,56 wherekB is the Boltzmann constant.

The resulting values ofDDGc and DEa are plotted
against temperature at several pressures in Fig. 5.
change in the cavity creation energy,DDGc , is obviously
larger for the benzene transfer than for the water trans
This fact indicates that the cavity creation energy is large
liquid water than in liquid benzene, and in addition, mo
energy is required to create a cavity for a larger molecu
benzene, than that for a smaller molecule, water. The cha
in the solute–solvent interaction energy,DEa , is smaller in
magnitude thanDDGc . Nevertheless, it is larger for the ben
zene transfer than for the water transfer. It is worthwhile
notice that the effect of pressure onDDGc is opposite to that
on DEa for both the benzene transfer and the water trans
In addition, the pressure effect on the both quantities for
benzene transfer is reverse of those for the water transfe
the present model, the pressure effect is allowed for thro
the pressure-dependent change of the molar volumes. Th
fore, the opposite direction of the pressure effect between
benzene transfer and the water transfer is caused by di
ence in compressibility between benzene and water. Aver
isothermal compressibilities of water and benzene were e
mated from the literature densities.39,40 The values obtained
for water and benzene are 4.531025 bar21 and 1.3
31024 bar21, respectively, at 373 K~50–400 bar! and 1.5
31024 bar21 and 5.831024 bar21, respectively, at 548 K
~100–400 bar!. Obviously, the compressibility of benzene
significantly larger than that of water, and so the press
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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024509-6 Y. Jin and S. Ikawa J. Chem. Phys. 122, 024509 (2005)
dependence of both the cavity creation energy and
solute–solvent interaction is larger in benzene than in wa
Although the present model is for an infinite dilute solutio
the results will be helpful to understand, at least qualitative
the solubility properties of the mixtures.

Figure 6 shows plots of the Gibbs energy change for
molecular transfer,DDG, divided by thermal energy,RT,
against temperature. The feature of its pressure-tempera
dependence is mainly determined by that of the cavity c
ation energy change,DDGc , the magnitude of which is dis
tinctly larger than that ofDEa . Since2DDG/RT provides a
measure of the solubility, the calculated results clearly in
cate that dissolution of benzene in water is much harder t
that of water in benzene. This is consistent with the asy
metry of the mutual solubility of water and benzene. In a
dition, the pressure dependence of2DDG/RT shown in Fig.
6 agrees with the experimental fact that the solubility of b
zene in water increases but that of water in benzene
creases with increasing pressure at constant tempera
Moreover, Fig. 6~a! clearly shows that the benzene solubili
in water increases with increasing temperature, being con
tent with the experimental results. On the other hand,
result in Fig. 6~b! cannot explain the experimenta

FIG. 5. Effect of temperature and pressure of the cavity creation en
change,DDGc , and the solute–solvent interaction energy change,DEa , on
transfer of~a! a benzene molecule from liquid benzene into liquid water a
transfer of~b! a water molecule from liquid water into liquid benzene.
Downloaded 12 Feb 2006 to 133.87.26.100. Redistribution subject to AIP
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temperature-dependent increase of the water solubility
benzene. This fact may suggest that the free energy of
water transfer would be reduced further by water–wa
hydrogen-bonding interaction at finite dilution, which is n
included in the present model for infinite dilution. This co
sideration is supported by the previous experimental re
that a proportion of the hydrogen-bonded association of
ter in benzene increases as the water solubility in benz
increases with increasing temperature.58 This mixing effect
caused by the water-water hydrogen-bonding interaction m
yield negative larger value ofDDEa(w), and then reduce
DDG(w) further at higher temperatures.

In conclusion, the asymmetry in the mutual solubiliti
of the water–benzene system can be at least qualitati
explained by the cavity-based model. The fact that the so
bility of benzene in water is significantly smaller than that
water in benzene is explained by the considerable differe
in molecular size between water and benzene, and the o
site direction of the pressure effect on the mutual solubilit
can be understood by difference in isothermal compress
ity between benzene and water.
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