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Near infrared study of water-benzene mixtures at high temperatures
and pressures

Yusuke Jin and Shun-ichi Ikawa
Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo, 060-0810, Japan

~Received 3 March 2004; accepted 14 May 2004!

Near-infrared absorption of water-benzene mixtures has been measured at temperatures and
pressures in the ranges of 473–673 K and 100–400 bar, respectively. Concentrations of water and
benzene in the water-rich phase of the mixtures were obtained from the integrated absorption
intensities of the OH stretching overtone transition of water and the CH stretching overtone
transition of benzene, respectively. Using these concentrations, the densities of the water-rich phase
were estimated and compared with the average densities before mixing, which were calculated from
literature densities of neat water and neat benzene. It is found that anomalously large volume
expansion on the mixing occurs in the region enclosed by an extended line of the three-phase
equilibrium curve and the one-phase critical curve of the mixtures, and the gas-liquid equilibrium
curve of water. Furthermore, magnitude of the relative volume change increases with decreasing
molar fraction of benzene in the present experimental range. It is suggested that dissolving a small
amount of benzene in water induces a change in the fluid density from a liquidlike condition to a
gaslike condition in the vicinity of the critical region. ©2004 American Institute of Physics.
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I. INTRODUCTION

Water at high temperatures and pressures in the sub
cal to supercritical region has been paid much attention th
days, due to its intriguing properties and possibility of va
ous applications. Differing from ambient water, the high te
perature water is a good solvent for nonpolar compou
such as hydrocarbons,1–5 which are usually regarded as h
drophobic substances. For example, water and benzene
come completely miscible at any mixing ratio at tempe
tures and pressures above 573 K and 200 bar, respecti
forming a homogeneous phase. This situation is clearly
derstood by a pressure-temperature phase diagram o
mixture in Fig. 1, in which open circles indicate typical e
perimental points in the present study. Such wa
hydrocarbon mixtures are important in a wide range of
dustries including oil refineries, petrochemical industry, c
gasification and liquefaction, and a number of thermo
namical data have been reported so far.8–13 These data are
also useful for designing an environment-protecting techn
ogy where hydrothermal reactions are applied to destruc
of toxic waste chemicals.14–18 In contrast to those extensiv
studies on the thermodynamic properties, molecular-le
structures of the high-temperature mixtures had remai
largely unknown until quite recently.

In the recent studies,19,20 we have shown thatin situ
infrared measurements are useful for obtaining molecu
level information of the high-temperature mixtures. We ha
found that water concentration in aromatic hydrocarbons
creases rapidly with increasing temperature, and the rela
ratio of hydrogen-bonded dimeric water to monomeric wa
increases with temperature up to 523 K at a constant pres
of 100 bar. This fact indicates that the effect of the solubil
increase on the monomer-dimer equilibrium is superior to
2690021-9606/2004/121(6)/2694/7/$22.00
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entropy effect that is unfavorable to water-water associat
At higher temperatures, the component bands attribute
the monomers and the dimers merged into a single band
could not be resolved meaningfully. This is attributed
rapid exchange between the hydrogen-bonded and hydro
bond-free states of the OH groups due to temperatu
accelerated rotation of molecules within the water cluste
Moreover, using the concentrations of both water and hyd
carbons, we have found anomalous volumetric behavio
the mixtures in the vicinity of the critical region. For ex
ample, volume expansion on the mixing of water and b
zene becomes as large as 300% at 573 K and 100 b21

Similar phenomena have been observed for water-tolu
and water-ethylbenzene mixtures.22 Thus the anomalous vol
ume expansion is considered to be common to the mixing
water and hydrophobic hydrocarbons in the vicinity of t
critical region. These findings have been obtained for the fi
time by thein situ spectroscopic measurements of one pha
the hydrocarbon-rich phase, of the two coexisting flu
phases. The volumetric concentrations of components
then the density of the one phase in the two-phase coexis
region cannot be obtained by ordinary analytical techniq
such as gas chromatography and Karl–Fisher titration.

It is intriguing what volumetric behavior the water-ric
phase exhibits in the same temperature-pressure region
examine this, we require obtaining the concentrations of b
water and hydrocarbons in the water-rich phase. Howe
we were unable to measure the concentrations in the wa
rich phase due to the too strong infrared absorption of wa
Therefore, we have attempted to measure near-infrared o
tone absorption, which is a few orders of magnitude wea
than the fundamental absorption and convenient for qua
tative analysis. We have observed the overtone O
4 © 2004 American Institute of Physics
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2695J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Near infrared study of water-benzene mixtures
stretching absorption of neat water at temperatures in
373–673 K range and at pressures in the 20–400
range.23 From analysis of the molar absorption intensities
the gas and gaslike regions, enthalpy for dimerization
been estimated to be 1563 kJ/mol. At densities in liquid and
liquidlike regions, we have found a good correlation betwe
the molar absorption intensities and the first moments of
absorption bands and suggested using the correlation fo
timating water concentration in aqueous mixtures. It
worthwhile to mention here that the absorption intensities
infrared and near-infrared bands of water have someti
been used to characterize the hydrogen bonding stat
high-temperature water,24–28but not to estimate a water con
centration. The present paper reports near-infrared meas
ments of the water-rich phase of the water-benzene mixtu
Concentrations of both water and benzene are estim
from respective integrated intensities of near-infrared abs
tion bands, and the volumetric behavior of the water-r
phase is discussed.

II. EXPERIMENT

A. Apparatus and procedure

The high-pressure cell used has been descri
previously.23 In brief, the cell body is made of Hastello
~anticorrosion nickel-based superalloy! and the windows are
colorless sapphire cylinders. The effective aperture for o
cal transmission is 6 mm and the optical path length o
sample is 1.46 mm. The temperature and pressure of
sample fluid are measured with a thermocouple and a p
sure transducer of a semiconductor strain gage, respecti
The cell has three sample inlets. The one on the top is
initial filling of sample liquids and the two on the side are f
transmitting compressed liquids into the cell with a syrin
pump for liquid chromatography. First, the cell was fille
with water and benzene and the level of the water-benz

FIG. 1. Pressure-temperature phase diagram for water-benzene mix
drawn by use of literature data~Refs. 4, 5!. CP: critical point~water: 647.14
K, 220.6 ba; benzene: 562.05 K, 48.95 bar! ~Ref. 6!, 3CEP: three-phase
critical end point~542.6 K, 94.6 bar! ~Ref. 7!. Open circles: typical experi-
mental points in the present study.
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interface was adjusted so as to be definitely above the op
axis to measure the water-rich phase. The initial volume ra
of water and benzene was 4.5:1.5, which corresponds
0.063 of a molar fraction of benzene. Then the cell w
slowly heated up to an intended temperature. During
heating process, it was necessary to bleed a small amou
the sample from the water phase to avoid overpressure.
was done through the lower one of the two side inlets of
cell mentioned above by fine control of a needle valv
which is connected to a tee-union between the cell and
pressure transducer. Distilled and deionized water with e
tric conductivity of 0.2mS cm21 was used, and spectroscop
grade benzene from Nacalai tesque was used as receive

Spectral measurements were performed with a Per
Elmer System 2000 Fourier-transform spectrometer, wh
was equipped with a near-infrared source and a near-infra
detector. Near-infrared transmission spectra were meas
with 2 cm21 resolution at sample temperatures in the 47
673 K ~61 K! range and pressures in the 100–400 bar~60.5
bar! range.

B. Observed spectra

Figure 2 displays observed near-infrared spectra of
water-rich phase of the water-benzene mixtures. Bands
tered around 7000 cm21 are assigned to the OH stretchin
overtone transition of water and small bands at 6000 cm21 to
the CH stretching overtone transition of benzene dissolve
the water phase. Inlet figures show benzene bands on
expanded scale. Temperature-dependent change in the
sorption is obviously different between the two temperat

res

FIG. 2. Near-infrared absorption spectra of the water-rich phase of wa
benzene mixtures at temperatures in the ranges of 473–560 K~a! and 560–
673 K ~b! at a constant pressure of 200 bar.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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2696 J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Y. Jin and S.-i. Ikawa
ranges. The absorption of water slowly decreases with
creasing temperature from 473 to 560 K at a constant p
sure of 200 bar, while the absorption of benzene exhibi
relatively large increase as shown in Fig. 2~a!. At higher
temperatures, on the other hand, the water absorption rap
decreases with increasing temperature and the benzen
sorption steeply increases as the temperature increases
560 to 573 K as shown in Fig. 2~b!. Figure 3 shows pressur
dependence of the absorption. At 523 K~a!, absorption of
both water and benzene exhibits little change as the pres
increases from 100 to 400 bar. On the contrary, at 673 K~b!,
the water absorption rapidly increases with increasing p
sure, while the benzene absorption changes only a little.

These absorption changes reveal how the concentra
vary with temperature and pressure, since the strength o
absorption is approximately proportional to a concentrat
of the corresponding component, and therefore may be
sonably understood by referring to a phase diagram of
mixtures shown in Fig. 1. The present experimental res
indicate that, in the two-phase region, the water concen
tion decreases a little while the benzene concentration
creases with increasing temperature at a constant pres
Effect of pressure on both the concentrations of water
benzene is very small in the present pressure range in
two-phase region. On the other hand, at higher temperat
in the two-phase region near the critical curve and in
one-phase region, the water concentration increases sig
cantly with increasing pressure, while the benzene conc
tration moderately changes. For further discussion, value
the concentrations are estimated in the following section

FIG. 3. Near-infrared absorption spectra of the water-rich phase of wa
benzene mixtures at temperatures 523 K~a! and 673 K~b!, and at pressures
in the range of 100–400 bar.
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III. DISCUSSION

A. Estimates of concentrations

To estimate concentrations from the observed integra
band intensities, we need molar absorption intensities. I
known that the molar absorption intensity of the OH
stretching transition of water depends on the hydrog
bonding state of the water molecules. Allowing for this, w
estimate the molar absorption intensity of water in aque
mixtures using a correlation between the molar absorp
intensity and the first band moment for neat water, which
been obtained in the previous paper.23 Since both quantities
are mainly determined by the hydrogen-bonding state of
ter molecules, we have assumed that the correlation ca
applied to the aqueous mixtures in which the molar abso
tion intensity is also determined by the hydrogen-bond
state. The first band moment can be obtained from norm
ized absorption profile on condition that the absorption d
not significantly overlap with other absorption. Then, t
molar absorption intensity is given by the correlation sho
in Fig. 7 of the previous paper,23 which is represented by th
following expression:

~Am/cm mol21!57.41310722.133104~ n̄/cm21!

11.53~ n̄/cm21!2, ~1!

where,Am and n̄ denote the molar absorption intensity an
the first band moment, respectively. Then the molar conc
tration of water is given from the observed intensityAobs as

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

Uncertainty of the concentration estimates from this meth
is hard to assess at present, but may be less than 10%.

For benzene, we estimate concentrations by dire
comparing the absorption intensities of mixtures and n
benzene, using literature data of concentrations of neat b
zene at the same temperature and pressure.29 We assume this
procedure to be reasonable, taking into account the fact
the absorption profile of benzene changes little on the tra
fer from the neat liquid to the mixture as shown in Fig.
Figure 4~a! compares the absorption bands of the mixtu
and neat water, both of which are normalized at the p

r-

FIG. 4. Comparison of absorption profile of the water-benzene mixture w
neat water~a! and neat benzene~b! at 673 K and 400 bar. The spectra hav
been normalized at the peak maximum.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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2697J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Near infrared study of water-benzene mixtures
maximum, and Fig. 4~b! compare the absorption band of ne
benzene and that of the mixture obtained by subtracting
sorption of water. It is found that the absorption of benze
exhibits only a very small high-frequency shift from ne
liquid to the mixture. This fact indicates that the overto
absorption of benzene is insensitive to change in the mole
lar environment, and it is reasonable to obtain the benz
concentrations in the mixtures from the relative ratio of t
absorption intensities. The absorption of water, on the o
hand, shows a little larger high-frequency shift, and
bump around 7300 cm21, which is attributed to a remnant o
theR branch of the rotational structure,23 increases by disso
lution of benzene. These changes in the band profile indi
a decrease in degree of the hydrogen bonding and an incr
in proportion of the freely rotating water molecules.

The resulting concentrations of water and the molar fr
tions of benzene given by

x5
CB

CW1CB
~3!

are plotted against pressure at each temperature in Fig
and 6. It should be mentioned here that all the values of
water concentrations in the mixtures~a! are smaller than the
corresponding values of neat water~b! taken from the
literature.30 The relative difference is particularly large
points slightly above the vapor pressure curve of water.
example, the concentration in the mixture at 573 K and 1
bar is an order of magnitude smaller than that of neat wa
This is related to an anomalous volumetric behavior of
mixtures discussed in the following section. The molar fra
tions of benzene in the mixtures show significant tempe

FIG. 5. Plots of concentrations of water in the water-rich phase of
water-benzene mixtures~a! and in neat water~b! against pressure at each o
the experimental temperatures.
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ture dependence. At temperatures in the 498–560 K ra
where all the experimental points are in the two-phase
gion, the molar fractions are very small and approximat
independent of pressure except at the two lowest press
at 560 K. The estimated molar fractions are 2.531023,
6.031023, and 1.331022, at 498, 523, and 548 K, respec
tively. These values may suffer from large uncertainty due
considerably weak absorption of benzene at lower temp
tures and a further study is required to discuss quantitativ
Nevertheless, the present results indicate that the solub
of benzene in water is very small and approximately ind
pendent of pressure at temperatures lower than 560 K in
two-phase region. At higher temperatures, on the other ha
the molar fractions are significantly large and gradually d
crease with increasing pressure. It should be noticed here
the experimental points at pressures higher than 150–200
are in the one-phase region~see Fig. 1!. Then the variation of
the molar fractions in this region does not mean change
the solubility of benzene in water but depends on the exp
mental conditions such as an initial volume ratio of wa
and benzene and a way to attain the experime
temperature-pressure points, because our cell is not a c
pletely closed system. However, this does not affect the u
fulness of the data for studying the volumetric behavior
the mixtures in the following section.

B. Volumetric behavior of the mixtures

Figure 7 shows the experimental~a! and calculated~b!
densities of the water-benzene mixtures. The experime
densities~in g cm23! are readily given from concentration
of water and benzene as

rmix5~CWMW1CBMB!/1000, ~4!

whereMW andMB are molar weights of water and benzen
respectively. The calculated densities, defined as ave
densities before mixing, are given by

r05
CWMW1CBMB

~CWMW /rW!1~CBMB /rB!
, ~5!

whererW and rB denote densities of neat water30 and neat
benzene,29 respectively. The discrete jumps inr0 at 598 and

e

FIG. 6. Plots of molar fraction of benzene in the water-rich phase of
water-benzene mixtures against pressure at each of the experimental
peratures.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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2698 J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Y. Jin and S.-i. Ikawa
623 K are caused by the gas-to-liquid transition of neat w
ter. If the molar volumes of the neat components were ad
tive, the experimental densities of the mixturesrmix would
agree with ther0 values. Obviously, this is not the case f
the water-benzene mixtures and each of all the experime
densities is smaller than the corresponding calculated den
at the same temperature and pressure. This property o
mixtures can be well displayed by the relative volum
change on the mixing given by

DmixV

V0
5

Vmix2V0

V0
5

r0

rmix
21. ~6!

The resulting values are plotted against pressure at each
perature in Fig. 8. At temperatures below 548 K, the relat
volume change is very small, being a few hundredths,
slightly decreases with increasing pressure. This is like
ordinary volumetric behavior of liquid mixtures in th
temperature-pressure region far from the critical conditi
On the other hand, at the higher temperatures in the t
phase region and the one-phase region, the relative vol
change becomes anomalously large particularly at low p
sures. At 560 K and 100 bar, for example, the relative v
ume change reaches about 2.8, which means 3.8 times
ume expansion on the mixing. The jumps at 598 and 62
are due to the jumps in the calculated densities mentio
above. Figure 9 shows a contour map of the relative volu
change on theP-T phase diagram, where variations in th
relative volume change are expressed by gradation.
darker region indicates higher degree of the volume exp
sion. It is found that the anomalously large volume exp
sion occurs in a narrow region, which is enclosed by
extended line of the three-phase equilibrium curve and
one-phase critical curve of the mixtures, and the gas-liq

FIG. 7. Experimental densities of the water-rich phase of the water-ben
mixtures~a! and calculated average densities before mixing~b!.
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equilibrium curve of water. The volume change is partic
larly large in the area immediately above the vapor press
curve of water. This fact suggests that the dissolution of b
zene, which itself is in the supercritical condition, induces
density change of the water-rich phase from a liquidlike co
dition to a gaslike condition. A very similar volumetric be
havior to that in Fig. 8 has recently been reported by Fu
taka et al. for the hydrocarbon-rich phase of the wate
hydrocarbon mixtures.21,22 It is proved that the maxima o
the volume expansion of both the water-rich and t
benzene-rich phases of the mixtures occur at about the s
pressure at each temperature of 573, 598, and 623 K. Th
fore, the anomalous volumetric behavior should be char
teristic of water-hydrocarbon mixtures in the vicinity of th
critical region, particularly near the vapor pressure curve
water. This phenomenon may have some relationship w
the large excess molar volumes of fluid mixtures of carb
dioxide with ethene and sulfur hexafluoride observed
around room temperature and near the critical pressure
the component fluids.31,32

C. Composition dependence
of the relative volume change

To elucidate a relationship between the volumetric b
havior of the water-rich phase and that of the benzene-
phase, we have examined how the relative volume cha
varies with the molar fraction of benzene. Near-infrar

FIG. 8. Relative volume change on the mixing for the water-rich phase
the water-benzene mixtures.

FIG. 9. Contour map of the relative volume change on the press
temperature phase diagram of the water-benzene mixtures. The dark
gion indicates higher degree of the volume expansion.

ne
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



ffe
r

ul
th
e
n
a
s

vo
or
m

th
ra
th
to
ic
ng
fr
o

-
tio
lo
T

on
ur
vo
s
e
s
,

rth
e
a

e

d
u
ci
ba

is-
ind
rk

rch
nd

ilib.

aday

va,

M.

m.

ures

in
v

2699J. Chem. Phys., Vol. 121, No. 6, 8 August 2004 Near infrared study of water-benzene mixtures
measurements have been performed for samples with di
ent initial volume ratios of water and benzene, which we
set at 5.5:0.5, 5.0:1.0, 4.0:2.0, respectively, while the res
described so far in this paper are of the sample with
initial ratio of 4.5:1.5. The observed spectra have be
treated in the same way as described in the experime
section and the values of the relative volume changes
estimated at various temperatures and pressures. The re
have indicated that the pressures at which the maximum
ume change occurs at each temperature are the same f
the samples, although the magnitudes of the relative volu
change vary with composition. Figure 10 shows plots of
maximum values at a few temperatures against molar f
tion of benzene. The previously reported values for
benzene-rich phase21 are also plotted in Fig. 10 and prove
be consistent with the present results for the water-r
phase. It is found that the magnitude of the volume cha
on the mixing decreases as the temperature increases
573 to 650 K or goes away from the critical temperature
benzene@562.05 K~Ref. 6!#. It is also obvious that the rela
tive volume change decreases with increasing molar frac
of benzene, except at 650 K and 250 bar where the p
exhibit a little decrease at the lowest benzene fraction.
gain an insight into this fact, it is useful to compare variati
patterns of the relative volume changes at different press
at a constant temperature. Figure 11 displays the relative
ume changes at several pressures at 623 K. At pressure
cept 175 bar, the relative volume change exhibits conv
shaped dependence on the molar fraction and seem
converge at zero at zero molar fraction. On the other hand
175 bar, the relative volume change seems to increase fu
at the lower molar fraction toward zero. This fact indicat
that dissolving a small amount of benzene in liquid water
a specific pressure, which is slightly above the vapor pr
sure of water@165 bar~Ref. 30! at 623 K#, induces a transi-
tion in the fluid density from liquid to gaslike condition, an
the density change becomes milder as the pressure goes
down from the specific pressure. The corresponding spe
pressures at 573 and 598 K will be near 100 and 125
respectively, as inferred from Fig. 10.

FIG. 10. Plots of the maximum values of the relative volume change aga
molar fraction of benzene at several temperatures. Previously reported
ues~Ref. 19! are marked withF.
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