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Near infrared study of water-benzene mixtures at high temperatures
and pressures
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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. @004 American Institute of Physics.

[DOI: 10.1063/1.1769356

I. INTRODUCTION entropy effect that is unfavorable to water-water association.
] ) _At higher temperatures, the component bands attributed to
Water at high temperatures and pressures in the subcritine monomers and the dimers merged into a single band and
cal to supercritical region has been paid much attention thesg, 14 not be resolved meaningfully. This is attributed to
days, due to its intriguing properties and possibility of vari- rapid exchange between the hydrogen-bonded and hydrogen-
ous applications. Differing from ambient water, the high tem-p o 4 ¢00 states of the OH groups due to temperature-

perature water is a good solvent for nonpolar COmpoundﬁccelerated rotation of molecules within the water clusters.

=5 .
such as hydrocarborts? which are usually regarded as hy- Moreover, using the concentrations of both water and hydro-

drophobic substancgs.. For example,. yvater gnd benzene bc,eairbons, we have found anomalous volumetric behavior of
come completely miscible at any mixing ratio at tempera-

.~ the mixtures in the vicini f the critical region. For ex-
tures and pressures above 573 K and 200 bar, respectlvef N tures in the c ty of the N Fca €glo or e
: LT mple, volume expansion on the mixing of water and ben-
forming a homogeneous phase. This situation is clearly un-
. zene becomes as large as 300% at 573 K and 108! bar.
derstood by a pressure-temperature phase diagram of ﬂéem'lar henomena have been observed for water-toluene
mixture in Fig. 1, in which open circles indicate typical ex- imrar p v v W u

perimental points in the present study. Such water@1d Water-ethylbenzene mixtur&sThus the anomalous vol-

hydrocarbon mixtures are important in a wide range of in-Ume expansion is C0n§idered to be common to.tr.le. mixing of
dustries including oil refineries, petrochemical industry, coal’Vte" and hydrophobic hydrocarbons in the vicinity of the
gasification and liquefaction, and a number of thermody-(f”t'cal regpn._‘l’hese fmdmgs.have been obtained for the first
namical data have been reported soffa? These data are time by thein situ spectroscoplc measurements of-ope pha_se,
also useful for designing an environment-protecting technolth® hydrocarbon-rich phase, of the two coexisting fluid
ogy where hydrothermal reactions are applied to destructioRhases. The volumetric concentrations of components and
of toxic waste chemical¥~28In contrast to those extensive then the density of the one phase in the two-phase coexisting
studies on the thermodynamic properties, molecular-level€gion cannot be obtained by ordinary analytical techniques
structures of the high-temperature mixtures had remaine@uch as gas chromatography and Karl—Fisher titration.
largely unknown until quite recently. It is intriguing what volumetric behavior the water-rich

In the recent studie$:?®° we have shown thain situ  Phase exhibits in the same temperature-pressure region. To
infrared measurements are useful for obtaining molecularexamine this, we require obtaining the concentrations of both
level information of the high-temperature mixtures. We havewater and hydrocarbons in the water-rich phase. However,
found that water concentration in aromatic hydrocarbons inwe were unable to measure the concentrations in the water-
creases rapidly with increasing temperature, and the relativéich phase due to the too strong infrared absorption of water.
ratio of hydrogen-bonded dimeric water to monomeric waterTherefore, we have attempted to measure near-infrared over-
increases with temperature up to 523 K at a constant pressutene absorption, which is a few orders of magnitude weaker
of 100 bar. This fact indicates that the effect of the solubilitythan the fundamental absorption and convenient for quanti-
increase on the monomer-dimer equilibrium is superior to theative analysis. We have observed the overtone OH-
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FIG. 1. Pressure-temperature phase diagram for water-benzene mixturefg
drawn by use of literature daf&efs. 4, 5. CP: critical point(water: 647.14
K, 220.6 ba; benzene: 562.05 K, 48.95 )oéRref. 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. 0.0
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stretching absorption of neat water at temperatures in the Wavenumber/ cm

373-673 K range and at pressures in the 20—400 bamG. 2. Near-infrared absorption spectra of the water-rich phase of water-

range?® From analysis of the molar absorption intensities inbenzene mixtures at temperatures in the ranges of 473-5@pdtd 560~

the gas and gaslike regions, enthalpy for dimerization ha&”3 K (b) ata constant pressure of 200 bar.

been estimated to be 33 kJ/mol. At densities in liquid and

liquidlike regions, we have f_o_u nd a good c_orrelatlon betweenlnterface was adjusted so as to be definitely above the optical

the molar absorption intensities and the first moments of the . : 2 ;
. . . axis to measure the water-rich phase. The initial volume ratio

absorption bands and suggested using the correlation for es: ) .

T ; . . ._of water and benzene was 4.5:1.5, which corresponds to

timating water concentration in aqueous mixtures. It is

. . o - P.063 of a molar fraction of benzene. Then the cell was
worthwhile to mention here that the absorption intensities o . .
slowly heated up to an intended temperature. During the

infrared and near-infrared bands of water have sometime feating process, it was necessary to bleed a small amount of

Eieehrjteurf]egr;(t)u::eh\?vr;}[%%‘e‘rzlgEuih:ot%décs)g;r;tg nggirségﬁ Ye sample from the water phase to avoid overpressure. This
9 P ' was done through the lower one of the two side inlets of the

centration. The pres_ent paper reports near-infrared Measure:| ontioned above by fine control of a needle valve,
ments of the water-rich phase of the water-benzene mixtures. . . . .

. ) which is connected to a tee-union between the cell and the
Concentrations of both water and benzene are estimated

o : " ) ressure transducer. Distilled and deionized water with elec-
from respective integrated intensities of near-infrared absorp-. L ] .
. . . ~_tric conductivity of 0.2uS cm * was used, and spectroscopic
tion bands, and the volumetric behavior of the water-rich

phase is discussed grade benzene from Nacalai tesque was used as receivec_J.

' Spectral measurements were performed with a Perkin-
Elmer System 2000 Fourier-transform spectrometer, which
Il. EXPERIMENT was equipped with a near-infrared source and a near-infrared
detector. Near-infrared transmission spectra were measured
with 2 cm ! resolution at sample temperatures in the 473—

The high-pressure cell used has been describeg73 K (+1 K) range and pressures in the 100—400(kz0.5
previously?® In brief, the cell body is made of Hastelloy pap range.
(anticorrosion nickel-based superall@nd the windows are
colorless sapphire cylinders. The effective aperture for opti-
cal transmission is 6 mm and the optical path length of aB' Observed spectra
sample is 1.46 mm. The temperature and pressure of the Figure 2 displays observed near-infrared spectra of the
sample fluid are measured with a thermocouple and a presvater-rich phase of the water-benzene mixtures. Bands cen-
sure transducer of a semiconductor strain gage, respectivelered around 7000 cit are assigned to the OH stretching
The cell has three sample inlets. The one on the top is foovertone transition of water and small bands at 6000°ci
initial filling of sample liquids and the two on the side are for the CH stretching overtone transition of benzene dissolved in
transmitting compressed liquids into the cell with a syringethe water phase. Inlet figures show benzene bands on an
pump for liquid chromatography. First, the cell was filled expanded scale. Temperature-dependent change in the ab-
with water and benzene and the level of the water-benzengorption is obviously different between the two temperature

A. Apparatus and procedure
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e | Ill. DISCUSSION
@ 05r = . .
a 1 A. Estimates of concentrations
<C 6000
To estimate concentrations from the observed integrated
band intensities, we need molar absorption intensities. It is
0.0 Gt known that the molar absorption intensity of the OH-

7500 7000 6500 000 stretching transition of water depends on the hydrogen-
bonding state of the water molecules. Allowing for this, we
estimate the molar absorption intensity of water in aqueous
FIG. 3. Near-infrared absorption spectra of the water-rich phase of watermixtures using a correlation between the molar absorption
_benzene mixtures at temperatures 528Kand 673 K(b), and at pressures intensity and the first band moment for neat water, which has
in the range of 100-400 bar. been obtained in the previous papesince both quantities
are mainly determined by the hydrogen-bonding state of wa-
, . ter molecules, we have assumed that the correlation can be
ranges. The absorption of water slowly decreases with N3 pplied to the aqueous mixtures in which the molar absorp-

creasing temperature from 473 to 560 K at a constant prégjo intensity is also determined by the hydrogen-bonding
sure of 200 bar, while the absorption of benzene exhibits @ 10 The first band moment can be obtained from normal-
relatively large increase as shown in Figa2 At higher ;04 apsorption profile on condition that the absorption does
temperatures, on the other hand, the water absorption rapidjyy gignificantly overlap with other absorption. Then, the
decreases with increasing temperature and the benzene giy, o ansorption intensity is given by the correlation shown

sorption steeply increases as the temperature increases frqmFig_ 7 of the previous pap&#which is represented by the
560 to 573 K as shown in Fig.([B). Figure 3 shows pressure following expression:

dependence of the absorption. At 523(&), absorption of

poth water and benzene exhibits little change as the pressure (A™/cmmol 1) =7.41x 10’ — 2.13x 10*(vicm™ 1)
increases from 100 to 400 bar. On the contrary, at 64B)K

the water absorption rapidly increases with increasing pres- +1.53v/iem 1)?, (2)
sure, while the benzene absorption changes only a little.

These absorption changes reveal how the concentrationghere, A™ and v denote the molar absorption intensity and
vary with temperature and pressure, since the strength of thibe first band moment, respectively. Then the molar concen-
absorption is approximately proportional to a concentratiortration of water is given from the observed intensity,s as
of the corresponding component, and therefore may be rea-
sonably understood by referring to a phase diagram of théC,,/mol |~ 1)=10*% (A ps/cm2)/(A™cmmol™1). (2
mixtures shown in Fig. 1. The present experimental results
indicate that, in the two-phase region, the water concentrancertainty of the concentration estimates from this method
tion decreases a little while the benzene concentration inis hard to assess at present, but may be less than 10%.
creases with increasing temperature at a constant pressure. For benzene, we estimate concentrations by directly
Effect of pressure on both the concentrations of water andomparing the absorption intensities of mixtures and neat
benzene is very small in the present pressure range in thgenzene, using literature data of concentrations of neat ben-
two-phase region. On the other hand, at higher temperatureene at the same temperature and presSuie assume this
in the two-phase region near the critical curve and in theprocedure to be reasonable, taking into account the fact that
one-phase region, the water concentration increases signifihe absorption profile of benzene changes little on the trans-
cantly with increasing pressure, while the benzene concerfer from the neat liquid to the mixture as shown in Fig. 4.
tration moderately changes. For further discussion, values dfigure 4a) compares the absorption bands of the mixture
the concentrations are estimated in the following section. and neat water, both of which are normalized at the peak

Wavenumber/ cm’™
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T water-benzene mixtures against pressure at each of the experimental tem-
peratures.

Concentration (molfl)

ture dependence. At temperatures in the 498-560 K range,
where all the experimental points are in the two-phase re-
gion, the molar fractions are very small and approximately
350 200 independent of pressure except at the two lowest pressures

at 560 K. The estimated molar fractions are 28 3,

6.0x10 3, and 1.3<10 2, at 498, 523, and 548 K, respec-
FIG. 5. Plots of concentrations of water in the water-rich phase of thetively. These values may suffer from large uncertainty due to
water-benzene mixturgg) and in neat watefb) against pressure at each of considerably weak absorption of benzene at lower tempera-
the experimental temperatures. . . . S

tures and a further study is required to discuss quantitatively.

Nevertheless, the present results indicate that the solubility

) ) ) of benzene in water is very small and approximately inde-
maximum, and Fig. éb) compare the absorption band of neat hendent of pressure at temperatures lower than 560 K in the

benzene and that of the mixture obtained by subtracting aliyo-phase region. At higher temperatures, on the other hand,
sorption of water. It is found that the absorption of benzengne molar fractions are significantly large and gradually de-
exhibits only a very small high-frequency shift from neat crease with increasing pressure. It should be noticed here that
liquid to the mixture. This fact indicates that the overtonetne experimental points at pressures higher than 150—200 bar
absorption of benzene is insensitive to change in the molecyyre in the one-phase regi¢see Fig. 1 Then the variation of

lar environment, and it is reasonable to obtain the benzenge molar fractions in this region does not mean change in
concentrations in the mixtures from the relative ratio of theyne solubility of benzene in water but depends on the experi-
absorption intensities. The absorption of water, on the othefental conditions such as an initial volume ratio of water
hand, shows a little larger high-frequency shift, and theang penzene and a way to attain the experimental
bump around 7300 cnt, which is attributed to a remnant of temperature-pressure points, because our cell is not a com-
the R branch of the rotational structuf@jncreases by disso- pletely closed system. However, this does not affect the use-

lution of benzene. These changes in the band profile indicatginess of the data for studying the volumetric behavior of
a decrease in degree of the hydrogen bonding and an increagg mixtures in the following section.

in proportion of the freely rotating water molecules.

The resulting concentrations of water and the molar frac- ) ) )
tions of benzene given by B. Volumetric behavior of the mixtures

Ce Figure 7 shows the experimenta@) and calculatedb)
=— (3)  densities of the water-benzene mixtures. The experimental
Cw+Cs densities(in gcm ) are readily given from concentrations

are plotted against pressure at each temperature in Figs.ds water and benzene as
and 6. It should be mentioned here that all the values of the
water concentrations in the mixturés are smaller than the Pmix=(CwMw+CgMs)/1000, @
corresponding values of neat watéln) taken from the whereM,, andMg are molar weights of water and benzene,
literature® The relative difference is particularly large at respectively. The calculated densities, defined as average
points slightly above the vapor pressure curve of water. Foflensities before mixing, are given by
example, the concentration in the mixture at 573 K and 100 CiM vt CaM

. . wiViw BB
bar is an order of magnitude smaller than that of neat water. py= C Mo (CaM T’ 5)
This is related to an anomalous volumetric behavior of the (CwMw/pw) +(CeMg/pe)
mixtures discussed in the following section. The molar frac-where py, and pg denote densities of neat wat®and neat
tions of benzene in the mixtures show significant temperabenzené? respectively. The discrete jumps g at 598 and

1 1
250 300
Pressure / bar

g
0 1
100 150 200

X
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””g FIG. 8. Relative volume change on the mixing for the water-rich phase of
g’ the water-benzene mixtures.
=
2
3 equilibrium curve of water. The volume change is particu-
larly large in the area immediately above the vapor pressure
curve of water. This fact suggests that the dissolution of ben-
! 1 1 1 1 1 I T 1t it I
0956 a0 50 a0 T 350 200 zene, which itself is in the su_percrmcal condltpn, _mc_juces a
Pressure / bar density change of the water-rich phase from a liquidlike con-
dition to a gaslike condition. A very similar volumetric be-
FIG. 7. Experimental densities of the water-rich phase of the water-benzenlavior to that in Fig. 8 has recently been reported by Furu-
mixtures(a) and calculated average densities before mixing taka et al. for the hydrocarbon-rich phase of the water-

hydrocarbon mixture$-?? It is proved that the maxima of
the volume expansion of both the water-rich and the
benzene-rich phases of the mixtures occur at about the same
pressure at each temperature of 573, 598, and 623 K. There-
agree with thep, values. Obviously, this is not the case for fore, the anomalous volumetric behavior should be charac-

the water-benzene mixtures and each of all the experiment&/istic of water-hydrocarbon mixtures in the vicinity of the
densities is smaller than the corresponding calculated densifyfitical region, particularly near the vapor pressure curve of

at the same temperature and pressure. This property of tHAter. This phenomenon may have some relationship with
mixtures can be well displayed by the relative volumethe large excess molar volumes of fluid mixtures of carbon

change on the mixing given by dioxide with ethene and sulfur hexafluor'ic.ie observed at
around room temperature and near the critical pressures of
AmiV' _ Vimix—Vo _ po 1 ® the component fluid$!-3?

Vo Vo Pmix C. Composition dependence
The resulting values are plotted against pressure at each te®f-the relative volume change
perature in Fig. 8. At temperatures below 548 K, the relative 1 o) cigate a relationship between the volumetric be-
volume change is very small, being a few hundredths, angi, o of the water-rich phase and that of the benzene-rich
slightly decreases with increasing pressure. This is like ahase, we have examined how the relative volume change

ordinary volumetric beh"’?"'m of liquid m'X,tWeS n Fhe varies with the molar fraction of benzene. Near-infrared
temperature-pressure region far from the critical condition.

On the other hand, at the higher temperatures in the two-

phase region and the one-phase region, the relative volume 400 , .
change becomes anomalously large particularly at low pres-
sures. At 560 K and 100 bar, for example, the relative vol- | I —
ume change reaches about 2.8, which means 3.8 times vol-
ume expansion on the mixing. The jumps at 598 and 623 K
are due to the jumps in the calculated densities mentioned
above. Figure 9 shows a contour map of the relative volume
change on thd>-T phase diagram, where variations in the
relative volume change are expressed by gradation. The .
darker region indicates higher degree of the volume expan- $o0 550 600
sion. It is found that the anomalously large volume expan- Temperature / K

sion OCCUF§ In"a nharrow region, Whl(?h ITQ’ enclosed by ar]:IG. 9. Contour map of the relative volume change on the pressure-
extended line of the three-phase equilibrium curve and themperature phase diagram of the water-benzene mixtures. The darker re-
one-phase critical curve of the mixtures, and the gas-liquidjion indicates higher degree of the volume expansion.

623 K are caused by the gas-to-liquid transition of neat wa
ter. If the molar volumes of the neat components were addi
tive, the experimental densities of the mixtuies, would

—* CP
=" (water)

Pressure / bar
N
8
T

100

CP
(benzene) ) )
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