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Anomalous volumetric behavior of water-hexane and water-decane
mixtures in the vicinity of the critical region as studied
by infrared spectroscopy
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Infrared spectra of binary mixtures of water with hexane and decane were measured at temperatures
and pressures in the 473-648 K and 70—350 bar ranges, respectively. Volumetric concentrations of
water and the hydrocarbons in the mixtures were obtained from absorption intensities of the
fundamental OH stretching band of HDO and combination transitions of the hydrocarbons. Using
both the concentrations, densities of the aqueous mixtures were estimated and compared with
densities before mixing, which were calculated using literature densities of the neat liquids. It is
found that anomalously large volume expansion on mixing occurs in the vicinity of the critical
region of the mixtures. @005 American Institute of PhysidDOI: 10.1063/1.1906211

I. INTRODUCTION of the three-phase equilibrium curve of the agueous binary
mixtures. For example, 7 times volume expansion has been

When two different fluids are mixed, the total VOIumeéaund on mixing of water and benzene with a molar ratio of
changes to a certain extent. The volume change, being call
g g g 0.82/0.18 at 573 K and 100 b4r.Such an anomalously

an excess volume of the mixture, is one of the most funda;: | . Id b h teristic of
mental properties for characterizing the mixing state. So far (Jﬂarge volume expansion would be a characteristic or agueous

great number of experimental data on the excess volumes 5@ixtures OT hyd_rophobic hydrocarbo_ns. Then itis intriguing
various kinds of mixtures have been accumulated and used hether aliphatic hydrocarbons, which are thought of more

understand the mixing states on the basis of intermolecul .ydrophopic than the aromatics, exhibit th_e Si.m”f"‘r volumet-

interaction® The relative change of the volume on the mix- fic behavior. tThe} priser;]t Paper dzals tthi;snu mfraretd t
ing at temperatures and pressures near ambient condition fgeasurements ot water-hexane and water-cecane mixtures a
usually small and typically a few percents. However, it be_hlgh temperatures and pressures. Densities of the mixtures

comes significantly large at some temperature-pressure coltrore objcamed from _the component_ co_ncentr_a_tlons, which
ditions. Wormald and co-worké’é have studied binary were estimated from infrared absorption intensities. As a ref-
mixtures of carbon dioxide with ethane, ethene, and sulfuf'c"c€: average densities before mixing were calculated us-

hexafluoride and found that the excess volume in the neaf"'9 literature densities of nee}t liquids at t_he same tempera-
critical region is about two orders of magnitude larger thantu.re.s and pressures._Comparlng Fhe densities before and after
mixing, we have estimated relative volume changes on the

that for the liquid mixtures near ambient conditions. X&to .
al.®> have reported that the excess molar volume of water™XIN9-
metha_mol mlxtl_Jres shows significantly large S|gm0|daI”. EXPERIMENTAL METHOD AND RESULTS
negative-to-positive change at 0.44 of methanol molar frac-
tion at 573.6 K and 137 bar, which was suggested to be a Spectroscopic measurements were performed using the
near-critical behavior. For dilute agqueous hydrocarbons, isame experimental setup and the high-pressure cell as de-
has been reported that the partial molar volumes of the hyscribed previously? Guaranteed reagent hexane and decane
drocarbons become anomalously large near the critical poirftom Nacalai Tesquélapan and deuterium oxid€99.9% D
of pure wateP 8 These anomalous behaviors will be useful from CEA (France were used as received. Water specimens
to gain an insight into relationship between macroscopiavere mixtures of HO and D,O with a molar ratio of 1:10 or
properties of the mixtures and the intermolecular interac41:20. The ratios of the isotopic species,® HDO, and
tions. D,0, in the water specimens were estimated to be 1:20:100
In the recent studies, we have found another type obr 1:40:400, and observed OH stretching absorption bands
intriguing volumetric behavior for binary mixtures of water were assigned solely to HDO to a good approximation. Mea-
with benzene, toluene, and ethylbenzeneirbgitu infrared  surements of HDO in the mixtures have some advantages.
and near-infrared measurements of high-temperaturerirst, it enables us to avoid the complication of spectra due
pressure mixture$1*On mixing of water with the hydrocar- to overlap of symmetric and antisymmetric stretching bands,
bons at certain temperature-pressure conditions, the total vodénd then makes band shape analysis simpler. In addition, it
umes expand anomalously. The relative volume change isakes possible to keep the OH stretching absorption within a
particularly large at pressures a little above the vapor presneasurable range even at high temperatures, where solubility
sure of water and at temperatures above the critical end poirf water in hydrocarbons is considerably large and the ab-
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at 598 K in hexane, whereas in decane the 648 K intensity
0.0 . ! s ! . | becomes the largest in the present temperature range. This
4000 3800 3600 3400 . . . e
B difference may be understood by difference in the position of
Wavenumber/cm the critical curve between the water-hexane and water-
FIG. 1. Absorption spectra of HDO dissolved in hexdaeand in decane decane systems as Shqwn in Fig. 2,l\évhere the crmcgl curves
(b) at various temperatures and constant pressure of 300 bar. were drawn by use of literature ddta™The phase point of

648 K and 300 bar is in the one-phase region in both the

. systems, but closer to the critical curve for water-decane than
sorption would become too strong to measure when a nerilg

H.0 . . d A I t of th i Jor water-hexane. Similar difference in temperature depen-
2 specimen 1S used. A small amount of Ine water SpeClyq a0 of the absorption intensity has been found among
men was put in the cell and then compressed liquid hydro

. . water-aromatic hydrocarbon mixturgsHowever, it should
carbons were transmitted into the cell. The water- Y

. . . " be noted that the water concentration in the one phase region
hydrocarbon interface was adjusted a little below the optlcaE P g

axis, and infrared absorption of the hydrocarbon-rich phas 0 not indicate the water solubility but depends on experi-

b d with 2 crh iral lution. At f1h fhental condition.
was observed wi cmspectral resolution. At some of the The molar concentration of water in hydrocarbons can

experimental points of lower pressures and higher temperaE-e estimated a6, = Ao/ A", whereAoy, andA™ denote the

H : W H ’ H
tures, howeve_r, observed spectra might he (.)f the wqter—rlc served integrated intensity and the molar absorption inten-
phase due to its anomalous volume expansion, as d|scuss§| respectively, of the OH stretching band of HDO. To
later. estimateA™, we have proposed an empirical expression by

, . . %Ilowing for an internal-field effect and effect of hydrogen-
OH stretching region at various temperatures and at constagl - 4 tormation as follows:

pressure of 300 bar, where spectra of neat hexane and decane

observed at the same temperature and pressure were used asA™=AT/0, (1)
reference. Most part of the absorption is assigned to HDO,

while a small absorption at about 3910 ¢nis assigned to a o9n

combination transition of BD. The HDO band should con- 0= (2+2)?" (2

sist of absorptions due to both hydrogen-bond-free and
hydrogen-bonded OH groupd.To obtain integrated inten-
sity of the HDO absorption, we decomposed the absorption
into several components with Gaussian and Lorentzian pro- +2.12X 10743707 —yplem™)?,

files and excluded contribution of the,O band and uncer- (3)
tainty of the baseline which might be affected by possible

incomplete cancellation of the solvent absorption. The abwhere,® denotes the internal-field correction faéfogiven
sorption intensities increase remarkably with increasing temby the refractive index of the fluid mixture andAg' is the
perature, indicating increase in water solubility in both themolar absorption intensity as a function of the band center
solvents. However, the intensity at 648 K reduces below thafrequency v,. Details of these expressions have been de-

AJ/(10° cm molt) = 3.0 + 5.37x 10°%(3707 —yg/lcm Y

Downloaded 12 Feb 2006 to 133.87.26.100. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



204506-3 Infrared spectra of aqueous mixtures J. Chem. Phys. 122, 204506 (2005)
5.0 T T T T T 15 T T T T ]
(a) Water in Hexane @ (a) Hexane
4.0 (523 K, 250 bar)
= 1L
= 3
S 30 G
s s S NTI
g o o5t f ] T
O [72}
8 2.0 2
Q
© mAd
1.0° o
M ¥ L 1 1 1
0.0 1 1 : L L 4600 4500 4400 4300 4200 4100
100 150 200 250 300 350 4
Wavenumber / cm
Pressure / bar
25
80 T T T T T ' ' I !
. (b) Decane
b) Water in Decane 20 - i
®) 648 K ’ (523 K, 250 bar)
< 60 3
i~ S 15[ i
c o)
s 5 _—
© e | Ji e b
£ 40 ? S 40l S5 T +
S <
Q
3
05 | ]
© 20 .
I "_"____-__.____..--.-.‘ .............................................
r N N O 523 K 0 1 1 1 1
s R 4 4600 4500 4400 4300 4200 4100
0 1 T Y Y —Y K
100 150 200 250 300 350 Wavenumber / cm

Pressure / bar FIG. 4. Near-infrared absorption of hexaf@ and decanéb) in neat liquids

FIG. 3. Water concentrations in hexane and decane plotted against press F‘ecmd lineg and in aqueous mixtureroken line. Thin solid and dotted

at each temperature. Ines indicate base lines and integrated ranges.

scribed previously? Briefly, the internal-field correction fac- ATai= Sheal (CH 1),

tor varies rather in the narrow range, 0.82—1.00, and does NQlherel is the sample thickness a@ﬂ denotes the molar
affect the similarity in the temperature-pressure dependenc

bet the int ted intensit d1th i rai €oncentration of neat hydrocarbons estimated from literature
etween the Integrated intensity and the water concentra '.O'a‘ensity datd/*® The resulting molar absorption intensities
Equation(3) has been derived as an empirical relationshi

. . . "were almost independent of temperature and pressure and we
between the integrated intensities and the peak frequenmeg

. o ) : ssume constant value@.2+0.4 X 10° cm mol?® for hex-
both of which vary significantly by hydrogen bondln_g._Smce ane and(13.0+0.6 X 10° cm mol for decane. This fact is
the observed bands are not symmetric and exhibit som

Eonsistent with the abovementioned assumption that the mo-

structure, we have used the first moments of the absorptiop, absorption intensity is independent of the molecular en-
as the band centey,. The resulting water concentrations are

lotted in Eia. 3. Th tainty of th | h biai C}/ironment. The same situation has been observed for near-
plotted in g. 5. The uncertainty of the vaiues thus oblaiN€qyq.areq compination absorption of aromatic hydrocarb](?ns.
may be in the range of 10%—200Ref. 12 except the results

- The molar concentrations of the hydrocarbons in the
at the lowest temperature 473 K, where the water SOlum"tyaqueous mixtures thus obtained were plotted in Fig. 5. It

1S v<_erry sr?all ?nd the retsutI.tS ma)f/t?]avs Iéarger Encertamt%/. should be noted that the concentrations of hydrocarbons are
0 estimate concentrations ot the hydrocarbons, we avsery small and even smaller than the water concentrations in

used near-infrared absorption assigned to combination traqhe region of high temperatures and low pressures. The spec-

sitions of the CH stretching and bending vibrations. EXTtra observed in that region may not be of the hydrocarbon-

?mp:je?hm; :Ee l())bsgrvedf_lspectrg arekshovy{_] in Fi?‘ 4. tIL ich phase but the water-rich phase which would significantly
ound that the band profiies and peak positions of néa yéxpand with dissolution of the hydrocarbons as discussed in
drocarbons and the water-hydrocarbon mixtures are ver

the following section.
similar to each other. This fact suggests that the combination 9

transitions are little affected by the environmental condition

of the hydrocarbons, and we may assume that the molar ab-

sorption intensity is the same for the neat hydrocarbons and

the aqueous mixtures. Integrated intensities of the neat hyt. DISCUSSION

drocarbons, S,.,; Wwere obtained over the range of

4200-4500 cmt with a baseline leveled to a signal at The volumetric behavior of the water-hydrocarbon mix-
4500 cm? as shown in Fig. 4, and the molar absorption in-tures are characterized by a relative volume change on the
tensity is given by mixing by
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Vo Vo Pmix . :
temperatures. These results are consistent with the observa-
where tion for the water-aromatic hydrocarbon systegi"‘r?%,and
suggest that the anomalous volume expansion on the mixin
Prix = (CuMyy+ C4M},)/1000 J9 ’ 9

should be characteristic property of aqueous mixtures of hy-
denotes the density of the mixture given by the experimental

concentrationsCy, andCy, and molar weightsM,, andM, 8.0 T . g T
and OH, OH,
_ CywMy+ CyMy
PO~ (CuMwlpw) + (CuMy/p) 6.0F .

is the average density before mixing, and py being den-
sities of neat water and neat hydrocarbons taken from
literatures:’*® The resulting values of the relative volume 5
change are plotted in Fig. 6. At temperatures below 523 K = _E
for the water-hexane system and 548 K for the water-decane
system, the relative volume change is very small, being like

that of an ordinary liquid mixture in the temperature-pressure
region far from the critical condition. At higher temperatures,

on the other hand, the relative volume change becomes
anomalously large particularly at low pressures. For ex- 0.0 ! ! .
ample, it reaches 13.2 for the water-hexane system at 573 K 0 01 0.2 03 0.4 05

and 90 bar, which means 14.2 times volume expansion on Molar fraction of hydrocarbon

the mixing. The pressures for the maximum volume expan-

sion are 90, 130, and 170 bar at temperatures of 573, 598IG. 7. Relative volume changes on mixing plotted against molar fraction

; _ f hydrocarbons for the water-benzengB, (573 K,100 bar, B,
and 623 K, which are common to both the water-hexane an 98 K125 barr B, (623 K, 175 bay], water-hexangH, (573 K, 100 bar

water-decane systems and are a little above the vapor pres; (sog k,130 bay, and water-decane[D; (573 K,100 bar, D,
sures of neat water, 86, 120, and 165 bar, at the respectivgss K, 130 bar, D, (623 K,170 bar] systems.

>O
—
> 4.0

2.0
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drophobic hydrocarbons. The detailed study on the waterSports, Science, and Technology of Jap@arant No.
benzene system has suggested that the region where th8344016%9

anomalously large volume expansion occurs is a harrow re-

gion enclosed by an extended line of the three-phase equ|||b3\] S. Rowlinson and F. L. Swintohjquids and Liquids Mixtures3rd ed.

g i o ; _ (Butterworth, London, 1982
rium curve, the one-phase critical curve of the mixtures con-;." Wormald, Thermochim. Act800, 169 (1997.

cerned and the vapor pressure curve of neat wae® Fig. 9 3¢ 3 wormald and J. M. Eyears, Fluid Phase Equilibzg 139
of Ref. 11]. (2001).
. . 4 . .
Figure 7 shows plots of the relative volume changes for ‘C. J. Wormald and R. W. Hodgetts, Fluid Phase Equill8/—188 391

] ) ) ~ 7 (2000.
the water-hexane, water-decane, and water-behzeys- s Xiao, H. Bianchi, and P. R. Tremaine, J. Chem. Thermod®. 261

tems against molar fraction of hydrocarbons at a few (1997,
temperature-pressure points. It proves that the relative vol’D. R. Bioggerstaff and R. H. Wood, J. Phys. Cherf2, 1988
ume changes for the three systems are not too much different1988-

" I. M. Abdulagatov, A. R. Bazaev, E. A. Bazaev, M. B. Saidakhmedova,
from each other at the comparable conditions of temperature,, ;" 'A" g Ramazanova, Fluid Phase Equilil50-151 537

pressure, and molar fraction. However, those for the water- (1903.
hexane system are distinctly larger than for the water-decand. M. Abdulagatov, A. R. Bazaev, E. A. Bazaev, M. B. Saidakhmedova,

and water-benzene systems. For the latter two systems, th@nd A E. Ramazanova, J. Chem. Eng. Da 451 (1988.
|ati | . to b hiv th S. Furutaka and S. lkawa, J. Chem. Ph$47, 1682(2002.
relative volume expansions seem 1o be roughly thé Sameg r iaka and S. Ikawa, Fluid Phase Equiti7, 181 (2004

allowing for a slight difference in pressure. Although, we 'y, Jin and S. Ikawa, J. Chem. Phy&21, 2694 (2004).

could not examine dependence of the relative vquméz(Sz-Ol;L];rutaka, H. Kondo, and S. Ikawa, Bull. Chem. Soc. Jp#. 1775

changes on the hydrocarbor_1 fractlon for the.water hexan@s_ Furutaka and S. Ikawa, J. Chem. Phg&7, 751 (2002.

and water-decane systems, it is probably similar to that forsr, \w ge Loos, W. G. Penders, and R. N. Lichtenthaler, J. Chem.

the water-benzene system shown in Fig. 7. Thermodyn. 14, 83 (1982.

1%, Brunner, J. Chem. Thermody22, 335(1990.
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