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Solubility of Solid Polycyclic Aromatic Hydrocarbons in Pressurized Hot Water at
Temperatures from 313 K to the Melting Point

Pavel Karasek, Josef Planeta, and Michal Roth*

Institute of Analytical Chemistry, Academy of Sciences of the Czech Republic," V8ve61142 Brno, Czech Republic

Aqueous solubilities of two- to four-ring solid polycyclic aromatic hydrocarbons (PAHSs) (naphthalene, anthracene,
1,2-benzanthracene, triphenylene, gntérphenyl) were measured at temperatures within 313 K to the PAH
melting point and pressures within the range (4 to 8) MPa by dynamic method combined with gas chromatography/
mass spectrometry. A novel feature of the apparatus was the use of a capillary restrictor to minimize the system
volume downstream of the sampling point. The results for naphthalene and anthracene compare favorably with
the literature data whereas the solubilities of 1,2-benzanthracene, triphenylepeteapldenyl in pressurized hot

water are reported for the first time. The solubilities (equilibrium mole fractisg)sof PAHs are discussed in

terms of temperature and hydrocarbon structure. Mean values of the relative change in the PAH solubility with
temperature,d In x/aT),, range from 5.4x 1072 K~ in naphthalene to 7.2 1072 K=t in p-terphenyl. The In

Xz versusT plot for 1,2-benzanthracene is curved in the opposite direction as compared with the plots for anthracene,
triphenylene, ang-terphenyl.

Introduction were aimed at polycyclic aromatic hydrocarbons (PAHS).
Rossling and Francé® employed UV spectrophotometry to
determine the solubility of anthracene in several compressed
solvents including PHW. A visual observation of solubility of

Water is not only the greenest but also the most tunable of
solvents, with different kinds of intermolecular interactions

changing their relative importance as the temperature increase§1
) . - . vy hydrocarbon r n n rene,n-non -
from the triple point to the critical point. Although the effects eavy hydrocarbonsitetracosane, benzgjpyrene n-nonadec

- dylbenzene) and a white oil sample in near-critical water was
of temperature and pressure on the solvent properties an

o I " reported by SandefS. Later on, Miller and Hawthorré
reactivity Qf water become most fascinating in the supercr|t_|ca| developed an apparatus for production of saturated aqueous
regionl~6 important changes from the properties at ambient

conditions can already be seen in liquid water at tem eraturesSOIUtion by passing PHW through a layer of solid solute mixed
y D . 4 e np with an inert material, and Miller et &b used the dynamic
between the normal boiling point and the critical point.

i i . ) . method to determine the solubilities of anthracene, pyrene,
The ever increasing emphasis on green, sustainable, eNViroNtrvsene, perylene, and carbazole in PHW up to 498 K.

ment- and resource-conscious procedures results in rising Us&ecently, Andersson et #.reported solubilities in PHW of

of liquid water as a solvent or reaction medium. In analytical 5cenaphthene, anthracene, and pyrene at temperatures both
chemistry, for example, subcritical water extraction, also known paiow and above the melting points of the individual PAHS.

as pressurized hot water (PHW) extraction, is now an established The purpose of this study is to complement the PAH in PHW

:ecnn!que hOf sample ltr:_aat:n?nt. S|n::e 't? ”FrOdUCﬁdh?I di solubility data with new information on solubility of solid PAHSs.
echnique has seen relatively frequent applications COmMped IN g 1o gits can be useful for the development of thermodynamic

. 0 o .
fsle%e][al ricent rteV|e\A?i. Alppllcatlons of P.Hill\gl as g difimer models of highly nonideal water (#) PAH (2) systems as well
uid for chromatography also appear promisiidn addition, as for the design of environmental remediation processes.

subcritical water has been used in environmental remediation
applications to remove or decompose persistent pollutants suc ; ;
as pesticidéd13or polychlorinated biphenyls. The interesting rExperlmentaI Section
use of PHW to extract flavor and fragrance compounds from  Materials. Naphthalene X 99 mol %), anthracene (99 mol
plant materials should also be noféd!’ %), 9,10-dimethylanthracene (99 mol %terphenyl & 99

The relatively frequent applications of PHW contrast with MOl %), 1,2-benzanthracene (99 mol %), triphenylene (98 mol
scarce fundamental studies of aqueous solubilities of heavy 70); and phenazine (dibenzopyrazine, 98 mol %) were purchased
organic compounds in a wide temperature range. Some of thelfom Sigma-Aldrich (Prague, Czech Republic). As the analyses
studies focused on solubility of liquid organic compounds of ©f the calibration solutions of these compounds by gas chro-
application interest-2 The aqueous solubility of solid organic ~ Mmatography/mass spectrometry (GC/MS) did not indicate the
compounds, while also very important in extractions and Presence of any major impurities, all compounds were used as
remediation applications, is a valuable source of fundamental éc€ived. Toluene (99.8 mol %) and methylene chloride (99.8
information as it lends itself to an easier thermodynamic analysis Mol %) were obtained from Penta (Chrudim, Czech Republic).
as compared with the solubility of liquid organics. A major part Water was purified with a reverse 0smosis system _Ultra Clear
of efforts to determine the solubilities of organic solids in PHW UV (SG Wasseraufbereitung und Regenerierstation GmbH,

Barsbiitel, Germany). Glass beads (size (0.57 to 0.70) mm) used

*To whom correspondence should be addressed. E-mail: roth@iach.cz.t0 Prepare the packing of extraction cell were purchased from
Phone: +420 532 290 171. Fax:+420 541 212 113. GlassDekorService (ValaeMezitici, Czech Republic). Before
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temperature. This arrangement proved to be essential for correct
operation of the device. The temperatures of all parts of the
apparatus were controlled with four independent PID regulators
(model 3116 temperature and process controller, Eurotherm Ltd.,
Worthing, West Sussex, U.K.). The standard uncertafrity
the measurement of the extraction cell temperaturedv8s10
K. To prevent the capillary restrictor from getting plugged with
the solid PAH nucleating from the aqueous solution, the
___________________________ . temperature of the restrictor inlet assembly was adjusted to
exceed the temperature of the extraction cell by 10 K. The
s temperature of the restrictor heating drum was always higher
than the temperature of the restrictor inlet assembly, occasionally
exceeding the PAH melting point by 15 K. During the solubility
V! measurements, the average linear velocity of the aqueous
Figure 1. Schematic diagram of the extraction apparatus with a detail €ffluent in the restrictor was always higher than 3sm,
showing the extraction cell and the restrictor inlet assembly. Gray areas minimizing the time allowed for nucleation of the solute inside
indicate the thermostated parts. 1, water reservoir; 2, HPLC pump; 3, helium the restrictor € 0.43 s). The pressure at the inlet of the
tank; 4, main control_valve_; 5, preheater coil; 6 pressure sensor; 7v_eXtraCti°”extraction cell was monitored with an Efector 500 pressure
cell housing; 8, restrictor |n|etassembly_housmg;9, restrictor heating drum; sensor (model PA9021, IFM electronic GmbH, Essen, Ger-
10, sample collection vial; 11, fused-silica capillary restrictor; 12, temper- ’ . . ! !
ature control units and pressure indication. many). The standard uncertainty in the pressure measurement
was £+ 0.1 MPa. The surfaces in contact with the flowing
aqueous solution were glass, Inconel 625, and very small
exposed areas of stainless steel (the mesh) and fused silica (the
restrictor).

use, the beads were thoroughly rinsed with toluene and
methylene chloride and then heated for 10 h to 523 K to remove
any organic impurities.

Extraction Apparatus A schematic diagram of the apparatus Procedur_e._Prior to the extraction run v_vith every individual
is shown in Figure 1. To prevent possible losses of the solute, PAH, @ sufficient amount of PAH was mixed with glass beads
care was taken to minimize the system volume downstream of and loaded into the extraction cell. The cell was connected to

the sampling point. The essential part of the setup was the flow- ("€ apparatus at room temperature, and the system was
through extraction cell (length 110 mm, i.d. 4 mm, internal thoroughly flushed with helium. Then the apparatus was slowly

volume 1.4 crd) turned from nickel-based alloy Inconel 625. pressurized with water at room temperature; the flow rate was
This alloy proved to be corrosion-resistant even when exposed2diusted to maintain the operating pressure of cca 5 MPa; and
to supercritical wate#’ The cell was housed in a vertical position (N System was slowly heated ® = 313 K, the lower
within a massive aluminum block fitted with several platinum t€mperature limit of this study. After stabilization of the

resistance thermometers and resistance heaters to ensure reliabfgMperature and pressure (approximately 20 min), the system
calibration of the cell temperature and uniform heating of the Was réady for sampling the aqueous effluent. Depending on the

cell. The block was encased in a heavy thermal insulation coat OP€rating temperature and on the restrictor employed, the mass
made from mineral wool packed in the annulus between the flow rate of Water. requwed to achieve the operating pressure of
surface of the block and the outer aluminum cover. The lower 5 MPa ranged within (0.010 to 0.017)sg*.
part of the extraction cell contained a stainless steel mesh to To take a sample of the extractor effluent, the outlet end of
support the cell packing (a mixture of the solid PAH with glass the restrictor was temporarily submerged below the level of a
beads). Water in the reservoir flask was stripped off the small amount of water (4 g) in the collection vial. The presence
dissolved air by bubbling a gentle stream of helium. Pure of water at the start of collection was needed to prevent boiling
degassed water was fed to the cell through a preheater from aof the restrictor effluent at elevated operating temperatures. The
LC 1120 HPLC pump (GBC Scientific Equipment Pty Ltd., collection vial was capped with Teflon-lined silicone rubber cap
Dandenong, Victoria, Australia) operated in constant-flow rate punched with a short piece of PEEK tubing for easy insertion
mode. In the cell, saturated aqueous solution of the PAH studiedof the restrictor. Depending on the expected solubility of the
was prepared by passing pure water through a 90-mm-long PAH solute, the sample collection time was either (300 or 600)
packed bed of a mixture of the crystalline PAH with glass beads. s. At a particular temperature and water flow rate, five samples
The aqueous solution left the cell through a piece of fused- were taken of the aqueous solution. After taking the five
silica tubing (length (120 to 130) cm, i.d. ZBn, internal volume samples, the apparatus was adjusted to the next operating
< 5.8 mn?) serving as a flow restrictor, and it was collected in temperature, and 1200 s was allowed for stabilization of the
a 40-mL or 60-mL vial. Together with the water flow rate set temperature, pressure, and composition of the aqueous effluent.
by the pump, the length and diameter of the tubing controlled  The amount of a single sample of aqueous effluent ranged
the extraction pressure. The restrictor inlet assembly fitted with \yithin (3 to 6) g, and it was determined by weighing the
a compression nut, and a Vespel/graphite ferrule was sealed tq:gjlection vial before and after collection (standard uncertainty
the lower part of the extraction cell. This arrangement made it 1 0,01 g). After cooling to room temperature, the vial was kept
possible to adjust the vertical position of the restrictor inlet at 5°C for 24 h to promote crystallization of the precipitated
(= the sampling point) to within (1 to 2) mm below the stainless paAH. Then a pre-estimated amount of toluene ((2 to 35) g) was
steel mesh supporting the cell packing. added into the vial to transfer the PAH solute to the toluene
A major part of the length of the fused-silica restrictor was layer. With each sample collected, at least 72 h was allowed
wound onb a 6 cm diameter heating drum turned from for equilibration. Several times during the equilibration period,
aluminum alloy. The temperatures of the restrictor inlet assembly the sample vial was vigorously shaken and then immersed into
and of the drum could be controlled independently of the an ultrasonic bath (model Sonorex RK 52 H, Bandelin electronic
extraction cell temperature, and they always exceeded the cellGmbH, Berlin, Germany) for 600 s to create an emulsion and
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to increase the interfacial contact area. After equilibration and Table 1. Aqueous Solubilities of PAHs X;) and Their Standard

phase separation, a defined amount ((0.0001 to £) ofrthe

Deviations (SD) as Functions of TemperatureT) and Pressure P)

toluene layer was withdrawn from the vial and added to  cm PAH TIK P/MPa 10%, 10°SD?
of pure toluene, and a known amount of the standard compound” paphthalene 313.2 5.0 6920 132
was added to the solution. The resultant mixture was analyzed 318.2 5.0 8600 160
by GC/MS. The internal standard was selected so as to elute 323.2 5.0 11400 157
from the GC column with the retention time distinct from but 328.2 50 15500 743
: . 333.2 5.1 20700 1190
close to that of the particular PAH. Phenazine was employed 3382 51 26400 1090
as the internal standard with naphthalene and anthracene while 343.2 5.0 34800 907
9,10-dimethylanthracene was used with the other PAHs studied. 348.2 5.0 43500 1160
With every PAH investigated, the series of calibration solutions anthracene 313.2 5.0 11.9 0.54
with suitable PAH/standard ratios were prepared in toluene. 333.2 51 42.2 0.83
GC/MS Operating ConditionsThe apparatus employed was g?g% g:g ig; 32'3
a TraceGC gas chromatograph equipped with a RTX-5MS 393.2 52 1540 99
capillary column (5 % diphenyt95 % dimethylsiloxane, 30 m 413.2 4.7 5370 100
x 0.25 mm i.d., polymer film thickness 0.2Bm, Restek, 433.2 5.4 15900 439
Bellefonte, PA). The column outlet was coupled to a PolarisQ iggg 3? lggggg %8
mass spectrometer (TraceGCPolarisQ, Thermo Finnigan, San 483.2 55 220000 6740
Jose, C_A). Helium (99.995 %, SIAD, _Brany u Mostu, (_Zze_ch  12-benzanthracene  313.2 51 3.37 0.15
Republic) was employed as the carrier gas, and the ionization 3330 5.0 8.46 0.27
energy (EI mode) was 70 eV. Although the peak-area integration 353.2 5.0 29.5 0.79
and the subsequent calculations were always based on the 373.2 5.0 113 3.2
particular molecular ion to increase precision and to avoid the 2233 2-; 12%% g%
effect of any coelution, the MS was operated in full-scan mode 4232 49 2960 51
to identify a possible decomposition of the solute. The GC oven triphenylene 3132 55 182 0.048
was programmed from 313 K (30 s) at 0.17sK! to 473 K (30 3332 51 6.07 0.031
s) and then at 0.33 %1 to 553 K (30 s). 353.2 51 230 0.43
Initial Testing of the Extraction ApparatusThe purpose of 373.2 5.1 89.9 2.6
the test was to check whether the composition of the aqueous i?gg gé lggg gé
effluent from the cell corresponded to equilibrium between the 433.2 55 3770 66
solid PAH and the aqueous effluent from the cell. During the 453.2 6.4 12300 429
test, both length and diameter of the restrictor were varied to 463.2 6.4 23000 212
produce different flow rates of the aqueous solution at a fixed 4682 6.0 28300 930
temperature and pressure in the extraction cell. The test was p-terphenyl 333.2 5.0 0.849 0.050
carried out with anthracene at 333 K and 5 MPa, and the mass 3532 4.9 385 0.21
. o 373.2 4.9 21.9 1.7
flow rate of water varied within (0.007 to 0.030)sg™. The 3932 4.9 900 0.78
results did not reveal any significant dependence of the 413.2 5.1 372 9.1
composition of the aqueous effluent on the water flow rate. We 433.2 6.7 1540 79
assumed that the rate of equilibration between the solid PAH 453.2 5.5 6260 62
and the aqueous solution increased with increasing temperature gg:g 2:2 ggégg gég

of the extraction cell. In the measurements, therefore, the mass
flow rate of water always ranged within the limits mentioned
above. condition.

Results and Discussion

Solubility Data. Table 1 shows the resultant solubilities
(equilibrium mole fractionss,) of PAHSs in water. In accordance
with the previous report& 26 a strong increase of solubility
with raising temperature is apparent in all solutes. Unlike the

a Standard deviations (SD) are based on five fractions collected at each

ing the data in Table 1 and the standard uncertainties in
temperature and pressure mentioned above, we conclude that
the relative expanded uncertaifityn the resultant solubilities

is + 10 % (confidence level of 95 %).

Comparison of Solubility Data with Literature Valuesthe

previous reports, the solubilities were measured in narrow 0mparison of the present results with independent data can

temperature intervals (20 K or less). The maximum temperature Oy bé made in naphthalene and anthracene. To our knowledge,
was (5 to 10) K below the triple-point temperature of the baseq_c_)n the literature search at the tl_me of thl_s Wr_ltlng, the
particular PAH. As regards the stability of PAHs in PHW, the solubilities in PHW of the other I_DAHs included in this work
analysis of the toluene extracts of the aqueous solutions did"ave been reported for the first time.

not indicate any noticeable decomposition of any of the PAHs  Table 2 shows a selection of literature data on aqueous
investigated under the experimental conditions of our work. This solubility of naphthalene within the temperature range of this
result accords with the previous findings by othtrsnd it study. The data of Miller and Hawthorffeand the present
reflects the relatively low maximum temperature of this study results were measured at elevated pressures ((3 to 7) MPa)
(a temperature of 483 K) as well as the relatively large amounts whereas the other sé#s3? were low-pressure data. In the

of PAHSs in the extraction cell. Recently, Andersson et%al. temperature range of (313 to 328) K, the low-pressure
reported decomposition of PAHs in PHW when a small amount solubilities’®32 exceed the present results, but the difference
of PAH was spiked on sea sand in the extraction cell but did diminishes with increasing temperature. At the upper limit of
not observe a noticeable decomposition with larger amounts of the temperature range shown in Table 2, the present result is
PAHSs in the later studd of PAH solubility in PHW. Consider- higher than the low-pressure value of Wauchope and Géfzen.
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Table 2. Literature Data on Aqueous Solubilities of Naphthalene 10
10%x%, 104 L g>
TIK P/MPa  ref 30 ref31  ref32 ref24  this work <& ++

312.45 7550 10° E s

312.45 7702

313.15 7920 10% £

313.2 5 6920 .

313.25 7790 107

317.85 9400

318.05 9684 108 [

318.2 5 8600

323.15 11700 100}

323.15 7 14200

323.2 5 11400 1010 ) ) ) ,

323.35 11800 250 300 350 400 450 500

328.2 5 15500 T/K

ggg;s 51 15000 20700 Figure 2. Selected data on agueous solubility of anthracebeMiller et
337.65 ’ 22400 al.?5 v, Reza et al3® O, Dohayosovaet al.3* A, Andersson et afé +,
338.15 3 30400 Rassling and Franck2 <, this work.

338.2 5.1 26400 -

343.2 5 34800 temperature data on aqueous solubility of anthracene measured
346.55 34400 by the dynamic saturation method are still relatively consistent
333-55 5 37200 43500 when compared with the classical results obtained bysRug

: and Franck from UV spectrophotometry. Figure 2 shows a
Table 3. Literature Data on Aqueous Solubilities of Anthracene distinct disagreement between the spectrophotometric and the
Measured by Variants of Dynamic Method dynamic saturation data. The cause of the disagreement is not
1%, clear. The original data of Rsling and Franck were reported

as molarities (moeL~1). We converted the data to mole fractions

TIK P/MPa ref 25 ref33 ref34 ref26  thiswork . . .
assuming that the density of the anthracene solution was equal

g}g?g 117 108 to the density of pure water at the particular temperature and
313.2 5.0 ' 11.9 pressure, with the density of pure water calculated from the
318.05 15.9 IAPWS-95 equation of state of Wagner and Pri*sBecause
318.15 14.8 of low solubility of anthracene even at the upper limit of
ggg o7 5.0 17.0 )15 temperature shown in Figure 2 and because of the 164-K
323.15 : 195 temperature interval between the upper limit and the critical
3332 51 42.2 temperature of water, the possible errors introduced by the data
353.2 5.0 137 conversion alone cannot explain the disagreement. Furthermore,
373 4.5 320 although the pioneering study by &ling and Francék covered
g;gz g:g 395 as7 a very wide interval of pressure ((2 to 285) MPa), the effect of
393.2 5.2 1540 pressure also cannot explain the disagreement because even the
413.2 4.7 5370 part of Ressling and Franck’s data measured at lower pressures
423 4.7 9200 (< 10 MPa) also deviate from the dynamic saturation results.
423 5.0 10200 Therefore, the most probable cause of the deviation seems to
433.2 >4 15900 be the Rasling and Franck’s presumpti&of the temperature-
453.2 6.3 48400 i o

473 4.8 210000 and pressure-independent molar absorptivity of anthracene.
473.2 7.7 130000 Variation of Solubility with Temperature Simple linear fits

473 5.0 138000 of the data in Table 1 show that the mean values of the relative
483.2 5.5 220000

increase in solubility with temperature, Iy xo/3T),, are 0.054
h lubiliti d by Mill d hofd d K=1, 0.058 K1, 0.063 K1, 0.063 K1, and 0.072 K in
The solubilities reported by Miller and Hawthomexceed our  ophihalene, anthracene, 1,2-benzanthracene, triphenylene, and

results as well as the low-pressure data. -terphenyl, respectively. A more detailed insight results from
In Table 3, the present results for anthracene are compare itting the solubilities reported in Table 1 with

with other solubility data measured by variants of dynamic

method. The results of Miller et & ,Reza et al’? Dohanyosova Inx, = a, + a,(Ty/T) + a IN(T/Ty) (1)
et al.3* and Andersson et &f.were all obtained by variants of
dynamic saturation method, with the data of Miller e#%hnd whereTo = 298.15 K. The coefficientsy, a;, andag can be

Andersson et & referring to elevated pressure ((4.5 to 5.0) ysed to estimate the values RT2(3 In Xo/3T), from
MPa) and the data of Reza et®land DolHayosovaet al3*

referring to lower pressures (up to 1.5 MP&)At the lower aInx,

limit of the temperature range shown in Table 3, the present RTZ( T )U = R(agT — a,T) (2
result is slightly higher than the low-pressure d#té At the

temperature of 373.2 K, our value of anthracene solubility is whereR is the molar gas constant, and the subsaripenotes

by about 40 % higher than the data of Miller et?aland saturation. The least-squares estimates of the coefficants
Andersson et & At the temperature of 473.2 K, the present a,, andag are listed in Table 4. In all coefficients, the ratio of
result is very close to the solubility value reported by Andersson the coefficient estimate to the standard deviation of the
et al26 and markedly (by about 62 %) lower than the value coefficient estimate can be compared to the pertinent critical
reported by Miller et af® Despite these differences, the high- values of the Student’s distributior?® to test the hypothesis
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Table 4. Least-Squares Estimates of the Coefficieni, ap, and as 1073
of Equation 1 and the Standard Deviations (SD) of the Estimates,
with Tmin and Tmax Indicating the Minimum and the Maximum 104 [
Temperatures of the PAH Solubility Measurements, Respectively
1,2-benz- 10° | M
solute naphthaledeanthraceneanthracene triphenyleng-terphenyl
Tmin/K 313.2 313.2 313.2 313.2 333.2 . 10°
TmadK 348.2 483.2 423.2 468.2 483.2 x -
a —17.39 —34.63 —75.51 —38.03 —34.11 107
SD ofay 21.75 2.27 7.56 3.95 4.73 10°®
a 4.62 15.40 55.24 16.78 10.18
SD ofa, 21.84 2.32 7.66 4.03 4.88 10° L
as 22.01 34.68 68.30 37.49 36.78
SD ofag 19.73 1.78 6.27 3.12 3.63 1071 L L L
300 350 400 450 500
aLarge SDs of the naphthalene parameters reflect the narrow temperature T/K
range available for the measurements with solid naphthalene. Figure 3. Experimental data on PAH solubility vs equation %,
. naphthalene®, anthracenep, 1,2-benzanthracené], triphenylene;a,
Table_5. Values ofRT%( In x2/aT),/kJ-mol~ Calculated from p-terphenyl. The lines show the best fits with eq 1.
Equation 2
K il " 1vt2r;be“2' iohenlend-terohenti solute,h; is the molar enthalpy of the pure subcooled liquid
naphihalene anthracenanthracene Tiphenylenep-terpheny solute, anch; is the partial molar enthalpy of the solute in the
3132 (45.9) 52.1 409 56.0 aqueous solution. Equation 5 indicates that the derivativie (
333.2 (49.5) 57.9 52.2 62.2 76.6 /9 b d h f hdi h,0
3532 63.7 63.6 68.5 82.8 x2/0T)p,; cannot be converted to the transfer enthdipy- h,
373.2 69.4 74.9 74.7 88.9 unless the quotientd(In y2/d In xz)tp is known. In highly
393.2 75.2 86.3 80.9 95.0 nonideal water (1+ PAH (2) systems, the limiting value
iég'g gé'g 9r.7 9837'42 11871 (x2 — 0) of the derivative { In y2/9 In x2)7p is likely to be
453.2 925 09.7 113 significantly different from zero. Therefore, because of the
473.2 98.3 119 denominator term on the right-hand side of eq 5, the values of
483.2 101 123 RT4(3 In x2/3T), in Table 4 would not be equal to the transfer
- - iesh, — h,s0 i i
“the coefficient equals zero”. Except for the coefficients of _enthal_pleshz hz*° even if the measurements were strictly
naphthalene, the hypothesis is rejected at a confidence level of SOParC:

98 %, indicating that most coefficients are statistically signifi- ~ The fits of the data from Table 1 with eq 1 are shown in
cant. The values oRT2(d In x/0T), estimated from eq 2 are  Figure 3 indicating different signs of curvature in thedrversus
compiled in Table 5. The entries for naphthalene are given in T plots of the individual PAHs. While® In x,/dT?), < 0 in
parentheses because, as a result of the narrow temperaturéthe plots of anthracene, triphenylene, apderphenyl, the
interval available for the measurements with solid naphthalene, plot of 1,2-benzanthracene shows an opposite curvature with
the respective coefficienta, a; andag are not statistically (32 In x,/aT?), > 0. It should be noted that the different signs
significant. of curvature are not an artifact of eq 1 used for fitting. The
The temperature dependence of solubility has often been usedjitferent signs of curvature are apparent when drawing straight
to estimate the enthalpy of solution. However, the temperature |ines petween the data points at the limits of the temperature
derivative of solubility alone is not sufficient for the purpose. 5nge in the individual PAHs. Because of the logarithmic scale
Employing standard thermodynamic relationsffip¥,one can 4, the vertical axis of Figure 3 and because of the fact that the
write the foIIow!ng sequence _o_f equations for the isobaric solubilities of the individual PAHs span over 3 or more orders
:ﬁ)rrr:)perature derivative of solubility equilibrium mole frac- of magnitude, the different signs of curvature are even invariant
) with respect to the relative expanded uncertainty in the solubility
(8 In Xz) (8 In fzso) (3 In leo) (8 In Vz) data given above. Althou_gh the unce_rtainty in the data definitely
= - - 3) precludes any quantitative conclusions based on curvature of
T Jeo ar e ar e T Jpo the plots, a qualitative explanation of the difference between
the plots of 1,2-benzanthracene and of the other PAHSs is needed.

alnx)  h°—=h* hr—h° h,—h° _ _ .
= - + - From eq 4, one obtains the following expression for
P.o

aT
RT RT RT (8 In %o/8T?)p..:
(a In yz) (8 In xz) @
9In%frp\ T Joo (@ In ,/3T?)p,, = (A+ B)/C (6)
alnx h, — h,® dln .
2l 2 2 1+ 72 (5) with
CLN ¥ RT aInXo)7p
17 2=
whereP is the pressuref,*C is the fugacity of the pure solid A= E[CPZ - C;% - T—(hz - 30)]

solute, f,° is the fugacity of the pure solute in the state of
subcooled liquid,y, is the Raoult law activity coefficient of _
the solute referred to the pure subcooled liquid solute at the 2 dah, aInx, #Iny, alnx,| 2
particularT andP, h*? is the molar enthalpy of the pure solute - E-z I x, 9T - 3 (In x,)2 aT

T, P.o 2) [TP Po

in the ideal-gas stat&,*°is the molar enthalpy of the pure solid
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dln
c=1+2°"2
aIn X, [p

wherecﬁ% is the molar isobaric heat capacity of the pure solid
solute, andp; is the partial molar isobaric heat capacity of the
solute in the aqueous solution.

Equation 6 consists of a number of difficult to estimate terms
and, therefore, provides little clue to determine the signodf (
In X/dT%)p, in a particular water (1)+ PAH (2) system.

However, the different signs of curvature may reflect the evident
structural difference among the PAH molecules concerned.

Unlike the molecules of anthracene, triphenylene, and

terphenyl, the 1,2-benzanthracene molecule has neither center

of symmetry nor axis of symmetry. The lack of symmetry in
the PAH molecule is likely to make the watet 1,2-

benzanthracene interaction distinctly different from those in the

other water+ PAH systems, with concomitant effects on the
terms in eq 6 containingey, hy, andy..

Conclusions

A dynamic method with a flow-through extraction cell was
employed to measure the solubilities (mole fractioxs, of
several solid PAHs in pressurized hot water within 313 K to
the PAH melting point in relatively narrow temperature incre-

ments (20 K or less). Care was taken to minimize the system

volume downstream of the sampling point. The narrow tem-

perature increments together with the particular experimenta
arrangement made it possible to observe the curvature of the In

Xz versusT plots. The curvature of the plot for 1,2-benzan-
thracene was opposite to that observed in anthracene, triphe
ylene, andp-terphenyl. The uncertainty in the solubility data
was too high to allow any quantitative interpretation of the

curvature of the plots. Nevertheless, the present results suggest

that the sign of curvature of a bk versusT plot (i.e., the sign
of (82 In x/9T?),) can be qualitatively associated with the
symmetry of the PAH molecule concerned.
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The previous attempts to correlate the aqueous solubilities (18) Yang, Y.; Miller, D. J.; Hawthorne, S. B. Toluene solubility in water

of PAHSs at elevated temperature and pressure were limited to

simple relations describing the solubilities of individual PAHs
as functions of temperatuf@2é In the conclusion of their

pioneering work on the use of dynamic method to measure the

PAH solubilities in pressurized hot water, Miller et?alnoted

that more experimental data will be needed to refine the
correlations for aqueous solubility of PAHs. The present study

and organic partitioning from gasoline and diesel fuel into water at
elevated temperatures and pressudesChem. Eng. Datd 997, 42,
908-913.

(29) Miller, D. J.; Hawthorne, S. B. Solubility of liquid organics of
environmental interest in subcritical (hot/liquid) water from 298 K to
473 K. J. Chem. Eng. Dat200Q 45, 78—81.

(20) Miller, D. J.; Hawthorne, S. B. Solubility of liquid organic flavor and
fragrance compounds in subcritical (hot/liquid) water from 298 K to
473 K. J. Chem. Eng. Dat200Q 45, 315-318.

extends the database of PAH solubilities in pressurized hot water(21) Mathis, J.; Gizir, A. M.; Yang, Y. Solubility of alkylbenzenes and a

by providing the first results reported for 1,2-benzanthracene,

triphenylene, ang-terphenyl. In a subsequent contribution, we

will use the available data to develop a more general correlation
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