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Temperature Dependence of Limiting Activity Coefficients, Henry’'s Law
Constants, and Related Infinite Dilution Properties of Branched (C3 and C4)
Alkanols in Water. Measurement, Critical Compilation, Correlation, and
Recommended Data

Dana Fenclova Vladimir Dohnal,* Pavel Vrbka, and Vaclav Lastovka

Department of Physical Chemistry, Institute of Chemical Technology, 166 28 Prague 6, Czech Republic

Limiting activity coefficients ¢7) of lower branched alkanols (2-propanol, 2-butanol, 2-methyl-1-propanol, and
2-methyl-2-propanol) in water were measured at several temperatures covering the range from the melting to the
normal boiling point of water. Four experimental techniques (namely, headspace analysis, inert gas stripping,
Rayleigh distillation, and the method of circulation still) were employed for the purpose. A comprehensive review
is further presented of experimental data on the limiting activity coefficierits {nfinite dilution partial molar

excess enthalpieﬁf’”), and heat capacitieéﬁ’i") of these aqueous solutes. For each alkanol, the compiled data
were critically evaluated and together with the data measured in this work correlated with a suitable model equation
providing adequate simultaneous description of the equilibrium measurements and the calorimetric information.
As a result, a recommended thermodynamically consistent temperature dependeficddpf, and CE’T of

superior accuracy was established in the range from the melting point to the normal boiling point of water. In
addition, by employing literature data on the respective residual properties of the pure alkanols, analogous
recommendations were derived also for the temperature dependence of the Henry’'s law constants, hydration
enthalpies, and hydration heat capacities. Variation of these various infinite dilution thermodynamic properties of
aqueous branched alkanols with temperature and alkanol branching is briefly discussed.

Introduction experimental data on limiting activity coefficient and related
thermal dissolution propertiedimiting partial molar excess
Fnthalpy HI™) and heat capacity(ff). All the data, mea-
sured in this work and taken from literature, are subsequently
processed by a simultaneous thermodynamically consistent
correlation. The treatment results in a recommended temperature
dependence of these infinite dilution properties that has superior
accuracy and is valid in the range from the melting to the normal
Eoiling temperature of water. Analogous recommendations are
urther generated for the temperature dependence of the Henry'’s
law constants, hydration enthalpies, and heat capacities. Finally,
an overview of these various infinite dilution properties is
presented, and their variation with temperature and alkanol
branching is discussed.

Lower alkanols are large volume production chemicals that
find widespread usage as solvents, chemical intermediates, an
oxygenated fuel additives. In their production, use, and envi-
ronmental fate, these volatile organic compounds interact
frequently with water. The thermodynamic properties of their
highly dilute aqueous solutions, such as alkanol-limiting activity
coefficients ¢7) or Henry’s law constants in wateKyj), are of
essential importance to model and predict phase and chemica
equilibria, kinetic solvent effects, and other phenomena involved
in these processes. For theoretical reasons, in particular for
understanding the hydrophobic effect, accurate knowledge of
the thermodynamic quantities of the dissolution and hydration
of alkanols and their variation with temperature is of extreme
interest because alkanols represent a unique set of compoundgyperimental Section
formally derived from water by adding aliphatic groups.

Recently, we have conducted a detailed study of limiting
activity coefficients and Henry’s law constants of (E@5) 1-
1l-alkanols in water as a function of temperature and estab-
lished for them a highly reliable recommended temperature
dependencé? In this work, we extend the scope of our
investigation focusing on branched (C3 and C4) alkanols. For
these solutes in water, we report here the results of our
systematic and accurate measurements of limiting activity
coefficients that were performed by several suitable experimental
techniques and cover the temperature range from (273 to 373)
K. The present experimental work is further amended by a
comprehensive compilation and critical evaluation of literature

Materials. Analar grade 2-propanol, 2-butanol, and 2-methyl-
propanol obtained from Lachema (Czech Republic) were
fractionally distilled on a 1 mlong packed column, while
2-methyl-2-propanol (p.a.) supplied by Reanal (Hungary) was
fractionally recrystallized using a Vigreaux column. The purity
of the final products was better than 99.9 % as determined by
GC with DB-WAX capillary or Carbowax 20 M packed
columns. Before measurements, all alkanols were dried and
stored over 0.4 nm Merck molecular sieves. Water was distilled
and subsequently treated by a Milli-Q Water Purification System
(Millipore, Milford, MA).

Apparatus and ProcedureFour experimental techniques
were employed to measurg] values in this work, viz.,

* Corresponding author. Tel+420 220 444 297. Fax:-420 220 444 333; headspace analysis (HSA), inert gas stripping (IGS), Rayleigh
E-mail: dohnalv@vscht.cz. distillation (RDIST), and the method of circulation still (CIRC).
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Table 1. Parameters of the Cox Vapor Pressure Equatichfor Pure Alkanols’

alkanol range/K Ao A x 103 A x 10°P Az x 10° To/K
2-propanol 196-372 2.951030 —1.161868 1.975221 —2.984829 355.363
2-butanol 196-382 2.898364 0.2283123 —3.948154 3.701043 372.635
2-methyl-1-propanol 186382 2.965308 —1.082450 1.758035 —3.229507 381.014
2-methyl-2-propanol 299370 2.259168 6.973582 —27.09966 29.51366 355.469

aIn(p¥po) = (1 — (To/T)) exp@o + A(T/K) + Ax(T/K)? + Ag(T/K)3); po = 101 325 Pa.

Table 2. Experimental Limiting Activity Coefficients of Branched Alkanols (1) in Water (2) Determined in This Work

TIK 2 s(y?) techniqué TIK 2 s(y?) techniqué TIK Y7 s(y?) techniqué
2-Propanol
283.15 5.37 0.16 RHSA 333.15 11.8 0.4 RDIST 363.15 12.9 0.4 CIRC
293.15 6.89 0.21 RHSA 353.15 125 0.4 CIRC 371.15 13.1 0.4 CIRC
308.15 8.84 0.27 RHSA
2-Butanol
273.35 13.7 0.4 RHSA 313.15 30.8 0.9 IGS 333.15 36.9 1.1 HSA
283.15 17.9 0.5 RHSA 313.15 31.3 0.9 HSA 343.15 38.0 1.1 RDIST
293.15 22.6 0.7 RHSA 323.15 33.8 1.0 HSA 353.15 38.4 1.2 RDIST
293.15 22.5 0.7 HSA 323.15 34.4 1.0 IGS 363.15 40.4 1.2 CIRC
303.15 26.8 0.8 HSA 333.15 35.7 1.1 IGS 371.15 37.8 1.1 CIRC
303.15 26.8 0.8 IGS
2-Methyl-1-propanol
273.35 31.6 1.0 RHSA 303.15 50.3 15 HSA 333.15 58.3 1.8 HSA
283.15 36.8 1.1 RHSA 313.15 54.1 1.6 HSA 363.15 54.3 1.6 CIRC
293.15 44.3 1.3 HSA 323.15 57.6 1.7 HSA 371.15 52.2 1.6 CIRC
298.15 47.4 1.4 RHSA
2-Methyl-2-propanol
299.15 13.1 0.4 HSA 323.15 19.9 0.6 RDIST 353.15 25.4 0.8 CIRC
303.15 14.4 0.4 HSA 333.15 21.8 0.7 RDIST 363.15 26.3 0.8 CIRC
313.15 16.9 0.5 HSA 343.15 23.5 0.7 RDIST 371.15 27.4 0.8 CIRC

aHSA, headspace analysis; RHSA, relative headspace analysis; CIRC, circulation equilibrium still; RDIST, Rayleigh distillation; IGS, imgpigas st

Since we have used these methods previously and describeaapillary column at 160C were used depending on the solute.

the respective instrumentation and experimental proce- Samples were injected by a HP 7673 automatic sampler,

dures in detail, given here are only some particulars that aretypically with 10 replicates each. The CIRC measurements

specific to the present application. For a full account of our carried out in this work cover mostly the temperature region

experimental techniques, we refer the reader to our previous(353 to 373) K. The analysis of the samples was done by gas

papers’ 6 chromatography in the same manner as in the case of the RDIST
All the methods involve the use of gas chromatography: here, method.

we employed computer-driven gas chromatographs, a Hewlett-

Packard HP 5890 Il or an Agilent 6890 Plus, allowing us to Results of Measurements

automate our experiments to a great extent. The HSA measure-

ments for the present systems were carried out at alkanol mole

fractions below 0.001. A wide-bore 15 m long DB-WAX

The primary VLE measurements carried out by the outlined
techniques were processed to obtain the values of limiting
activity coefficients as described in our papers cited above. The

capillary column at oven temperatures from (30 to°&B0dr a
packed Porapak Q (80/100 mesh) column at 20@vere used saturated vapor pressures of pure solutes were calculated from
the Cox equation, whose parameters recently obtained by

for the GC analysis. In some cases, the headspace method wa K 7 ; . |
applied in its relative variant (RHSA). Contrary to the conven- RuZicka etal’are given in Table 1. Water vapor pressures were

tional HSA, in which the GC detector is typically calibrated by calculated from the.refer_ence equation of Wagner and Pruss.
the saturated vapor above the pure solute, in RHSA the The gas phase nonideality was accounted for by the truncated

calibration is accomplished using the vapor phase above thevirial_ equation of state, the second virial 9oeﬁi9ients being
same highly dilute solution as that under study but at some Obta'r:Fd from the .Haydgfo Connell clc())rrelatlr:)n with param-
different temperature wherg] has been already accurately eters from Prausnitz et dand CDATA:? For the systems and

determined by another technique. The IGS method was appliedcon(.jitions under stud.y, the gas phase nonideality corrections
here much less than the HSA, mostly because its applicability &€ in most cases quite small, typically of the order of a few
is inherently related to more enhanced solute volatilities than tenths of percent and always less than 2 %.

those exhibited by the present systems. In the present measure- The limiting activity coefficients obtained by us in this
ments we used a small stripping cell of 13/17 mL (liquid work using the various measurement techniques are listed in
loading/total volume) and the DB-WAX capillary column Table 2, along with their estimated standard uncertainties.
specified above. The RDIST method was applied from (323 to The uncertainty estimates correspond to standard deviations
353) K, a temperature range that is suitable for aqueousand comprise errors from all possible sources combined
solutions. To perform the GC analyses, a 0.5 m long Chro- through the error propagation law. As seen from Table 2,
mosorb 103 (80/100 mesh) packed column at oven temperatureshe uncertainty of the determined’ values does not exceed
from (160 to 190)°C or a 15 m long wide-bore HP Plot U 3 %.

O v
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Table 3. Parameters of Equation ® Obtained by Simultaneous Correlation ofy7, Hf‘”, and Cg“’ Data, Overall Standard Deviation of Fit s,
Weighted Root-Mean-Square Deviations (WRMSD) of Individual Properties, and Temperaturel max at Which 7 is Maximum

WRMSDF Tmax
alkanol A B c D & Iny:® HE® (o K
2-propanol —0.94215 5.6462 —58.8740 —3.0937 1.01 1.14 1.12 0.52 380.0
2-butanol —1.6966 8.2748 —69.2759 —3.0264 0.92 1.05 0.93 0.59 361.1
2-methyl-1-propanol —3.3156 11.0223 —65.1637 —2.8295 0.89 1.00 1.26 0.46 338.9
2-methyl-2-propanol —1.6351 8.3544 —59.9247 —2.6566 0.90 0.97 1.03 0.66 389.1

aRecommended temperature dependence for limiting activity coeffidisnt: [Snin /(n — 4)]¥4 Sgiven by eq 2.

1 X [Yi(exptl) — Yy(calcd)f) 2

n, £

°WRMSD =

Y=1Inyg, AES, CEF .
S(Y)

Table 4. Recommended Values of Excess Thermodynamic Functions
at Infinite Dilution 2 for Branched Lower Alkanols in Water at
298.15 K Together with Their Standard Uncertainties

G HE" cer
alkanol ¥ kJ-mol~* kJ-mol~* JK~1-mol™*

2-propanol  7.65:-0.06 5.05+0.02 —13.09+ 0.02 212+ 2

2-butanol 25.6t0.2 7.98+£0.02 —13.02+ 0.04 256+ 2

2-methyl-1- 47.44+0.3 9.57+£0.02 —9.20+ 0.05 256+ 2
propanol

2-methyl-2- 12.3+0.1  6.23+0.02 —17.42+ 0.02 247+ 2
propanol

a Calculated from eq 1 with parameters from Table 3.

Table 5. Parameters of Equation 8 Obtained by Simultaneous

Treatment of Ky, Ay 4HT, and Ay ,4Cp; along with the Respective
Standard Deviation of Fit Se

alkanol A B C D SelP
2-propanol 61.0445 —69.8548 —58.7948 12.6022 0.010
2-butanol 70.4890 —81.3780 —70.9743 14.9529 0.005
2-methyl-1-propanol 68.0466—78.7577 —69.5854 14.9952 0.008
2-methyl-2-propanol 72.5737—82.3846 —70.4649 14.0467 0.006

aRecommended temperature dependence for Henry's law constant.

b Srel = [Snin/(n - 4)]1/2-

=

Kyy(caled) ™ Ahdell(calcd) ., 2

+

Kyi(exptl) Z ApyHT (exptl)

c [ ApydChy(caled) |2 "
- - s nG = nH = nc = .

ApyoCpj(EXptl)

Data Compilation and Survey

Besides the/] data measured in this work (42 values), we
compiled additional data op; and related thermal dissolution
propertiesHI” and C5¥" of (C3 and C4) branched alkanols
from the literature (266 data points from 60 literature references).
All of these values are listed in Tables 7 to 9, respectively. Only
original experimental values were considered in this collection.
Those extrapolated from measurements on concentrated solution

were disregarded. The distribution of the data points among the

alkanols studied is roughly uniform, varying from 67 for
2-methyl-2-propanol to 93 for 2-propanol.

The majority of the collected information concerns limiting
activity coefficients for which 148 data points are available.
The collectedy? data file covers beside values pf directly
reported in the literature (more than 80 % of values) also those
derived by us from reported closely related experimental VLE
quantities such as the Henry's law constants or—digsid
partition coefficients. As to the distribution of] data with

Table 6. Recommended Values of Hydration Thermodynamic
Functions? for Lower Branched Alkanols in Water at 298.15 K and
Their Comparison with Those Given by Plyasunov and Shoclé

(in parentheses)

K AnydGy AnyaH? AhydC:1
alkanol kPa kdmol—1 kJmol~t  JK-lmol?
2-propanol 44.3 —2.02 —58.66 279
(45.1+1.8) (-1.98+0.10) (-58.5+0.2) (272+ 15)
2-butanol 58.2 -1.34 —62.86 342
(56.3+6) (—1.42+0.27) (-62.84+0.2) (340 15)
2-methyl-1- 72.5 —0.796 —59.91 329
propanol (65.4-6) (—1.05+0.23) (-60.2+0.2) (330+ 15)
2-methyl-2- 69.1 —0.916 —64.37 352
propanol (70.3:4.8) (—0.87+0.17) (-64.1+0.3) (353 10)

a Calculated from eq 8 with parameters from Tablé Eonverted from
the molality scale used in ref 76 to the mole fraction scale used in the
present work.

measured at 298.15 K. For 2-propanol and 2-methyl-1-propanol,
temperatures higher than 298.15 K are fairly covered also
whereas at subambient temperatures the data are generally
scarce. Note that in Table 7 are also listed some results
previously obtained in this laboratory, namely, those from our
earlier RDIST measurements for 2-methyl-1-propaant from

our recent measurements by the non-steady-tigsid chro-
matography?® The measurements carried out by this laboratory
thus represent the most systematic and complete contribution
to the determination ofy7(T) for (C3 and C4) branched
alkanols in water (52 values, 35 % of aif available).

The existingﬂf"’“ data (49 data points) cover well the range
of near-ambient temperatures, most of them being at 298.15 K.
HE"” values at temperatures higher than 323.15 K are scarce
and originate from only three laboratorfé$%62Data on limiting
partial molar excess heat capacities (111 data points) appear to
be relatively numerous, but they resulted from a limited number
of studies. As concerns the temperature dependence, systematic
measurements have been carried out only recé&htiNote that

the determination OCE“’ is not direct but requires both the

heat capacities of dilute aqueous solutions (leading to the infinite
dllutlon partial molar heat capaC|1§2p1) and the heat capacity
of the pure solut@Li to be measured. When on(y“’1 values

were reported, values onl were derived by us using

recommendedC;; data’®~72

Data Evaluation and Correlation

The quality of the information gathered in Tables 7 to 9 is
not at all uniform. The collected data differ in their accuracy
and show in some cases significant disparity, inconsistency or

scatter. In order to resolve this issue and establish reliable and

respect to temperature, it is characteristic that many data wereaccurate recommended data, we subjected all the collected
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Table 7. Experimental Values of Limiting Activity Coefficients of Branched (C3 and C4) Alkanols (1) in Water (2) Together with their

Standard Uncertainty, Technique of Measurement, and Vapor-Phase Nonideality Treatment

TIK Iny? s(In y9) technique vapoP ref TIK Iny? s(In y7) technique vapoP ref
2-Propanol

298.15 2.041 0.1 DDST IDEAL Butler 313.15 2.523 0.2 VPC IDEAL Kolb
etallt et al?s

298.15 1.878 0.1 TENS VIRA Pierotti 333.15 2.616 0.2 VPC IDEAL Kolb
et al? etal?®

333.15 2.252 0.1 TENS VIHRA Pierotti 343.15 2.654 0.2 VPC IDEAL Kolb
et al1? et al?s

353.15 2.612 0.05 TENS IDEAL Slocum 353.15 2.680 0.2 VPC IDEAL Kolb
and Dodgé&® etal?®

363.15 2.616 0.05 TENS IDEAL Slocum 288.15 2.557 0.5 TENS VIR Pividal
and Dodgé? etal?

373.15 2.639 0.05 TENS IDEAL Slocum 310.15 2.084 0.1 HSA IDEAL Kaneko
and Dodgé&® et al?’

373.15 2.536 0.2 EBUL IDEAL Kojima 298.15 2.028 0.03 HSA unknown Sherman
etall4 et al28d

298.15 2.097 0.05 GLC VIR Larkin and 298.15 2.041 0.1 HSA IDEAL Merk and
Pembertotp Riederef®

298.15 2.029 0.05 HSA IDEAL Rytting 298.15 2.342 0.2 wwcC IDEAL Altschuh
et allé etal3

298.15 2.096 0.05 GLC VIR Mash and 298.15 2.140 0.1 IGS IDEAL Kim
Pembertot et al3t

298.15 1.5338 0.5 HSA IDEAL Mazza8 283.15 1.641 0.05 IGS IDEAL Fl]lls(zucm

et al’

310.2 2.280 0.05 GLC IDEAL Kithne 293.15 1.977 0.05 IGS IDEAL Fukuchi
et all® et al3?

328.15 2.506 0.05 IGS IDEAL Lée 298.15 2.105 0.05 IGS IDEAL Flfl3<2uchi

et al’

298.15 2.019 0.02 TENS VIR Nord 303.15 2.213 0.05 IGS IDEAL Fukuchi
etal?t et al3?

308.15 2.182 0.02 TENS VIR Nord 313.15 2.380 0.05 IGS IDEAL Fukuchi
etal?! et al3?

273.15 1.479 0.1 HSA IDEAL Snider and 328.15 2.416 0.03 NSGLC IDEAL Dohnal
Dawsor#? and Ondé&*

298.15 2.036 0.1 HSA IDEAL Snider and 283.15 1.681 0.03 RHSA VIR this work
Dawsor?

317.85 2.175 0.1 EBUL VIR Bergmann 293.15 1.930 0.03 RHSA VIR this work
and Ecker®

328.05 2.262 0.1 EBUL VIR Bergmann 308.15 2.179 0.03 RHSA VIR this work
and Ecke

337.55 2.251 0.1 EBUL VIR Bergmann 333.15 2.468 0.03 RDIST VIR this work
and Ecker®

349.15 2.398 0.1 EBUL VIR Bergmann 353.15 2.526 0.03 CIRC VIR this work
and Ecke?

357.75 2.451 0.1 EBUL VIR Bergmann 363.15 2.557 0.03 CIRC VIR this work
and Ecker®

298.15 2.048 0.1 NSGLC IDEAL L&}gflau 371.15 2.573 0.03 CIRC VIR this work
et al’

2-Butanol

298.15 3.219 0.05 DDST IDEAL Butler 308.15 3.550 0.1 HSA IDEAL Whitehead
etallt and Sandlef

298.15 3.186 0.05 DDST IDEAL Butler 328.15 3.603 0.03 NSGLC IDEAL Dohnal
and Reid* and Ondé&*

308.15 3.364 0.05 DDST IDEAL Blatlgr " 273.35 2.617 0.03 RHSA VIR this work
and Rei

298.15 3.211 0.1 TENS VIRA Pierﬁtzti 283.15 2.885 0.03 RHSA VIR this work
etal’

333.15 3.481 0.1 TENS VIRA Pierﬁtzti 293.15 3.118 0.03 RHSA VIR this work
et al!

208.15  3.270 0.05 GLC VIR Larkinand  293.15  3.114 0.03 HSA VIR this work
PembertotP

298.15 3.258 0.03 TENS IDEAL Ca?gni 303.15 3.288 0.03 HSA VIR this work
et al’

298.15 3.211 0.05 HSA IDEAL R)llthing 303.15 3.288 0.03 IGS VIR this work
etal’

298.15 3.270 0.05 GLC VIR Mash and 313.15 3.428 0.03 IGS VIR this work
Pembertol

310.2 3.472 0.05 GLC IDEAL K'L'hlrllge 313.15 3.444 0.03 HSA VIR this work
et al’

273.15 2.734 0.1 HSA IDEAL Snider and 323.15 3.520 0.03 HSA VIR this work
Dawsom?

298.15 3.077 0.1 HSA IDEAL Snider and 323.15 3.538 0.03 IGS VIR this work
Dawsor?

293.15 3.035 0.03 HSA VIR Sdalg_;ege 333.15 3.575 0.03 IGS VIR this work
and Lal

298.15 3.109 0.1 NSGLC IDEAL La}ggau 333.15 3.608 0.03 HSA VIR this work
et al’

323.18 3.570 0.05 TENS IDEAL Fischerand 343.15 3.638 0.03 RDIST VIR this work
Gmehling”

298.15 3.270 0.03 HSA unknown Slrgsegman 353.15 3.648 0.03 RDIST VIR this work
et al?

298.15 3.360 0.1 HSA IDEAL Merk and 363.15 3.699 0.03 CIRC VIR this work
Riederet®

298.15 3.219 0.05 HSA IDEAL Whitehead 371.15 3.632 0.03 CIRC VIR this work
and Sandlef

303.15 3.520 0.1 HSA IDEAL Whitehead

and Sandlef
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Table 7. (Continued)

TIK Iny? s(in y7) technique vapoP ref TIK In 7 s(In y7) technique vapopP ref
2-Methyl-1-propanol

298.15 3.766 0.05 DDST IDEAL Butler 298.15 4,181 0.1 IGS IDEAL Sancho
etallt et al#?

298.15 3.852 0.02 GLC VIR Larkin and 298.15 3.848 0.1 HSA IDEAL Merk and
Pembertotp Riederet?

373.15 3.484 0.5 CIRC IDEAL Hakuta 303.15 3.963 0.02 HSA VIR Hovorka
et al3® etald

298.15 3.795 0.05 HSA IDEAL Rytting 323.15 4.034 0.02 RDIST VIR Hovorka
et allé etald

298.15 3.879 0.02 GLC VIR Mash and 323.15 4.052 0.02 RDIST VIR Hovorka
Pemberto#Y etald

310.2 3.996 0.03 GLC IDEAL Kthne 333.15 4.109 0.02 RDIST VIR Hovorka
etall® etald

298.15 3.578 0.2 HSA IDEAL Snider and 343.15 4.088 0.02 RDIST VIR Hovorka
Dawsorf? etald

293.15 3.793 0.02 HSA VIRA Sagert 353.15 4.048 0.02 RDIST VIR Hovorka
and La® etald

323.72 3.466 0.5 CIRC IDEAL Ikari 328.15 4.038 0.03 NSGLC IDEAL Dohnal
et al4 and Ondé&®

338.4 3.632 0.5 CIRC IDEAL Ikar|i4o 273.35 3.453 0.03 RHSA VIR this work
et al’

373.14 3.728 0.5 CIRC IDEAL Ikarli40 283.15 3.605 0.03 RHSA VIR this work
et al’

310.15 3.624 0.5 HSA IDEAL Kan%ko 293.15 3.791 0.03 HSA VIR this work
et al?

298.15 4.615 0.5 IGS IDEAL Shiu and 298.15 3.859 0.03 RHSA VIR this work
Mackay*

298.15 3.484 0.5 WWC IDEAL Alts%guh 303.15 3.918 0.03 HSA VIR this work
etal’

298.15 3.835 0.03 HSA IDEAL Whitehead 313.15 3.991 0.03 HSA VIR this work
and Sandlef

303.15 3.912 0.03 HSA IDEAL Whitehead 323.15 4.054 0.03 HSA VIR this work
and Sandleg

308.15 3.940 0.03 HSA IDEAL Whitehead 333.15 4.066 0.03 HSA VIR this work
and Sandleg

298.15 3.892 0.03 HSA unknown Sf;ggman 363.15 3.995 0.03 CIRC VIR this work
et al’

323.15 4.062 0.03 TENS IDEAL Fischerand 371.15 3.955 0.03 CIRC VIR this work
Gmehling”

2-Methyl-2-propanol

298.15 2.468 0.1 DDST IDEAL Butler 303.15 2.526 0.05 HSA IDEAL Whitehead
et alll and Sandleg

298.15 2.313 0.2 TENS VHRA Pierotti 308.15 2.728 0.05 HSA IDEAL Whitehead
etall? and Sandléf

333.15 2.839 0.2 TENS VIRA Pierotti 298.15 2.201 0.2 WWC IDEAL Altschuh
etall? etal3

298.15 2.507 0.03 GLC VIR Larkin and 328.15 3.030 0.03 NSGLC IDEAL Dohnal
PembertotP and Ondé&®

298.15 2.557 0.03 HSA IDEAL R)Iltltbing 299.15 2.573 0.03 HSA VIR this work
et al!

298.15 2.501 0.03 GLC VIR Mash and 303.15 2.667 0.03 HSA VIR this work
Pembertol

310.2 2.779 0.03 GLC IDEAL Kthlqg 313.15 2.827 0.03 HSA VIR this work
et al?

298.15 2.667 0.1 HSA IDEAL Snider and 323.15 2.991 0.03 RDIST VIR this work
Dawsori?

293.15 2.434 0.03 HSA VIRA Sagert g 333.15 3.082 0.03 RDIST VIR this work
and La

323.13 2.955 0.05 TENS IDEAL Fischerand 343.15 3.157 0.03 RDIST VIR this work
Gmehling”

298.15 2.477 0.03 TENS VIR Kogfl3 353.15 3.235 0.03 CIRC VIR this work
et al’

298.15 2.477 0.03 HSA unknown Slrgsegman 363.15 3.270 0.03 CIRC VIR this work
et al?

298.15 2.501 0.03 HSA IDEAL Merk and 371.15 3.311 0.03 CIRC VIR this work
Riederef®

298.15 2.468 0.05 HSA IDEAL Whitehead
and Sandleg

aCIRC, circulation equilibrium still; DDST, differential distillation; EBUL, ebulliometry; GLC, measurement of retention timeiliga& chromatography;
HSA, headspace analysis; IGS, inert gas stripping; NSGLC, non-steady-stat&gaschromatography; RHSA, relative headspace analysis; RDIST, Rayleigh
distillation; VPC, vapor-phase calibration; TENS, tensimetry; WWC, wetted-wall coliiEAL, ideal gas; VIR, virial equation of state; VIRA, virial
equation of state with Amagat'’s lawLimiting activity coefficient calculated from liquid/vapor or vapor/liquid distribution coefficient reported in the cited
source 8 Secondary reference citing an original unavailable source (e.qg., thfglsisjiting activity coefficient calculated from dilute rang®e-x data reported
in the cited sourcé.Limiting activity coefficient calculated from relative volatility in highly dilute solutions reported in the cited so@itdeiting activity
coefficient calculated from solution Gibbs energy reported in the cited source.

information to critical evaluation and processed it by a temperature dependence. Like for lower 1-alkanols treated

thermodynamically consistent treatment. recently? also for the branched alkanols studied in this work
The essentials of the procedure are the same as describethe following four-parameter equation

previously® For each solute, the equilibriuny{) and calori-

metric (F|1’°° and (_:,'f'f) data were fitted simultaneously with a .

suitable, sufficiently flexible model equation describing their Iny; = A+ Bt + CexpDr)/t (1)
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Table 8. Experimental Values of Limiting Partial Molar Excess Enthalpies of Branched (C3 and C4) Alkanols (1) in Water (2) Together with
their Standard Uncertainty and Technique of Measurement

T T s T R s
K kJ-mol~t kJmol~1 techniqué ref K kJmol~1 kJmol~1 techniqué ref
2-Propanol
298.15 —13.40 0.4 BATCH Lama 298.15 —-12.9 0.3 FLOW Denda
and Luf etal!
277.88 —=17.72 0.1 BATCH Alexander 298.15 —13.09 0.03 FLOW Dohnal
and Hils et al52
288.07 —15.20 0.1 BATCH Alexander 298.15 —-13.2 0.3 BATCH Davis
and Hill*® et al33
298.1 —12.98 0.05 BATCH Alexander 283.15 —15.09 0.5 FLOW Pfeffer
and Hill*° et al®
308.2 —-11.07 0.05 BATCH Alexander 298.15 —12.76 0.3 FLOW Pfeffer
and Hil#® etal®
298.15 —13.08 0.1 BATCH Arnett 323.15 —-8.17 0.2 FLOW Pfeffer
et al4® et al®*
299.65 —13.26 0.3 BATCH Brower 343.15 —4.73 0.2 FLOW Pfeffer
et al4” et al®
298.15 —12.90 0.4 BATCH Krishnanand  363.15 —2.21 0.1 FLOW Pfeffer
Friedmari® etal5
298.15 —13.10 0.04 BATCH Rouw and 298.15 —13.1 0.03 TITR Tanaka
Somsef? etal®®
298.15 —12.69 0.3 BATCH Korolev
et al>0
2-Butanol
298.15 —-13.19 0.1 BATCH Arnett 298.15 —13.02 0.06 BATCH Rouw and
et al4® Somsef?
299.65 —-11.99 0.7 BATCH Brower 298.15 —12.62 0.8 BATCH Bury and
etal?’ Treinef’
303.15 —-11.723 0.4 BATCH Belousov 278.15 —-17.22 0.8 TITR Andersson
and Ponné# and Olofssoff
328.15 —5.862 0.4 BATCH Belousov 298.15 —12.99 0.8 TITR Andersson
and Ponnéf and Olofssopf
348.15 —2.093 0.4 BATCH Belousov 317.15 —9.29 0.8 TITR Andersson
and Ponnéf and Olofssop?
298.15 —12.895 0.1 BATCH Cabani
et al3
2-Methyl-1-propanol
298.15 —-9.32 0.1 BATCH Arnett 348.15 3.349 0.6 BATCH Belousov
et al4® and Ponnéf
299.65 —9.683 0.6 BATCH Brower 298.15 —9.22 0.1 BATCH Rouw
etal?’ and Somsefi
303.15 —7.536 0.6 BATCH Belousov 298.15 —9.18 0.1 FLOW Hovorka
and Ponné# et al>®
328.15 —2.512 0.6 BATCH Belousov
and Ponnéf
2-Methyl-2-propanol
298.15 —-17.17 0.2 BATCH Arnett and 298.15 —17.44 0.02 BATCH SKinl
McKelveys© etalst
298.15 —-17.21 0.3 BATCH Krishnanand 298.15 —-17.31 0.05 BATCH Rouw and
Friedman® Somsef?
299.2 —17.04 0.1 BATCH Alexander 300.05 —16.9 0.3 BATCH Kog&
and Hill*°
308.2 —14.92 0.1 BATCH Alexander 303.15 —16.03 0.3 BATCH Kog&
and Hil#s
298.15 —17.46 0.1 BATCH Arnett 318.32 —12.82 0.3 BATCH Kogé
et al4®
299.65 —17.47 0.5 BATCH Brower 332.64 —10.03 0.3 BATCH Kog&
et al4”

aBATCH, batch dissolution calorimetry; FLOW, flow mixing calorimetry; TITR, titration microcalorimetiys™ calculated fromHE data for the
lowest solute concentrations reported in the cited literature.

giving available data using the weighted least-squares method. The
e inimi jective functi follows:
AE= = RT[B — C exp@r)(Dr — 1)] minimized objective function was as follows

NG
and S= Y [In y7(exp)— In 5 (calcd)f/s(In 7)) +

CET = —RCDPr expD1) -
, Ny Nc

{E. jE. E ~E 00
wherer = T/To andT, =298.15 K, yielded superior performance [HE(exp) — I (calcd)F/S(HE) + 3 [Cofi(exp)—
and was used for the purpose. The adjustable parami&t&;s = e = S
C, andD were calculated by the simultaneous correlation of all C1i(calcd)f/S(CET) (2)
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Table 9. Experimental Values of Limiting Partial Molar Excess Heat Capacities of Branched (C3 and C4) Alkanols (1) in Water (2) Together
with Their Standard Uncertainty and Technique of Measurement

G G T G G
K JKtmolt  JFK~tmol~*  techniqué ref K JK=tmol”t  JK~lmol™*  techniqué ref
2-Propanol
298.15 232 20 INDIRECT  Arnett 333.15 166 6 SCAN Origlia-Luster
etal4® and Woolley*
283.15 236 7 FLOW Roux 338.15 160 6 SCAN Origlia-Luster
etals? and Woolley*
298.15 201 7 FLOW Roux 343.15 158 6 SCAN Origlia-Luster
etals3 and Woolley*
278.15 252 6 SCAN Origlia-Luster  348.15 149 6 SCAN Origlia-Luster
and Woolley* and Woolley*
283.15 239 6 SCAN Origlia-Luster  353.15 144 6 SCAN Origlia-Luster
and Woolley* and Woolley*
288.15 2360 6 SCAN Origlia-Luster ~ 358.15 139 6 SCAN Origlia-Luster
and Woolley* and Woolley*
293.15 224 6 SCAN Origlia-Luster  363.15 134 10 SCAN Origlia-Luster
and Woolley* and Woolley*
298.15 214 6 SCAN Origlia-Luster ~ 368.15 129 10 SCAN Origlia-Luster
and Woolley* and Woolley*
303.15 208 6 SCAN Origlia-Luster  373.15 128 10 SCAN Origlia-Luster
and Woolley* and Woolley*
308.15 199 6 SCAN Origlia-Luster  378.15 12% 10 SCAN Origlia-Luster
and Woolley* and Woolley*
313.15 192 6 SCAN Origlia-Luster ~ 383.15 11% 10 SCAN Origlia-Luster
and Woolley* and Woolley*
318.15 188 6 SCAN Origlia-Luster  388.15 118 10 SCAN Origlia-Luster
and Woolley* and Woolley*
323.15 179 6 SCAN Origlia-Luster  393.15 116 10 SCAN Origlia-Luster
and Woolley* and Woolley*
328.15 178 6 SCAN Origlia-Luster  298.15 211 3 FLOW Fencléva
and Woolley* et alb®
2-Butanol
298.15 285 20 INDIRECT  Arnett 338.15 192 8 SCAN Origlia and
et al4 Woolleys”
298.15 250 3 FLOW Jolicoeurand  343.15 188 8 SCAN Origlia and
Lacroixt® Woolley”
278.15 298 8 SCAN Origlia and 348.15 177 8 SCAN Origlia and
Woolleys” Woolleys”
283.15 288 8 SCAN Origlia and 353.15 17h 8 SCAN Origlia and
Woolleys” Woolleys”
288.15 278 8 SCAN Origlia and 358.15 168 8 SCAN Origlia and
Woolley” Woolley”
293.15 268 8 SCAN Origlia and 363.15 159 8 SCAN Origlia and
Woolleys” Woolleys’
298.15 258 8 SCAN Origlia and 368.15 154 8 SCAN Origlia and
Woolley” Woolley”
303.15 249 8 SCAN Origlia and 373.15 150 10 SCAN Origlia and
Woolleys” Woolleys”
308.15 240 8 SCAN Origlia and 378.15 148 10 SCAN Origlia and
Woolley” Woolleys”
313.15 23h 8 SCAN Origlia and 383.15 148 10 SCAN Origlia and
Woolley” Woolley”
318.15 229 8 SCAN Origlia and 388.15 14% 10 SCAN Origlia and
Woolleys” Woolleys”
323.15 214 8 SCAN Origlia and 393.15 139 10 SCAN Origlia and
Woolley” Woolley”
328.15 208 8 SCAN Origlia and 298.15 258 3 FLOW Fencldva
Woolley” etal®s
333.15 198 8 SCAN Origlia and
Woolleys”
2-Methyl-1-propanol
298.15 284 20 INDIRECT  Arnettet&.  333.15 205 8 SCAN Origlia and
Woolleys”
298.15 252 3 FLOW Jolicoeur and  338.15 198 8 SCAN Origlia and
Lacroixé Woolleys”
298.15 255 3 FLOW Hovorka 343.15 192 8 SCAN Origlia and
etals Woolley”
278.15 292 8 SCAN Origlia and 348.15 184 8 SCAN Origlia and
Woolleys” Woolleys”
283.15 288 8 SCAN Origlia and 353.15 178 8 SCAN Origlia and
Woolley” Woolley”
288.15 278 8 SCAN Origlia and 358.15 172 8 SCAN Origlia and
Woolleys” Woolleys”
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Table 9. (Continued)

T Gr (Gl T Gr G
K JKtmolt  JK 1mol? techniqué ref K JKtmolt  JK tmol? techniqué ref
2-Methyl-1-propanol (Continued)
293.15 267 8 SCAN Origlia and 363.15 166 8 SCAN Origlia and
Woolley?” Woolley?”
298.15 259 8 SCAN Origlia and 368.15 16% 8 SCAN Origlia and
Woolleys” Woolleys”
303.15 25h 8 SCAN Origlia and 373.15 158 10 SCAN Origlia and
Woolleys” Woolleys”
308.15 248 8 SCAN Origlia and 378.15 15% 10 SCAN Origlia and
Woolley?” Woolley?”
313.15 238 8 SCAN Origlia and 383.15 14% 10 SCAN Origlia and
Woolley” Woolley”
318.15 22% 8 SCAN Origlia and 388.15 148 10 SCAN Origlia and
Woolleys” Woolleys”
323.15 219 8 SCAN Origlia and 393.15 146 10 SCAN Origlia and
Woolley?” Woolley?”
328.15 212 8 SCAN Origlia and 298.15 257 3 FLOW Fencldéva
Woolley” etal®
2-Methyl-2-propanol
298.15 283 20 INDIRECT Arnett 333.15 19% 10 SCAN Origlia and
et al*6 Woolley”
298.15 245 3 FLOW Jolicoeur and  338.15 192 10 SCAN Origlia and
Lacroixsé Woolleys”
298.15 244 8 DROP Shkad 343.15 186 10 SCAN Origlia and
et albt Woolleys”
298.15 254 10 FLOW De Visser 348.15 18% 10 SCAN Origlia and
etal® Woolley”
313.15 219 10 FLOW De Visser 353.15 177 10 SCAN Origlia and
et alb® Woolleys”
328.15 195 10 FLOW De Visser 358.15 172 10 SCAN Origlia and
etal® Woolley”
338.15 191 20 FLOW De Visser 363.15 168 10 SCAN Origlia and
et al%® Woolleys”
298.15 252 8 SCAN Origlia and 368.15 165 10 SCAN Origlia and
Woolley?” Woolley?”
303.15 249 8 SCAN Origlia and 373.15 16% 10 SCAN Origlia and
Woolley” Woolley”
308.15 232 8 SCAN Origlia and 378.15 158 10 SCAN Origlia and
Woolleys” Woolleys”
313.15 224 8 SCAN Origlia and 383.15 158 10 SCAN Origlia and
Woolley?” Woolley?”
318.15 218 8 SCAN Origlia and 388.15 152 10 SCAN Origlia and
Woolley” Woolley”
323.15 209 8 SCAN Origlia and 393.15 15% 10 SCAN Origlia and
Woolley” Woolley?”
328.15 208 8 SCAN Origlia and 298.15 249 3 FLOW Fencldéva
Woolleys” et albs

aDROP, drop calorimetry; FLOW, flow calorimetry; SCAN, scanning calorimetry; INDIRECT, integral heat mét@adculated from partial molar
heat capacity at infinite dilution reported in the cited source; molar heat capacities of pure solute were takerbfeorakgat al’® 72

with data being weighted according to their standard uncertain- readjusted by trial and error in order to obtain coherence of all
ties (In y3), (HT™), and S((_:E,'T)- These uncertainties cor- data in the statistical sense. As a main coherence criterion, the
respond to standard deviations (68 % probability level) and residual sum of squareSnn was required to range within
comprise contributions from all possible sources of error, both statistically plausible bounds (i.e., within the respective cri-
random and systematic. Only discrete values of uncertaintiestical values ofy?):

corresponding to several predefined uncertainty levels were

assigned toy7 data’® Although no such uncertainty levels xi,z(n —p) <Sn < Xf,w(n -p) 3)
were used for thermal data, values of uncertainties rounded to
just one significant digit were preferred. wheren = ng + ny + nc is the total number of data points,

The first estimates of the uncertainties came from infor- is the number of fitted parameters (hgre= 4), anda is the
mation given in the original source of data. The judgment was significance level@¢ = 0.05). In addition to this global condition
based on our own experience with various experimental me- of coherence, the statistical behavior of individual weighted
thods and on their detailed analyses concerning the errorresiduals was also considered; here, an improbably big magni-
propagation and applicability. As a rule, comparison of cor- tude of the weighted residual signaled the necessity to increase
relation deviations to the initially assigned uncertainties indi- the uncertainty of the given data point. As a rule, the uncertainty
cated that true uncertainties of some data were significantly was increased for those data where the available information
greater than those assumed, probably because of systematior our own experience suggested that an enhanced error is
errors. Thus, the values of uncertainties were subsequentlyprobable.
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Figure 1. Limiting activity coefficient Iny7 of 2-propanol (1) in water Figure 2. Limiting activity coefficient InyS of 2-butanol (1) in water (2)

(2) as a function of temperature. Experimental values are from Table 7: as a function of temperature. Experimental values are from Takiie 7ef

O, ref 11,0, ref 12; 4, ref 13;v, ref 14,0, ref 15; left-facing open triangle, 11;0, ref 34; A, ref 12;v, ref 15;<, ref 35; left-facing open triangle, ref

ref 16; right-facing open triangle, ref 1®, ref 18; 4, ref 19;v, ref 20; ®, 16; right-facing open triangle, ref 1®, ref 19; 4, ref 22; v, ref 36;®, ref

ref 21; left-facing solid triangle, ref 22; right-facing solid triangle, ref 23; 24, left-facing solid triangle, ref 37; right-facing solid triangle, ref 28;

=, ref 24;©, ref 25; upper solid diamond, ref 26; left-facing upper solid  ref 29; ®, ref 38; upper solid diamond, ref 3M, this work. The line

open triangle, ref 27; right-facing upper solid triangle, ref @8ref 29,0, indicates the recommended temperature dependence obtained by simulta-
ref 30; A, ref 31;v, ref 32; right side solid diamond, ref 3B, this work. neous fit ofyy, ﬁfvmv andég'f data by eq 1.

The line indicates the recommended temperature dependence obtained by '

00

simultaneous fit ofy7, HT, andCFY data by eq 1.

100 80 60 40 2 1FC
The outlined procedure enabled us to discriminate between ——7 : ' : '
existing data and to establish a thermodynamically consistent ~ 4© T
temperature dependence)df, HE*, andéﬁ’f. The final values asl
of uncertainties assigned to the data are given in Tables 7 to 9.
The values of parameters of eq 1, together with the overall 42
standard deviations of fitand other fit characteristics, are listed ‘.= —
in Table 3. £ 40 _/i/{
Results of Correlations and Discussion 38 I
Data Assessment.he values of limiting activity coefficients I i
for the four branched alkanols in water are displayed, together
with their fits by eq 1, in the van't Hoff coordinates in Figures sal T 4 (N
1 to 4. As seen, most data agree quite well, exhibiting a
reasonable scatter, but there are also some data deviating grossly T a3 ag a5

(> 0.2 in In ) from the fits. According to the evaluation ’ 1000K/ T
policy we adopted, such data were not strictly rejected but rather _ o . - N
labeled with a larger uncertainty, which reduced appropriately Figure 3. Limiting activity coefficient Inyy of 2-methyl-1-propanol (1)
their statistical ight in the t ’t t Th v deviati in water (2) as a function of temperature. Experimental values are from

e_"r stats _'Ca Welg_ !n € trea me_n ' € grossly devialing taple 7: O, ref 11;0, ref 15; A, ref 39;v, ref 16;<, ref 17; left-facing
points, which are indisputably subject to large errors, are open triangle, ref 19; right-facing open triangle, ref ®;ref 36; a, ref
encountered especially for 2-propanol and 2-methyl-1-propanol. 40; v, ref 27; ®, ref 37; left-facing solid triangle, ref 28; right-facing solid

I p Yy ~-prop yl-1-prop : L

They involve the tensimetric measurement of Pividal et%l., triangle, ref 29,3, ref 42,8, ref 41; upper solid diamond, ref 30; left-
the inert gas stripping measurements of Shiu and Mdékﬂ}d facing upper sqlld triangle, rt_af 35_3; r_|ght-facmg upper solid triangle, ref 3;
Sancho et al? the headspace analysis measurements of 1, ref 33; M, this work. The line indicates the recommended temperature
Mazzal® Kaneko et al2’ and Snider and Dawsd8:-and the dependence obtained by simultaneous fit)§f HT”, and C;f data

circulation still measurements of lkari etflland Hakuta et byeql.

al® In addition, the results from environmental screening of

air—water partitioning of Altschuh et &P by the wetted-wall Compared to the measurements of limiting activity coef-
column technique belong also to those grossly deviating. ficients, the calorimetric determinations of dissolution thermal

Apart from the outliers mentioned, most other data are in a Properties appear to be considerably less scattered, as seen from
good agreement, supporting the stability of the recommendedFigures 5 to 8. At 298.15 K, where most.calorimetric measure-
fit. Among they? data that show the closest agreement and the Ments were done, very good accord is generally observed.
smallest deviations from the recommended fit are especially Although the determinations ¢4 as a function of temper-

those of Nord et ! and Fischer and Gmehlidg(tensimetry); ature are not abundant, one can note mutual agreement between
Rytting et al.}® Sherman et af® and in most cases Whitehead the early measuremenfts$®and the more recent oré$2%and

and Sandle# (headspace analysis), Pemberton et®df ,and consistency with the data on the dissolution heat capacity.
Kihne et alt® (GLC); Butler et alt134(differential distillation) Regarding Cg'f, the only data clearly in error are those

and those measured in this laboratory (applicability optimized resulting from the earliest determinations by Arnett et@heir
use of various techniques). Cgﬁ" values being systematically too high. On the other hand,
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Figure 4. Limiting activity coefficient Iny? of 2-methyl-2-propanol (1)

in water (2) as a function of temperature. Experimental values are from
Table 7: O, ref 11; 0, ref 12; A, ref 15; v, ref 16; <, ref 17; left-facing

open triangle, ref 19; right-facing open triangle, ref #;ref 36; a, ref

37; v, ref 43; ®, ref 28; left-facing closed triangle, ref 29; right-facing
closed triangle, ref 3a@, ref 30;®, ref 33;M, this work. The line indicates

the recommended temperature dependence obtained by simultaneous fit o
¥y, HE®, andCL¥ data by eq 1.
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Figure 5. Limiting partial molar excess enthalpi;” (a) and heat

capacity (_:E’f (b) of 2-propanol (1) in water (2) as a function of

temperature. ExperimentElE"” values are from Table 87, ref 44;0, ref

45; A, ref 46; v, ref 47; O, ref 48; left-facing open triangle, ref 49; right-

facing open triangle, ref 5%, M, ref 51;@, ref 52; A, ref 53; v, ref 54, @,

ref 55. Experimental_:&;" values are from Table 90, ref 46;0, ref 63; 4,

ref 64; v, ref 65. The line indicates the recommended temperature

dependence obtained by simultaneous fit;df, H{”, and ;7 data

by eq 1.
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Figure 6. Limiting partial molar excess enthalpb_'ll""’ (@) and heat
capacity(_lgj° (b) of 2-butanol (1) in water (2) as a function of temperature.
Experimentale’“’ values are from Table 80, ref 46;0, ref 47; A, ref
56; v, ref 35; 0, ref 49; left-facing open triangle, ref 57; right-facing open
Friangle, ref 58. Experimentzﬁfl:fj<> values are from Table 90, ref 46;0,
ref 66; A, ref 67;v, ref 65. The line indicates the recommended temperature
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Figure 7. Limiting partial molar excess enthalpﬁif"’“ (a) and heat
capacity(é&';0 (b) of 2-methyl-1-propanol (1) in water (2) as a function of
temperature. Experimentﬁllf"’“ values are from Table 83, ref 46;0, ref
47; , ref 56; v, ref 49; O, ref 59. Experimenta(_:f,f’ values are from
Table 9: O, ref 46; O, ref 66; A, ref 68; v, ref 67; <, ref 65. The line
indicates the recommended temperature dependence obtained by simulta-
neous fit ofyy, H;™, andC{ data by eq 1.

exceptional in both the extent and quality are the data on water. Note, however, that for 2-methyl-2-propanol the values
C,'i’f('D derived from measurements of Origlia and Wool- of y7 and other dissolution properties calculated from eq 1 at
ley 5467 which are available for all of the four alkanols studied. temperatures below its melting point (298 K) refer to the
Fairly good agreement of these data is seen with the only otherhypothetical subcooled liquid standard state. The relative

systematic determination (ﬁ&‘f’(‘l’) performed earlier by de
Visser et af® for 2-methyl-2-propanol.

Recommended/1*(T) and Ky(T) Data. Equation 1 with
parameters from Table 3 yields for available data a thermody-

standard uncertainty (68 % confidence level) of the recom-
mended values, as inferred by the error propagation from the
parameter varianeecovariance matrix, does not exceed (1 to
2) % fory7 and (2 to 3) % foiH;” or C57". The recommended

namically consistent description of superior quality. We consider values at 298.15 K are of the highest accuracy and are listed
it to establish the recommended temperature dependende of for a quick reference and illustration in Table 4. The recom-
as well as of its derivative propertiel%l,f’oo and CE‘”, in the mended temperature dependence )§f is believed to be
range from the melting point to the normal boiling point of reliable even in a moderate extrapolation toward higher tem-
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= ol T ' ] The selected data on the pure alkanols studied may be
8 - a) - considered to be the best of those presently available, yet they
2 5 / ] were noted to exhibit a slight mutual inconsistency in some
= -10 o cases. Extrapolations necessary to cover the temperature range
T 450 !r/ 1 of interest and uncertainties in the vapor phase nonideality
. ] corrections are at least partially responsible for these problems.
20 i / ] It is obvious that any uncertainty and/or inconsistency in pure
2517 . solute property data are translated into the calculated values of
~oz0l L D hydration properties.
E b) | In order to establish the recommended temperature depen-
T 025 dence of hydration properties in a thermodynamically consistent
> ’f%% | analytical form, we fitted the data dfy, AnycH7, andAnydCy
X: 020 YYI simultaneously to the following equation:
w &
© sl %m@i InK,,=A+B/r+Clnz+Dr ®)
280 300 320 340 360 380 400 Equation 8 was used instead of an analogous form of eq 1,
TIK because for hydration properties the latter equation was found

Figure 8—'5 Limiting partial molar excess ?nthalpﬁf'“’ (a) and heat to perform significantly worse than the former. Yet, eq 8 is a
capacityC, " (b) of ?-metrpél-Z-propanol (1) in water (2) as a function of  compromise to fit the rather nonlineAmydC;fl(T) dependence
temperature. Experimentsd, ~ values are from Table 80J, ref 60,0, ref encountered. Values of the hydration properties at 21 equidistant
48; A, ref 45; v, ref 46; O, ref 47; left-facing open triangle, ref 61; right- - b

temperatures (5 K increment) covering the temperature range

facing open triangle, ref 49, ref 62. Experimc—zntaaf:&;c values are from . . ) .
Table 9: O, ref 46,0, ref 66; A, ref 61;v, ref 69; <, ref 67; left-facing of interest were used as input data for the fit. To provide a

open triangle, ref 65. The line indicates the recommended temperature Simplified way of data weighing, the sum of squares of relative
dependence obtained by simultaneous fitydf HI”, and C57’ data deviations was minimized.
by eq 1. The calculated parameters of eq 8, along with the corre-
sponding relative standard deviations of $i§ are listed for
peratures (e.g., at 400 K the probable uncertainty of the the branched alkanols studied in Table 5. It is seen that eq 8
calculatedyy values is estimated to about 3 %). fits the hydration data quite well, the relative standard deviation
To obtain the recommendation for the temperature depen- being within 1 %. The values af.; may suggest the probable
dence of the Henry’s law constants and the related hydration level of uncertainty for the recommended hydration properties
properties, the dependengg(T) was combined with reliable  calculated from eq 8, except faknydCy, at the ends of the
data on respective pure solute properties using the following temperature interval (273 K, 373 K) where one should allow

relations: for uncertainties of (2 to 3) % mainly due to the compromised
linear fit of Ahydc‘;l provided by eq 8. An increased uncer-
K =77 P} 5 explog(p3 — p)/(RT) (4) tainty (1.5 %) is also probable foAnH; of 2-methyl-2-
propanol at higher temperatures close to 373 K and for all its
Ay, Gy = RTIn(K,/p°) (5) properties at temperatures below its melting point. Nevertheless,

for estimation of the Henry's law constants, even moderate
_ extrapolations by eq 8 toward higher temperatures are believed
ApydH? = HT™ — A H° (6) - i

hyd 11 1 vap to be reliable (e.g., at 400 K the probable uncertainty of the
calculatedKy values is estimated to about 5 %). The values of

AnyCor=Chy — C,(;;,'f = (‘;Ef + (c;'l - C,C;;,'lo (7) thermodynamic functions of hydration at 298.15 K calculated
from eq 8 are compared with recent recommendations by

Plyasunov and Shoékin Table 6. In general, a very good

liquid solute molar volumeys$ is the fugacity coefficient of ~ 2dreement is observed for all the branched alkanols and
the pure solute saturated vapaksH® is the pure solute properties studied. The present values, especialk0Anyd

vaporization enthalpy to the standard state ideal gas (standaroGT)v should be however preferred as they are significantly

vaporization enthalpy)Ch; andC3y° are the pure solute heat ~MOre accurate.

capacities at the liquid state and the ideal gas standard state
respectively; andf?:l is the solute partial molar heat capacity
at infinite dilution in water. These hydration quantities cor-
respond to a transfer of the solute from the pure ideal gas state Having established the thermodynamically consistent and
at standard pressup® = 100 kPa to a hypothetical infinitely ~ accurate temperature dependence for various infinite dilution
dilute solution of unity solute mole fractiony(= 1). properties of the branched (C3 and C4) alkanols in water, we
The vapor pressures of 1-alkanols were calculated from the Will be now commenting on their essential features, in particular
Cox equation with parameters from Table 1. Their fugacity On their variation with temperature and alkanol branching. The
coefficients were calculated from truncated virial equation of results for the respective 1-alkanols used for comparison are
state with the second virial coefficients estimated by the Hayden taken from our previous work.
and O’Connell correlatiof The liquid densities were obtained In Figure 9, the recommended’(T) and Ky(T) for all (C3
from CDATA.1® The standard vaporization enthalpies were and C4) alkanol isomers are plotted in the van't Hoff coordi-
obtained from the temperature dependence of standard vaporizanates. As seen in Figure 9a, going from 273 K the values of In
tion internal energies (cohesive energies) given by Majer and y7 rise with temperature, following concave courses which at
Svoboda’® a higherT display a maximum. For 2-propanol and 2-methyl-

wherep’ are pure component vapor pressurgsjs the pure

Variation of Properties with Temperature and Alkanol
Branching
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Figure 9. Recommended temperature dependence for limiting activity 280 300 320 340 360
coefficients y? (a) and Henry's law constantsy (b) of (C3 and C4) T/IK .
alkanols (1) in water (2):O, 1-propanol®, 2-propanol;&, 1-butanol; @, Figure 10. Variation of limiting partial molar excess functiorﬁ"” Y=
2-butanol;®, 2-methyl-1-propanola, 2-methyl-2-propanol. G, H, C,, TS) of (C3 and C4) alkanols (1) in water (2) with temperature

and branching:O, 1-propanol®, 2-propanol;>, 1-butanol;®, 2-butanol;

2-propanol, the maximum appears slightly above the normal B 2-methyl-1-propanola, 2-methyl-2-propanol.
boiling temperature of water. The temperature corresponding
to the maximumTmax (See Table 4 here and in ref 2), increases
with the branching of the alkanol isomer and follows the
hydroxyl group position sequence: primary secondary<
tertiary. At a constanfl, the branching of alkanol is in all
instances seen to decrease the value of limiting activity
coefficient. However, when the branching occurs solely on the
aliphatic chain of alkanol, without affecting the position of
hydroxyl group, the decrease in#§ is only subtle (2-methyl-
1-propanol vs 1-butanol), whereas when the hydroxyl group
position changes from primary to secondary (2-propanol vs
1-propanol or 2-butanol vs 1-butanol) and then to tertiary (2-
methyl-2-propanol vs 2-butanol), the decrease is considerable
and about of the same magnitude for each of the steps. The
effect of alkanol branching on the value gf is the largest at
273 K, with increasing temperature it diminishes monotonically,
suggesting that at higher temperaturgd values for the
isomeric alkanols converge. Note that at lower temperatdres (
< 313 K) the branching effect for 2-methyl-2-propanol is so
strong that this causes this butanol isomer to behave more ideally
in aqueous solution than 1-propanol does. 280 300 320 340 360

The Henry's law constants (Figure 9b) for (C3 and C4) TIK
alkanols exhibit also a concave rise with temperature, but the Figure 11. Variation of thermodynamic functions of hydratidayqY; (Y
curves are seen to be still quite steep at 373 K. Their reliable = & H, Cp, TS) of (C3 and C4) alkanols (1) in water (2) with temperature
extrapolation to 423 K by eq 8 shows no maximum to occur z”dzbranﬁhlmfzo’ 1'pr°|‘_’an2°|’.' 2h—p|rgpanol,<>, Il'b”tam';" 2-butanol;
within this range. Due to the large scale of Figure 9b dictated " = "¢/ 1-Propanola, 2-methyl-2-propanol.
by the temperature range considered, the curves for (C3 andpnobic solutes: large negative entropy changes and large
C4) alkanols are clustered and details are barely visible. The hsitive heat capacity changes accompanying the processes of
effect of branching oKy values is opposite to that of (i.e., dissolution and hydration at lower temperatures are two of the
the branched isomers have high&r values). This reversal is  characteristic features of the hydrophobic phenomenon. They
due to the fact that the branching increases the alkanol vaporare generally considered to indicate a striking structure enhance-
pressure to a greater extent than it decreases its limiting activityment due to reorganization of water molecules around the
coefficient. The differences iKy values of isomeric (C3 and  solute?” On the other hand, the dual hydrophobltydrophilic
C4) alkanols are smallest at 273 K and increase with temper- character of the alkanol molecules is also manifested. The
ature, 2-methyl-1-propanol however being an exception. dissolution and hydration of alkanols at ambient temperatures

Figures 10 and 11 give a graphical overview of the variation are strongly exothermic processes mainly because the hydroxyl
of thermodynamic functions of dissolution and hydration with group of the alkanols is capable of efficient hydrogen bonding
temperature and branching. The pattern of thermodynamic with the solvent water. Although the heat capacities of dissolu-
behavior resembles in many respects that of aqueous hydro-tion and hydration diminish with temperature, their values
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remain still positive and large at 373 K; hence, in the

temperature range considered, the respective enthalpies and

entropies are ra_pidly increasing functionsTof
The values oCE‘f andAnydC,,; of (C3 and C4) alkanols are

(5) Dohnal, V.; Hof&ova I. A new variant of the Rayleigh distillation
method for the determination of limiting activity coefficientauid
Phase Equilib.1991 68, 173-185.

(6) Dohnal, V.; FencloVgD. Air—water partitioning and aqueous solubility
of phenols.J. Chem. Eng. Datd995 40, 478-483.

seen to be mainly determined by the number of carbon atoms (7) Rizicka, K.; Fulem, M.; Diky, V. V.; Rificka, V. Vapor pressures,

of the alkanol as compared to which the branching has a lesser

effect. On the other hand, the effect of branching on dissolution
and hydration enthalpy and entropy of C3 and C4 alkanols is
relatively stronger but complicated and rather difficult to resolve.

Nevertheless, at least three specific observations can be made:

(i) Among (C3 and C4) alkanols, 2-methyl-2-propanol exhibits
the most negative values of all these functions, indicating the

strongest hydrogen bonding with water and the highest degree

of ordering of its aqueous solution. (7" at lower temper-
atures (below ambient) arﬁ‘“’ at higher temperatures (close
373 K) for (C3 and C4) alkanols appear to be determined by

enthalpies of vaporization and heat capacities of C1 to C5 alkanols at
ambient and subambient temperatureésoceedings of the Thermo
International Three-ConferencevEnt,Boulder, CO, July 36-August

4, 2006; pp 527528.

(8) Wagner, W.; Pruss, A. The IAPWS Formulation 1995 for the
thermodynamic properties of ordinary water substance for general and
scientific useJ. Phys. Chem. Ref. Da2002 31, 387-535.

(9) Prausnitz, J. M.; Anderson, T. F.; Grens, E. A.; Eckert, C. A.; Hsieh,
R. O’Connell, J. P.Computer Calculations for Multicomponent
Vapor—Liquid and Liquid-Liquid Equilibriunt Prentice Hall: Engle-
wood Cliffs, NJ, 1980.

(10) CDATA: Database of Thermodynamic and Transport Properties for

Chemistry and EngineeringDepartment of Physical Chemistry,
Institute of Chemical Technology; Distributed by FIZ Chemie GmbH
Berlin: Prague, 1991.

the position of hydroxyl group (primary, secondary, tertiary) (11) Butler, J. A. V.; Ramchandani, C. N.: Thomson, D. W. The solubility

and not by the number of carbon atoms in the alkanol molecule.
(iii) both AnydHT(T) and TAnyS;(T) converge for all (C3 and

C4) alkanols with increasing temperature and cross at higher

of non-electrolytes. Part |. The free energy of hydration of some
aliphatic alcoholsJ. Chem. Soc1935 280-285.

(12) Pierotti, G. J.; Deal, C. H.; Derr, E. L. Activity coefficients and

molecular structurelnd. Eng. Chem1959 51, 95-102.

temperatures, the crossover occurring with the exception of (13) Slocum, E. W.; Dodge, B. A. Activity coefficient at infinite dilution:

2-methyl-1-propanol at essentially same points. It is noteworthy

that the respective crossover temperatures for this last observa(l4)

tion, 383 K (AnygH7) and 423 K QnyaSy), are the same as
those found previously for 1-alkandls.

As a result of a rather delicate balance of the large enthalpic

and entropic contributionsG;* and AnydG; of (C3 and C4)

2-propanot-water systemAIChE J.1964 10, 364—368.

Kojima, K.; Tochigi, K.; Seki, H.; Watase, K. Determination of vapor
liquid equilibria from boiling point curveKagaku Kogakul 968 32,
149-153.

(15) Larkin, J. A.; Pemberton, R. C. Thermodynamic properties of binary

mixtures of watert alkanols.Proceedings of the Third International
Conference on Chemical Thermodynamiaden, Austria, September
3-7, 1973; pp 163170.

alkanols in the given temperature range exhibit a monotonically (16) Rytting, J. H.; Huston, L. P.; Higuchi, T. Thermodynamic group

increasing temperature dependence. The entropy and enthalpy

contributions largely compensate each other, and it is only for
G, at temperatures higher thdax where both act in the
positive direction. ConcernindnyGy, it is worthy to notice
the closely similar values for all C3 and C4 alkanols at
temperatures near the melting point of water Gi(T)).

Conclusions

The recommended temperature dependence of limiting activ-

ity coefficients and Henry’'s law constants established in this
work for (C3 and C4) branched alkanols in water greatly
improves our knowledge of gadiquid partitioning of these

aqueous solutes. The present results, together with the analogous

ones reported for (GAC5) 1-alkanols previouslycompose a
very accurate picture of the entire infinite dilution thermody-

namic behavior of these important systems, thus opening new
possibilities for its detailed theoretical analysis and generaliza-

tion. In addition, the results contribute to the establishment of

a database on hydration properties of organic nonelectrolytes(24)

within an international projeét (2005-2007) conducted under
the auspices of IUPAC and IAPWS.
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