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Temperature Dependences of Limiting Activity Coefficients and Henry’s Law
Constants for Nitrobenzene, Aniline, and Cyclohexylamine in Water
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Department of Physical Chemistry, Institute of Chemical Technology, 166 28 Prague 6, Czech Republic, and Laboratoire de
Thermodynamique des Solutions et des PolgseUniversiteBlaise Pascal/CNRS, F 63177 Aulee Cedex, France

Recommended data for the limiting activity coefficienfg) of nitrobenzene, aniline, and cyclohexylamine in
water were established as a function of temperature by the simultaneous correlation of the values resulting from
specialized vaporliquid equilibrium measurements and related thermal data for highly dilute solutions. The new
values ofy? were determined by the Rayleigh distillation, circulation still, and headspace analysis methods. The
limiting partial molar excess heat capacities were derived from measurements by the Picker flow microcalorimetry.
These values were combined with all available literature data on the limiting activity coefficients and the limiting
partial molar excess enthalpies. This allowed us to produce a thermodynamically consistepi fievfveen 273

K and 373 K, which was in turn used in combination with pure solute vapor pressures to calculate the Henry’s
law constantsky).

Introduction recommendations were further inferred for the temperature

. . . . dependences of the Henry’s law constants.
Nitrobenzene, aniline, and cyclohexylamine are important P y

chemical intermediates produced worldwide on a large scale
and further extensively used in industry to manufacture rubber,

agrochemicals, dyes and pigments, pharmaceuticals, and syn- Materials. Organic compounds used as solutes were all
thetic fibers. In many of these processes, including the produc- obtained as special grade purity chemicals from the Moravian
tion of these three chemicals themselves, large quantities of Chemical Works (Ostrava, Czech Republic). Their declared
water are involved, adequate separation of the dissolved organicsyurity (> 99.9 %) was verified by gas chromatography using a
from water requiring great effort and cost. As nitrobenzene, DB-5 capillary column. Before the measurements, they were
aniline, and cyclohexylamine are hazardous materials that oftengried with 4A molecular sieves and stored in the dark. All
appear on priority poIIuta_mt Ilst?slncreasm_g_ly strict environ-  samples were kept and manipulated under a protective nitrogen
mental protection regulations give an additional strong impetus atmosphere. Water used as the solvent was distilled and
for improvement of their respective separation processes. Tosubsequently treated by a Milli-Q Water Purification System
abate pollution of wastewater effluents and optimize separation (Millipore, USA). To remove possible traces of dissolved carbon
COsts, reliable data on fluid phase eqUIllbrIa n hlghly dilute dioxide, the water was either Stripped by nitrogen (for VLE

aqueous solutions of these substances are needed over ameasurements) or was partially degassed by filtration under
extended environmental range of temperatures. Existing datayacuum (for calorimetric measurements).

are, however, insufficient, their fragmentary character hampering
conclusive mutual comparisons.

Experimental Section

VLE Measurements.To determine the limiting activity
i . o coefficients, three experimental techniques were employed in
With the aim to meet the indicated data needs, we have y,iq \york: Rayleigh distillation method (RDISF)method of

established recommended the_rrn_c_)dynamlt_:ally cor_ls_lstent teM-the circulation still (CIRCY and headspace analysis (HSA).
perature dependences of the limiting activity coefficien) ( The techniques were applied alternatively, the choice being
of nitrobenzene, aniline, and cyclohexylamine in water, which according to system characteristics and conditions, to achieve
are reliable in the temperature range of environmental and {he pest accuracy of the determinatiérige RDIST and CIRC
industrial interest: (273 to 373) K. To that end, we employed methods were used at higher temperatures (RDIST from 333 K
phase equilibrium data together with calorimetric data on infinite {4 353 Kk and CIRC at near normal boiling temperatures of
dilution partial molar excess enthalpiel” and heat capaci-  water) where system volatility conditions are well-suited for
tiesC,7, combining results measured in this work with those  their application and pure solute vapor pressures are known with
from |I'[el’a'[ure Th|S S'[I’ateg%/he|pfu| to overcome I|m|tat|0ns an uncertainty a”ow|ng re“abie evaiuation pf At |0wer
of individual experimental mefohOdS: has proven to be highly temperatures, where the vapor pressure values for the solutes
efficient for establishing they;(T) dependence, which for  examined are rather uncertain, the HSA method with calibration
liquid organic solutes in water is typically nonmonotonic, with by the pure solute saturated vapor was used, as for this procedure
a maximum in the temperature region of interest. Analogous g knowledge of the solute vapor pressure to determihes

' needed. In the treatment of all VLE data, the vapor phase was
;Co".le_sgorr“d'”lg a“thorr]-t Tekr420 22044 4297. Fax+420 22044 4333. consjdered as ideal gas since our estimations showed vapor-
t [rﬂ';f‘i'n;te %frghve%)]\ilcsf; T'géhnobgy_ phase nonideality corrections to be negligible as compared to
* UniversiteBlaise Pascal/CNRS. experimental uncertainties.
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The methods used in this work have been described by us inTable 1. Equilibrium Constants pK for Hydrolysis of Aniline and
detail previoush? and only a brief outline supplemented by gz;‘:;?;;ﬁi”g'gi Sﬁdeiﬁéggggi@ iogft@ﬁz r?;gssfgarnt?]?d
some details spec[flc to the present application is given bglow. Dissociation of Corresponding AMIMOnE 1 lons at 298.15 K
For cyclohexylamine, a solute that undergoes appreciable

hydrolysis, the calculation of7 from the present VLE mea- AHg AGa

surements is more involved and is described below in a separate PKp? PKa kJmol™*  JK~mol*

paragraph. aniline 9.40 4.60 31.09 57
Rayleigh Distillation Method (RDIST).The RDIST tech- cyclohexylamine ~ 3.44 1056  59.66 2r°

nique is based on measuring the changes of the solution mass & DK = PKe — pKai oy = —408.174+ 15141.68/T/K) — 0.09835T/

and the solute concentration resulting from a partial one-stagey 7032965 Inf/K).6 °Ref 7.¢ Ref 8.

equilibrium distillation of a highly dilute solutionx{ < 1073),

which is accomplished by passing a slow stream of an inert gnalyses were carried out in the same manner as in the case of

gas (nitrogen) through the thermostated solution under study.ine RDIST method.

From the RDIST measurementy is calculated by the fol- Headspace Analysis (HSAJThe HSA method consists of a

lowing equation: gas chromatographic determination of the equilibrium solute
partial pressure above a highly dilute solution of known
composition. Using the headspace above the pure liquid solute

1) as a calibration standard and assuming the detector proportional-
ity, the value ofy? is obtained from

In(A/A)

In(m/m®)

ym_pi
- P
P

wherem andmP are the masses of the solution before and after
the distillation, A‘l) and A, are the proportional analytical o

Al
, ) o . V1=
responses to the solute concentrations in the original solution ! XA
and in the remainder, angf is the pure component vapor

pressure. With the nitrogen flow rates set between (4 and 12)\hereA; and AS are the headspace solute peak areas above a
mL-min~! and the extent of distillation chosen according to the highly dilute solution with the solute mole fractiomand above

error analysi&to minimize the effect of analytical errors, the e pure liquid solute, respectively. In our apparattie vapor
distillation experiments for the present systems took from (12 phase is circulated by a chemically inert pump through the liquid
to 34) h, depending on the system and temperature. Samples ophase in the equilibrium cell and the gas sampling loop of GC,
the original solution and of the distillation remainder were \yhich avoids perturbation of the equilibrium during sampling
analyzed in this work either by UV spectroscopy (for nitroben- and suppresses sorption effects. For the present systems, the
zene) or by gas chromatography (for aniline and cyclohexy- HSA measurements were carried out typically for five solution
lamine). The spectroscopic analyses were carried out with acompositions in the range of solute mole fractions from 0.0001
Varian spectrophotometer, model Cary 50 Bio. The UV absor- to 0.0015, and the results were subsequently averaged or, when
bances were determined at the maximum absorbance wavelengtlgxhibiting a trend, extrapolated to infinite dilution.

in the differential mode against pure water Using closed quartz Correction for Amine Hydro|ysisAmines are bases that in
cells of 10 mm optical length. The GC analyses were performed aqueous solutions hydrolyze according to

using an Agilent 6890 Plus gas chromatograph and a 0.5 m
long stainless steel 1/8 in. 0.d. column packed with Carbopack
B coated wih 4 % Carbowax 20M and 0.8 % KOH from

Supelco. Samples were dosed by an Agilent 7683 automatic . . .
sampler, typically with dozen replicates each. which may appreciably affect thermodynamic behavior that

Circulation Still Method (CIRC). In this method, a VLE these solutions exhipit at high dilutions. Hence, to propgrly treat
circulation still operated at constant pressure is employed to the observed behavior of these solutions and, in particular, to
provide samples of the vapor and liquid in equilibrium in the €valuate true thermodynamic parameters corresponding to the
region of high dilution; no measurement of temperature being N€utral amine species, it is necessary to take into account the
needed as the boiling temperature of the solution is effectively &ffeCt of the hydrolysis reaction. The equilibrium constants of
the same as that of the neat solvent water. Provided the sample&Mine hydrolysis<,; needed to establish the respective correc-

are analyzed by a method responding proportionally to the solutelonS can be obtained from more conventional dissociation
concentration, the value of; is obtained from constantd<, of respective ammonium ions and the ionic product

of waterKy, (Kp = Kw/Kj). Values of these equilibrium constants

s AG at 298.15 K together with the standard dissociation enthalpies
_Ph ) and heat capacities are listed in Table 1. Calculations based on
P; A& these data indicate that while for aniline the degree of hydrolysis

at conditions of our experiments is very small and the effect on

where AS and AL are the responses for the samples of the properties observed can be neglected, for cyclohexylamine,
equilibrium vapor phase condensate and the corresponding liquidwhich is a much stronger base, the degree of hydrolysis is
phase, respectively. Due to their rather poor boiling character- appreciable (from 0.06 to 0.16) and careful corrections are
istics, the aqueous solutions studied in this work were boiled required. They were done as follows. The degree of hydrolysis
for extended periods of time (24 to 30) h to ensure the generationé for a given total amine molalityy was calculated from
of truly representative equilibrium samples. UV spectropho-

®)

B+H,O=BH +OH" 4

[

Y1

tometry for aniline and nitrobenzene and gas chromatography &= —K/2 — (K¥4 + K)? (5)
for cyclohexylamine were used to analyze the obtained samples.
The mole fractions of the solutions ranged from 460 1075 whereK = Kyp/(byy+?) andy+ is the mean activity coefficient

for the UV and from 10% to 1072 for the GC analysis. The  estimated from the DebyeHuckel equation.
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Considering that it is only the neutral amine species that Table 2. Experimental Limiting Activity Coefficients y7 (this work
undergoes the vapetiquid partitioning, the following formulas and literature) for Nitrobenzene, Aniline, and Cyclohexylamine in
Water along with Their Estimated Uncertainties sei(y7)? and the
Method of Measurement

S G
w_ P A N -
Y1 = _S,T (6) TIK )21 Sel(y7) method ref
P A( £) Nitrobenzene
333.15 2447 0.05 RDIST this work
and 333.15 2319 0.05 RDIST this work
343.15 2149 0.05 RDIST this work
353.15 1638 0.05 RDIST this work
A 353.15 1659 0.05 RDIST this work
Yy =— (7) 372.85 1318 0.05 CIRC this work
X,(1 — &AS 293.15 3597 0.05 soL 11
L ! 303.15 3106 0.05 soL 11
328.15 2532 0.05 SoL 11
accounting for the amine hydrolysis were used to calcyféte e o 008 ool 2
from the CIRC and HSA measurements, respectively. Note that 27915 4016 o1 soL 13
in contrast to eq 2, the application of eq 6 requires the  303.15 3311 0.05 SOL 13
composition of the equilibrium liquid phase to be known 32315 2584 0.05 SoL 13
P a quad p 333.15 2188 0.05 soL 13
absolutely. 298.15 3268 0.05 SOL 14
For RDIST method, the evaluation f accounting for the Soats 1992 92 RC I
amine hydrolysis was more complicated. The following equation 28315 3850 0.03 SoL 17
(for derivation see Appendix A): 293.15 3520 0.03 SOL 17
303.15 3300 0.03 soL 17
313.15 3100 0.03 soL 17
f (8) Aniline
b9 b [(1 (1 5) _ 1] 298.15 145 0.05 HSA this work
112 333.15 130 0.03 RDIST this work
343.15 121 0.03 RDIST this work
0. L - . 343.15 119 0.03 RDIST this work
wh_ereb1 is the total so_Iute molality in the original solutlo_n gnd 35315 111 0.03 RDIST this work
b; is that in the remainder, was to be solved for the limiting 372.47 92.7 0.03 CIRC this work
relative volatility iteratively with the involved integral being g;g%g gg 8-82 g:sg %g
evaluated numerically by the Simpson method. The first 35628 135 0.2 EBUL 20
approximation ofy? for the iterative procedure was conve- 361.97 128 0.2 EBUL 20
iently obtained from eq 1 366.84 119 0.2 EBUL 20
niently g L. ) 371.03 113 0.2 EBUL 20
Calorimetry. Concerning thermal properties, only heat capac-  298.15 134 0.5 IGS 16
ity measurements were performed in this work, as reasonably Cyclohexylamine _
accurate data on infinite dilution partial molar excess enthalpies ~ 298.15 19 0.05 HSA this work
. . . . 313.15 29.1 0.05 HSA this work
H™ for the aqueous solutes studied are available in the 33315 36.7 0.1 RDIST this work
literature. The heat capacities of dilute solutions were determined gggig éﬁll-g 8-1 Sg:g tE!s wor::
H H B 5 H 5 . . . this worl
at 298.15 K using a Picker d!ﬁerentlal flow mlcrocalorlmetgr 37265 645 01 CIRC this work
(SETARAM, France}. The principle of the measurement is 372.82 53.5 0.1 CIRC this work
based on maintaining the thermal equilibrium between the 37282 64.6 0.1 CIRC this work
298.15 17.4 0.2 IGS 16

measuring and reference cells, connected in series, through
which previously thermostated water and dilute solutions are  aRelative combined standard uncertaiftZIRC, circulation stil
alternately pumped at the same flow rate. The relative difference method; EBUL, comparative ebulliometry; HSA, headspace analysis; IGS,
of the electric power necessary to restore thermal balance afterinert gas stripping; RDIST, Rayleigh distillation method; SOL, solubility
replacing water in the measuring cell by a solution is propor- Measurement.
tional to the relative difference of the heat capacities of the two
liquids. The volumetric heat capacities are obtained with this
technique. Densities of the solutions needed to convert these The limiting activity coefficients determined in this work for
data to molar basis were measured by a vibrating platiaum nitrobenzene, aniline, and cyclohexylamine in water are listed,
thorium tube densimeter (type 03D, SODEV, Candfla). along with results gathered from the literature, in Table 2. The
The measurements were carried out for a series of a minimumuncertainties given (relative combined standard uncertaisties
six dilute solutions with the solute concentration varying inthe (y7)) take into account all possible sources of error. We
range from (0.015 to 0.3) mddg~? (for aniline and cyclohexy- estimated these uncertainties in a consistent manner so that
lamine) or from (0.005 to 0.012) méig~* (for nitrobenzene).  within their limits the statistical coherence of all existing
The limiting partial molar heat capaci@;, and volumeVy information onyy, HY”, and C;¥ for a given system was
(althoughV5 is not directly needed for the main purpose of achieved. The/7 data are dlsplayed in van't Hoff coordinates
this investigation) were obtained by linear extrapolation of the in Figures 1 to 3. Mutual comparison of these values based on
respective apparent quantities to infinite dilution. The partial their thermodynamically consistent fit with related thermal data
molar excess heat capacilzz';o was then derived by subtract-  will be discussed below.
ing the molar heat capacity of the pure solute. The experiments The saturated vapor pressures of pure solutes used in our
on cyclohexylamine solutions were carried out using 0.03 calculations are given in Table 3. We selected these vapor
mol-kg~! NaOH solutions instead of pure water to suppress the pressure equations among other vapor pressure data and their
amine hydrolysis. It is assumed that this practice, adopted in representations available in the literature as the most reliable
the past by other investigators, yields results closely ap- ones for the temperature range considered here. Nevertheless,
proximating the values for the neutral amine in pure water.  except for aniline for which new accurate vapor pressure data

Results and Discussion
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Figure 1. Limiting activity coefficient Iny7 of nitrobenzene (1) in water Figure 3. Limiting activity coefficient Iny7 of cyclohexylamine (1) in
(2) as a function of temperature. Experimental values are from Table 2: water (2) as a function of temperature. Experimental values are from Table
0O, ref 11;0, ref 12; A, ref 13; v, ref 14;O, ref 15; left-facing open triangle, 2: 0O, ref 16; W, this work. The solid line indicates the recommended

ref 16; right-facing open triangle, ref 1M, this work. The solid line temperature dependence obtained by simultaneous;ﬂif,dﬁf“”, and(_:,fj'i"
indicates the recommended temperature dependence obtained by simultadata by eq 9. Within the scale of the figure no difference between the three-
neous fit ofys, HE™, and Cgf data by eq 9. and four-parameter fits is visible. The dashed line is the prediction by the
modified UNIFAC (Dortmund).
100 80 60 40 20 tre . ) ) ) )
S — ——— —— . ; . - . is consistent with room temperature calorimetric data on
5.4 S A N _ 7 enthalpy of vaporization and pure liquid and ideal gas heat
- _/,J—\ capacities. In addition, we found this extrapolation to be similar
50 T . to that yielded by the Cox equation that is known for
sl T J/EIJ/ ] extrapolating well toward lower temperatufésTo avoid the
I A I 1 | propagation of large uncertainties in vapor pressures of solutes
. 48 7S . to sel(y7) When determining/{ at near ambient temperatures,
5; Ll % j/t | | L] we conveniently employed the HSA method, since this proce-
1 1 0 | dure does not require the knowledge of pure component vapor
46 L . pressures. Note that alsp; values inferred from liquid
- ;_/ 1 solubility measurements are free of vapor pressures errors.
45 | - ] Results of our heat capacity determinations are summarized
44 4 in Table 4, together with their comparison with literature data.
- A 1 Involved in this table are also partial molar volumes at infinite
AP ’2_8 0 a2 s a6 dilution obtained as a byproduct of ofDﬁ‘f determinations.
1000K/ T For nitrobenzene, because of its low aqueous solubility, the
Figure 2. Limiting activity coefficient Iny7 of aniline (1) in water (2) as feasibility of our measurements was nearly borderline. Difficul-
a function of temperature. Experimental values are from Tabl&2ref ties were encountered not only due to low differential signals

18; O, ref 19; A, ref 20; v, ref 16; M, this work. The solid line indicates  petween highly dilute solutions and the pure solvent water but
the recommended temperature dependence obtained by simultaneous fit of|sg in the preparation of the solutions of accurately known

o E ~E 0 . . . ! .
V1 d".'f% a%”l\?lgglcdega :’y eo(|j9. The dashed line is the prediction by the - concentration alone. As a consequence, measurement uncertain-
modie (Dortmund). ties for nitrobenzene are significantly larger than those for aniline

at higher temperatures have been presented recently by Steel@ cyclohexylamine. No heat capacity data for aqueous ni-
trobenzene solutions have been found in the literature for

et al.??the accuracy of the vapor pressure data is considerably ) 1 !

compromise. The worst situation occurs at ambient temperaturescomparison, the deviation of ow;’ value from a recently
and below where the solute vapor pressures attain lowest valuegeported more accurate literature &hbeing statistically ac-
(for nitrobenzene and aniline less than 100 Pa) and their ceptable. For aniline and cyclohexylamine there is an excellent
uncertainties as highsas % to 10 %should be allowed for. ~ agreement of the present; values and those from the
Note that for aniline the extrapolation by the Wagner equation literature. Heat capacity results for these two solutes can be
as given by Steele et &l.is preferred to existing direct vapor compared only either to indirectly determiné]ﬁy’iliterature
pressure measurements at lower temperatures. This extrapolationalues derived from the temperature dependendé 6{T)827

Table 3. Constants of Vapor Pressure Equations of Pure Solutés

solute equation A B C D E range/K ref
nitrobenzene RiedelPlanck 85.828 —9493.8 —8.8595 6.8912E18 6.0 279-719 21
aniline Wagnet —8.48712 3.35634 —4.10501 —4.00020 356-499 22
cyclohexylamine RiedetPlanck 149.080 —9336.7 —20.524 0.021378 1.0 25%15 21

aVapor pressures of solvent water were obtained from equation given by Wagner and®Pruis§¥kPa) = A + B/(T/K) + C In(T/K) + D(T/K)E.
¢In(p¥pe) = (TYT)(AF + BFLS + CF25 + DFS); F = 1 — T/T; Te = 705 K; pe = 5630 kPa.
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Table 4. Experimental Partial Molar Volumes \7‘1o (this work and literature), Partial Molar Heat Capacities (_:pvl, and Partial Molar Excess Heat
CapacitiesCEio (this work and literature) at Infinite Dilution in Water at 298.15 K &b

% Vo (lit) Coa (o Chdit)
solute cni-mol* cmi-mol~t JK~tmol-? JK~1mol~t JK~1mol~t
nitrobenzene 96.4 1.0 97.9+ 0.2%5 425+ 8 2444 10
aniline 89.43+ 0.07 89.494+ 0.026 322+ 3 131+ 3 1162714328
cyclohexylamine 105.5-0.2 105.44+ 0.22° 470+ 4 258+ 5 269

aThe confidence intervals given correspond to combined standard uncertdimiiest capacities of pure liquid solutes used to calctﬁ%ﬁévalues were
from refs 30 and 31 (nitrobenzene, aniline) or ref 8 (cyclohexylamina).303.55 K.

Table 5. Experimental Limiting Partial Molar Excess Enthalpies deviations), which we assigned on the basis of our critical

HE“(iit) for Nitrobenzene, Aniline, and Cyclohexylamine in Water evaluation. All possible sources of error were considered, and

along with Their Estimated Uncertainties (H; ) the contributions were combined according to the error propaga-
T HE® S(HE™) tion law. For literature data, the first estimates of the uncertain-

ties were based on information given in the original source from

solute K kdmol~1 kJmol~t ref

nirobenzene 298.15 3.96 011 2 which the data were extracted. When necessary, the uncertainties

aniline 298.15 1.88 0.12 33 were re-adjusted by trail and error to obtain the coherence of
%gg-ig ;-83 8-25 2‘51 all data in the statistical sense. The goodness-of-fit test for the
293.15 122 0.04 57 standard deviation of fit was used to indicate the coherence.
298.15 1.78 0.02 27 Statistically reasonable sizes of individual residuals and their
5 5o 003 o distribution among the three properties were considered as
298.15 1.83 0.02 36 additional constraints.

cyclohexylamine oy o 908 : For each of the systems studied, the calculated parameters
323.38 —15.86 0.01 8 of eq 9 are given together with the standard deviation of fit,
g;‘g-gg :g-ig 824 g the number of underlying experimental data points, and the
398.62 1.84 0.14 8 temperature where? attains its maximum in Table 6. The
298.15 —23.26 0.5 37 recommended temperature dependencesg;oéstablished by

@ Combined standard uncertainty. the fits are plotted in the van't Hoff coordinates in Figures 1 to

. . 3. The probable data uncertainties are those listed in Tables 2,
or to aC, measurement at different temperateft&Vhile for 4, and 5.

cyclohexylamine, the literature value and @&f value agree . . - S
fairly well, for aniline a lack of agreement is seen. As one of For nitrobenzene and aniline, the existing data justified the

the literature (_35’;’ values for aniline was inferred from a Il;srﬁir?; escc?ulrr;tgsliiz:zzrpea:jaaq]:%’f(%mir?ra]\lyt;ro':;);l ?gﬁ:gg?xy'
. L e SE . . ) -
quadratic polynomial fit of only fouH;™(T) points in a 20 K ature range enabled us to apply the four-parameter form of eq

5 . ! .
rangé’ and the latter was obtained on an instrument designed 9. The comparison of fitting performances of the four- and three-

mainly for high temperature/high-pressure measurements, more o .
credit is placed here on the presé_lgtf value. parameter forms showed the superiority of the former one giving

o . . . a fully adequate representation of experimental data. Neverthe-
Data on limiting partial molar excess enthalpies, which we y N P P

collected from the literature, are listed in Table 5. For nitroben- Esfﬁeaz'fcfg?:r?égsbse?legmr:g ;gerr?ng detgfen; szaﬁé?eﬂfs is
zene, only one room temperature value has been found, but for ™ ! W ur- P 1S

the other two solutesH;” data are available at several within 1 % iny; and hence entirely negligible.
temperatures, in case of cyclohexylamine covering even an As seen from Figure 1, for nitrobenzene there is a good
extensive temperature range. mutual agreement of7 values obtained from literature solu-
For each of the systems studied, the thermodynamic informa- bility data available aff < 333 K andy? values obtained by
tion gathered above was processed by a simultaneous correlatiorthe present VLE measurements by RDIST and CIRC methods
to establish reliable temperature dependencg’ofThe fol- at T > 333 K. All these data follow closely the fitting line,
lowing equation was used for representing the temperaturetheir temperature trend being thus in accord with calorimetric
dependence of? information on the dissolution enthalpy and heat capacity. The
y1 value inferred from the inert gas stripping measurement of

Iny?=A+Blt+Clnt+Dr 9) Altschuh et alt®is an apparent outlier; therefore, it was labeled
_ with an appropriately enhanced uncertainty. To a lesser degree,
where A, B, C, and D are adjustable parameters and= the circulation still measurement by Hwang etaappears to

T/(298.15K). All measured and literature data were treated pe in error.
together using the weighted Ieast_-sq_uares mfethod to evaluate For aniline (Figure 2) one can see also a very good mutual
the parameters of eq 9. In the objective function agreement between the present measurements carried out by
the various techniques (CIRC, RDIST, and HSA) as well as
S=S [In y2(exp)— In 2 (calc)P/s(In y=) + their reasonable accord with a few existing literature data, the
& ' ’ ’ ebulliometric measurements of Moore et4lwhich deviate
NH nc systematically from all other data, being an exception. Note that
[Flf'i“’(exp)— HE}""(CNC)]Z/SZ(HE}W) + [CETi(EXP)_ the ebulliometric method is well-suited for systems having
' ' ' & relative volatility close to unity, so for aniline in water,
C_:ETi(CaIC)]Z/SZ(CE?i) (10) exhibiting in the temperature range in questie, > 5, the
o o measurement is expected to be less accurate. The simultaneous
the data were weighted according to their uncertainties (standardfit of all availabley?, FIE'“’, andc_tﬁ’f data approximating well

NG
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Table 6. Parameters of Equation 9 Obtained by Simultaneous Fit of 7, I:If""’, and Cs’f’ Data, Number of Respective Underlying Data Points
(ng, NH, Nc), Standard Deviation of Fit's, and Temperature Tmax Where y{ Is Maximum

solute A B C D re/nu/ne S Tma/K
nitrobenzene 36.4094 —28.2719 —29.9023 22/1/1 1.19 282
aniline 19.6708 —14.6501 —15.3761 13/8/ 2 1.15 284
cyclohexylaminé 44.2138 —49.8025 —49.2859 8.54470 9/7/1 1.19 390
43.2345 —40.2771 —31.2148 4.91 385

aRecommended temperature dependence for limiting activity coefficient (273 to 373 ¥.[Sni/(n — p)]¥% Sis given by eq 10p is the number of
adjustable parametersFour-parameter form of eq 9 gives the fully adequate fit.

the temperature course of our VLE measurements proves theirTable 7. Parameters of Equation 12

full consistency with the respective thermal data. solute A B c

For cyclohexylamine, the consistency within experimental — iiobenzene 64.5260  —59.7840 —38.4032
errors of our equilibrium measurements with calorimetric  aniline 48.9325 —46.4403 —24.6450
information is demonstrated in Figure 3. Here, the only literature  cyclohexylamine 66.7211 —63.4764 —37.2838
71 value mfgrred from the measur.ements of Altschuh et &, 2 Recommended temperature dependence for Henry’s law constant (273
seen to be in good agreement with the present results. to 373) K.

Like for many other more-or-less hydrophobic solutes in
water, also for all the three solutes studied hef&T) is non- 0 C

) S . . . 100 80 60 40
monotonic exhibiting a maximum. For essentially hydrophobic . . .
solutes, thisy? maximum, corresponding to their aqueous
solubility minimum, occurs typically at slightly subambient 8

o

(4]

4

In (K /kPa)

aniline belong to this class of solutes. The behavior of ‘\u\ﬂ
At ambientT the dissolution of cyclohexylamine in water is 8 %

cyclohexylamine follows, however, a distinctly different pattern.
then highly exothermic, which heavily promotes its aqueous [ KKD\ ]

Despite of a closely similar chemical structure with aniline,
solubility, and it is only at a highef above the normal boiling

! T

ELD\D\[
temperatures, indicating that the dissolution process is mainly . A
entropy controlled at near-ambient conditions. Nitrobenzene and o

\J\C

cyclohexylamine is much less hydrophobic, apparently because L
of its more efficient hydrogen bonding with the solvent water.
point of water where these hydrogen bonds are to a great extent 1 N
broken and the maximum ip; occurs. I Y%O ]

The leading group contribution method, modified UNIFAC 02.6 2.8 3.0 3.2 34 36
(Dortmund)38 with the most recent parameter matrix (20895) 1000K/ T
was tested in the prediction of theg(T) dependences. The  Figure 4. Henry's law constantk, of —0-, nitrobenzeneO—, aniling;
results of the prediction are shown for aniline and cyclohexy- 2"d~4~ cyclohexylamine in water as a function of temperature.
lamine in Figures 2 and 3, respectively; for nitrobenzene the tapje 8. Recommended Values of Limiting Activity Coefficientsy?
calculation cannot be done because the necessary interactioand Henry’s Law Constants ky along with Their Relative Standard
parameters are not available. The predictions can be consideredncertainties

quite reasonable but yet far from perfect. Itis believed thatthe ¢ e Se(73) ky/kPa Sei(ke)
recommended7(T) presented in this work can be helpful for Nitrobenzene
further improvement and/or extension of modified UNIFAC 273.15 3530 0.02 13.9 0.10
predictions. 298.15 3420 0.02 115 0.05
Furthermore, in addition to the recommended temperature  323.15 2745 0.02 531 0.05
dependences of the limiting activity coefficients, analogous 373.15 1225 0.03 3430 0.04
recommendations were derived for the temperature dependences Aniline
of the Henry's law constantsy(T), combining they?(T) %2:12 igg 8:83 1%'18 8:(1)2
results from Table 6 witlp3(T) from Table 3 ky = y7p3). To 323.15 136 0.02 60.4 0.04
obtain an analytical expression for the temperature dependence 373.15 91.4 0.02 543 0.02
of the Henry’s law constanky values were generated at 21 Cyclohexylamine
equidistant temperatures (5 K increment) covering the temper-  273.15 7.37 0.04 1.99 0.10
ature range from 273.15 K to 373.15 K and fitted with the gggig égi 8-83 1%2-8 8-8;’
following equation: 373.15 57.8 0.03 2085 0.04
In(k/kPa)=A+B/lt+Clint (11) dilute aqueous solutions are substantially less nonideal, the

Henry’s law constants attain the lowest values, being nearly
The calculated parameters of eq 11 are given in Table 7, andorder of magnitude less than those for nitrobenzene KL
the respective temperature dependencds afe plotted in the courses for nitrobenzene and aniline in Figure 4 are seen to be
van't Hoff coordinates in Figure 4. Nitrobenzene, despite having almost parallelky(T) for cyclohexylamine, located between the
the lowest vapor pressure of the solutes studied, exhibits thetwo, however breaks this pattern, being considerably steeper.
highest volatility from the dilute aqueous solutions thanks to Note that the respective difference in the hydration enthalpies
its enormousy7 values. On the other hand, for aniline, whose comes from the distinctly different enthalpies of dissolution (cf.
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Table 5) overwhelming the difference in enthalpies of vaporiza-
tion of the pure solute® The maxima in the Henry's law

constant that are for this type of solutes observed at superam-
bient conditions occur at temperatures clearly superior to the

mass of the solution ang is the total solute molality, yielding
db,
bylogy (1 — &) — 1]

d_rn:

m (A8)

range of the treated experimental data and cannot be estimated

even on semiquantitative level.
Recommended values of andky, along with their relative

Equation A8 is the differential equation controlling the
Rayleigh distillation of highly dilute aqueous solutions of solutes

combined standard uncertainties calculated by the error propa-that undergo partial hydrolysis. For a finite extent of distillation,
gation law, are given at several representative temperatures ineq A8 becomes

Table 8. These uncertainties are typically witldi % and 5 %
for v and ky, respectively, except foky at subambient

temperatures where one should expect the standard uncertainty
as high as 10 % due to the uncertainty of pure solute vapor

pressure data.
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Appendix A

The mass balance for an infinitesimal extent of an equilibrium
one-stage distillation of a binary solution leads to the following
differential equatior:

dn/n = dx,/(y; — X)) (A1)

which relates the compositions of the equilibrium phases to the

molar amount of the solution remaining in the distillation flask.

Let us consider a basic solute (e.g., amine) that undergoes partia

PP e — (A9)
fg byfog(1 — 5) —1]

the right-hand side requiring numerical integration. Iterative
calculations are further needed to obtai, (or y7) from
experimental Rayleigh distillation data, that is, from the
measured solution masses?(and m) and the respective
molalities p:° and by).
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