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Vapor—Liquid Equilibria in the 2-Methylcyclohexanol + 2-Methylcyclohexyl
Ethanoate System at 101.325 kPa

Marcela Palczewska-Tulirska’ and Pawet Oracz*t+

Separation and Purification of Chemical Compounds Department, Industrial Chemistry Research Institute, 8 Rydygiera Street,
01-793 Warsaw, Poland, and Department of Chemistry, University of Warsaw, 1 Pasteura Street, 02-093 Warsaw, Poland

Vapor-liquid equilibrium data were measured using theigostawski ebulliometric still in the binary
2-methylcyclohexanot- 2-methylcyclohexyl ethanoate system at a constant pressure of (10t.82Z¥0) kPa.

The saturated vapor pressures were also measured for samples of mole fraction purity of 99.97 % 2-methylcy-
clohexanol and 99.98 % 2-methylcyclohexyl ethanoate over wide temperature ranges by comparative ebulliometry.
The experimental data were correlated using the maximum-likelihood method, and overall measures of data
reproducibility are given. The results are compared with literature data. VLE experimental data were tested for
thermodynamic consistency by means of several different consistency tests and were demonstrated to be consistent.

Introduction 5

In this work, the results of measurements on the saturated 4 | <
vapor pressures of 2-methylcyclohexanol and 2-methylcyclo-
hexyl ethanoate and vapeliquid equilibria (VLE) for the
system 2-methylcyclohexanél 2-methylcyclohexyl ethanoate
are reported.

Experimental Section

o o)

Chemicals.Samples of 2-methylcyclohexanol and 2-methyl- of oo O %0 °
cyclohexyl ethanoate, of technical quality, were supplied by 0
Alwernia S.A. Chemical Company (Alwernia, Poland). Each 1
of the components was a mixture of cig)(and trans )
isomers. Since the properties of both isomers are very similar
(cf., e.g., Figure 1), no attempt was made to separate them.
However, further purification was applied to remove other TK
impurities. Samples were dried ov& A type molecular sieves ~ Figure 1. 2-Methylcyclohexanol. Deviations between the experimental
and distilled on 40-TP laboratory column. The middle boiling saturated vapor pressures an_d the values calculated with eq 1 vs tempera-
fraction within a 5 mKrange was collected. Impurities were ture: @, this work; 0, Goodwin and NewsharhA, calculated from the

. . Antoine parameters reported by Riddick et%t.{cis), calculated from the
determined chromatographically. Water content was checked saturated vapor pressure equation taken from the KBD Data®Baggans),

Usmg_ Fischer's reagent and was on the limit of deteCt‘?‘biIiW-_ calculated from the saturated vapor pressure equation taken from the KBD
Physical properties of the substances used together with theirpata Basé.

purity are listed in Table 1.
Vapor PressureSaturated vapor pressure was measured over
a temperature range of (361.23 to 439.57) K for 2-methylcy- Vapor—Liquid Equilibria. The comparative technique in-
cthanoats respeciiely. The comparae ebullometis technigueOVing the Swigosiawskitype dynamic tin ebuliometer
comprisiné a dynamic tlwin ebulliometer assembly was used as assembly mounted and operated as described previoualy .
described elsewhefeTemperature was measured on an ITS- useq. Tempgrature was measured on an ITS-90 scale with a
platinum resistance thermometer (Leeds & Northrup, model

90 scale with a platinum resistance thermometer (Leeds & : : . . .
. . . ; 8163-C) operated in conjunction with a Mueller bridge (Leeds
Northrup, model 8163-C) operated in conjunction with a Mueller & Northrup, type G-2) and an electronic null detector (Leeds

bridge (Leeds & Northrup, type G-2) and an electronic null - . )
. . & Northrup, model 9834). Details on the measuring technique
detector (Leeds & Northrup, model 9834). To provide replicate were reported by Chdlski et al? The equilibrium pressure in

?naatii’miarrclhuneciurlgki)r:![uTn fhoérlteéva:rgﬁisxsgsjgr;g:}?;ﬂ;?ﬁethe assembly was measured via the boiling temperature of high-
y P purity wate? used as the reference substance in a barometric

isioé::ltfgspreistiirle |r_1|_cac;)r|1:;a2 (E%/o\:’vgrﬁqgtsf?rrca[ﬁclo[EhEemear?(r;I()j and ebulliometer operated simultaneously with the proper still.
»resp y: yiey Liquid-phase and vapor condensate samples were analyzed using
) . . calibration curves constructed fromg versusx; data measured
* Correspondingauthor. E-mail: Pawel.Oracz@ichp.plorporacz@chem.uw.edu.pl. . . .
t Industﬁal Cllhgen:istry Reseal’chwlnstituté@l Pplorporacz@ et with a precision Pullf.rlch refractom.e'zte.r at (293.350.01) K.
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3 (for 2-methylcyclohexyl ethanoate) list the observéd ;)
data pairs with their estimated precision measuegs ¢p)).
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Table 1. Purity, Normal Boiling Temperatures (Tnp) and Refractive Indices héo) of Pure Components

purity Tan/K, nZ° mixture of nZ cis nZtrans
substance mol % this work isomers, this work isomer, lit. isomer, lit.
2-methycyclohexanol 99.92 439.85 1.46313 1.4620 1.4596
2-methylcyclohexyl ethanoate 99.94 458.51 1.43896 1.4376 1.4353
Table 2. Experimental Temperatures ), Orthobaric Pressures @), Table 4. Experimental Liquid- and Vapor-Phase Mole Fractions &1
Precision Measures g1 and op), Calculated Residuals AT (= Texp — and y1), Boiling Temperatures (T), Calculated Residuals Ax;
Tecald) and AP (= Peyp — Peai), and Overall Measures of Data-Point (= X1,exp — X1,calds AY1 (= Yiexp — Yicaid, AT (= Texp — Tcad), and
Reproduction (<}) of 2-Methylcyclohexanol AP (= Pexp — Pca), and Measures of Data-Point Reproduction
TK oK  ATK  PkPa opkPa APKPa  «° gfylt‘;f,ﬁ Qfg}ﬂ;‘gyﬁ"(’fgfgg‘;jfgfoio“)”ethy'°y°'°“exy' Ethanoate (2)
361.23 0.010 -—0.023 5.394 0.003 0.008 —0.97 s
36123 0010 —0023 5394 0003 0008 —0.97 M yp An TKATIK APKPa «;
362.23 0.008 —-0.021 5.668 0.003 0.010 —1.20 0.0158 0.0000 0.0299 0.0053 458.16 0.06-0.14 1.14
363.13 0.010 -—0.021 5.919 0.003 0.007 —0.84 0.0462 —0.0001 0.0770 0.0060 457.39 0.01-0.02 0.64
365.70 0.009 -0.015 6.693 0.002 0.002 —0.56 0.0934 0.0015 0.1408 0.0027 456.40 0.03-0.15 1.52
367.68 0.008 —0.004 7.345 0.002 0.001 —0.15 0.1535 0.0009 0.2213—0.0014 454.97 0.02 —0.07 0.78
369.92 0.002 0.000 8.152 0.003 0.002-0.16 0.2110 0.0009 0.2953-0.0028 453.70 0.02 —0.07 0.82
371.63 0.004 -—0.002 8.817 0.002 0.002 —0.27 0.2532 0.0007 0.3438—0.0069 452.77 0.01 —0.04 0.86
373.16  0.007 —0.002 9.448 0.003 0.001 —0.12 0.3840 —0.0003 0.4956 —0.0044 450.01 —0.01 0.05 0.66
375.31 0.003 —0.002 10.399 0.002 0.002 —0.30 0.4811 —0.0018 0.6034 0.0049 448.04-0.04 0.18 1.92
377.78 0.002 0.001 11.578 0.003 —0.005 0.50 0.5332 —0.0012 0.6418 —0.0043 447.11 —0.04 0.16 1.63
380.39 0.006 0.019 12.943 0.002 —0.004 1.01 0.6539 —0.0002 0.7467 —0.0010 445.12 —0.01 0.03 0.30
383.11 0.006 0.010 14.517 0.003 —0.004 0.61 0.6824 0.0001 0.7649—0.0052 444.67 0.00 0.00 0.53
385.95 0.008 0.006 16.323 0.004 —0.002 0.27 0.7313 0.0007 0.8120 0.0046 443.96 0.03-0.11 1.15
386.10 0.007 0.015 16.418 0.002 —0.002 0.63 0.8046 0.0005 0.8670 0.0050 442.79 0.020.08 0.95
389.56 0.005 0.009 18.864 0.004 —0.008 0.77 0.8670 0.0010 0.9101 0.0039 441.91 0.04-0.17 1.64
393.07 0.006 0.003 21.648 0.010 —0.009 0.29 0.9157 0.0001 0.9456 0.0045 441.09 0.0+0.03 0.55
395.88 0.002 0.004 24.104 0.003 —0.009 1.02 0.9592 0.0003 0.9745 0.0032 440.48 0.0+0.06 0.61
398.52 0.004 0.014 26.604 0.003 —0.008 1.25 0.9864 0.0000 0.9910 0.0005 440.11 0.06-0.13 0.91
402.67  0.004 0.001 30.990 0.006 —0.002 0.11
ﬁg-% 8-88471 000-8(1)0 4?51-120 000-822 000-880*8-8‘31 equilibrium vapor and liquid compositions and the boiling points
41400 0001 0.000 45898  0.005 —0.004 0.25 at a constant pressure (1Q1.3£5).070) kPa are given in Table
41826 0003 —0.025 52847 0002  0.006 —2.48 4 and are presented in Figure 3.
424.63 0.003 —0.016 64.662 0.004 0.015 —1.84 . .
439.57  0.003 0.018 100.473 0.004 —0.011 1.85 Results and Discussion
Table 3. Experimental Temperatures {), Orthobaric Pressures P), To obtain the fits of the saturated vapor pressures to the
Precision Measures ¢r and op), Calculated Residuals AT (= Texp — Antoine equation
Tecaid) and AP (= Peyp — Peai), and Overall Measures of Data-Point
Reproduction (x) of 2-Methylcyclohexyl Ethanoate for 2-methylcyclohexanol
36801 0027 0058 5320 0003 —0.003  0.98 In(P/kPa)= 13.61807- 1 —=55 514 @)
369.86 0.005 0.004 5.758 0.004 —0.010 1.05
371.87 0.009 0.024 6.261 0.002 —0.005 1.42
37383 0006 0003 6787 0006 —0.000 066 [of 2-methylcyclohexyl ethanoate
376.56 0.005 —0.002 7.594 0.004 0.003 —0.37
379.93 0.003  0.000 8.675  0.003 0.001—0.06 In(P/kPa)= 14.33384— 3780.88 )

383.36 0.006 —0.006 9.912  0.002 0.002 -0.51 T/IK — 69.346

386.65 0.013 0.013  11.216  0.005 —0.004 0.53
391.27  0.006 0.002 13.318  0.001 0.000 0.16  the maximum likelihood method was used as described in more

393.39 0.004 0.002 14.379 0.004 —0.003 0.36 ; 3 _
30415 0,003 0.001 14773 0005 —0.007 0.62 detail elsewheré3 Tables 2 (for 2-methylcyclohexanol) and 3

398.42 0.004 —0.013 17.204 0.002 0.005 —1.68 (fOI‘ 2-methy|cyc|0hexy| ethanoate) list the deViatioA’g—i( AP|)
401.60 0.002 —0.001  19.193  0.003 0.003 —0.45 between the observed and calculated variables. AReand
403.30 0.007 -—0.003 20.341  0.007 0.005 —0.35 AP; values allow us to check whether the values obtained for
ﬁg-;i 8-385 :8-88‘7‘ gg-gfg 8-882 8-83; :é-gg error variances are appropriate by assessing whether or not the
41557 0006 —0011 30387 0004 0005 —0 88 variations in these faII_ proper_ly within their (compu_ted)
418.74  0.002 0.000 33.542  0.008 0.007-0.34 confidence intervals. Since neitheXT; nor AP; alone is
421.20 0.003 0.011  36.157 0.001 —0.001 1.61 adequately representative as an overall measure of reproduction
423.84 0004 0008 39173  0.002 —0.002  0.89 for an individual data point, we suggested

426.54  0.005 0.012 42453  0.004 —0.006 1.15

429.41  0.003 0.000  46.213  0.004 0.000 0.02 s -

43320 0002 0002 51551  0.001 0.000  0.48 K = SgNAT)kilo (3)
440.40 0.004 —0.005  63.092  0.008 0.012 —0.77

458.00 0.008 —0.030 100.130 0.003 0.002 —1.54 where for the present case

measurements was assumed tath8.001 mole fraction. The 5 S

estimated uncertainties in equilibrium temperature and pressure K = [(AP/op)” + (AT/o7)] (4)

were+ 0.02 K andt= 0.070 kPa. These estimates were evaluated

during the MML calculations, as described below. From these as an overall measure of data-point reproduction, wkere
calculations, it follows that the more correct uncertainty in the distance between tith observed and estimated data points
vapor-phase composition should t:.0.005 mole fraction. The  in the P, T) space andrr andop are adopted as length units.
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Figure 2. 2-Methylcyclohexyl ethanoate. Deviations between the experi- Figure 3. 2-Cyclohexanol (1} 2-methylcyclohexyl ethanoate (2) system
mental saturated vapor pressures and the values calculated with eq 2 vsat P/kPa= 101.325. Circles and squares correspond to liquid and vapor
temperature:®, this work; 0, Goodwin and Newsharh. phases, respectively. Lines were calculated with the Wilson parameters fitted
to the experimental data.
The « values are seen (eq 3) to be scaled with respeét to
(i.e., to the standard deviation ef given by the formula):

0.3 p

5=1Y kin—3)*? (5) *2 o

wheren is the number of experimental points. The sigm\df;
has been attributed tg to have the experimental point located
“below” or “above” the response curve. When systematical
errors are absent, sign aaf should be randomly distributed,
and absolute values should be about unity; lasgealues £&1)
may indicate outliers. Easy measure of the randomnesgief o1 ‘ . . . q
number 01_‘ sign changes test. If two neighborin have 00 02 04 06 08 1.0
opposite signs, then one speaks of a sign change. Total number
of sign changes should be roughly equaht® =+ (n/2)Y2 (limits X1
at 68 % probability level). The corresponding values are 5 (9 Figure 4. Thermodynamic consistency test for the 2-cyclohexanoh{1)
to 15) for 2-methylcyclohexanol and 5 (9 to 15) for 2-methyl- 2-methylcyclohexyl ethanoate (2) systemPikPa = 101.325. Note that
cyclohexyl ethanoate, where values in parentheses are Iimitstwo first points were neglected. The scatte_r qf this points results primarily
. from unfavorable error propagation of liquid phase and vapor phase
calculated at 68 % probability level. compositions.
The calculated deviations (Tables 2 and 3) in observed
temperature AT) and pressure AP) show a consistently  yi/y2 + € values versus liquid mole fractioq is presented in
statistical pattern and, especially as regards temperature, theyrigure 4. The Inyi/y, + € values versus liquid mole fraction
do not rise in the vicinity to the normal boiling point. This shows x; were represented by the 2/2 polynordialith the rmsd(In
that the substance is thermally stable and shows no signs ofyi/y, + €) = 0.0167 and the total number of sign changes equal
decomposition as the temperature is increased. Indirectly, thisto 7 (5, 10), where values in parentheses are limits calculated
fact is also a confirmation of the high purity of the sample used at 68 % probability level. The RedliekKister area te$tis
for the measurements. passed with the absolute area deficit equal to 0.06&81q1 —
Saturated vapor pressures for 2-methylcyclohexanol and critical value for acceptable d&jaThe area test according to
2-methylcyclohexyl ethanoate can be compared with corre- Heringtori®1lis passed with the area relative difference equal
sponding literature data® Deviations between the experimental to 0.052 0.1 — critical value for consistent data).
data, both the newly measured and taken from literature, and Two point-to-point tests were used, that proposed by Mc-
the values calculated with relevant equations with parametersDermott and Ellis and further modified by Wisniak and T&khir
fitted to the new data versus temperature are presented in Figuresind that of Samuels and Ulrichs&Our data passed both above
1 and 2. The equilibrium vapor and liquid compositions and tests. In calculations uncertainties in all the measurables were
the boiling points at 101.325 kPa are given in Table 3. used as reported above with value for vapor phase as modified
The thermodynamic consistency of the data was verified using after the MML calculations.
the area and the point-to-point and point tests. To perform an  Seven point tests were used. Th&alues test as proposed
area test, the Irya/y, + € values has been calculated. Values by Van Ness et al* and Christiansen and Fredenslthdas

In(y1/y2) + €

of ¢, for isobaric data equal to-HEY/RTX(dT/dx,),, were used in two versions; using the simple Barker’'s method and
calculated with enthalpy of mixingHF) represented by a regular  using the MML method without and with experimental vapor-
formula with the estimated value @fJ-mol~! equal to 2300. phase compositions. Experimental data passed both tests. For

Vapor phase nonideality was accounted for using a truncatedthe Barker's method(y;) = 0.0046< 0.001+ 0.005 & s(x1)
virial equation of state with second virial coefficients calculated + s(y;)) with the total number of sign changes equal to 4 (6,
according to TsonopoulosMolar liquid volumes were calcu-  10) with limits calculated at 68 % probability level. Similar
lated using the Yen and Woods procedUiEhe plot of the In results are obtained using the MML method.
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As mentioned above, vapor phase nonideality was accounted
for using a truncated virial equation of state with second virial
coefficients calculated according to Tsonopoultolar liquid
volumes were calculated using the Yen and Woods procedure.
Results indicate that all above equations represent experimental
data with sufficient and near the same accuracy. Thus the
experimental data were reduced by means of the multiresponse
maximum likelihood method (cf., e.g., ref 7) with the modified
Wilson equation. The objective function used was

N

- | | | OF =Y [(Axy o)’ + (Ayy o, + (AP/op)’ +
=
0 02 04 06 08 1 (AT/o7)%l/(4n — n ) (6)
X1, Y1

Figure 5. Thermodynamic consistency test for the 2-cyclohexanoh{1) Wh?relAZi :(S thi d.e\tqatlon b_etweel? the. obse_rver? and .CaICUIated
2-methylcyclohexyl ethanoate (2) systemPdkPa= 101.325. Results of variab e_z O_r the it gxperlmgnta pointgz Is the es“_mated
the extended, pressure dependent area test (numerical integration of thém_certamty n _the variable, n is the_ number of eXpe“me_ma|
Gibbs-Duhem equation with Inyy/y> + € values represented by the  points, andn, is the number of adjustable parameters in the
approximating curve from Figure 4). model used.

The modified Wilson equation was used in the form

Direct tests of Orad? and Van Nes< were used. According GE
to Van Ness qualification, data with = 0.063 have quality ik X IN(X, + AgXo) — %o NG + AygXy) @
index equal to 3, which means they are (fairly) good. Using
criteria proposed by Oracz, where direct test values are with
compared with error propagation boundaries, only two points
are slightly outside of the boundaries estimated with the a,
uncertainties in variables reported above. This indicates good Ay = exp( J)
quality of data.
Application of the Kojima et a? point test results i) = wherea; is the adjustable binary interaction parameter.

0.0085 (<0.05 — consistent data)..' The critical value egual to Table 4 reports the deviationaXs, A y1, AT, AP,) between
0.05 was adopted after the Kojima's recommendation. The the observed and calculated variables. The values of these

infinite dilution activity coefficient test according to Kojima et yeviations allow to check whether the values adopted for error

©)

al1® was not passed for both test valuesindly; 1, = 0.98> variances are appropriate, by assessing whether or not the
0.30 andl; = 1.06 > O-g’o’ where critical test values are yariations in these fall properly within their (computed)
according to Kojima et ai’ confidence intervals. Since neither among these deviations alone

The extended pressure dependent area test according t6 Oraczs adequately representative as an overall measure of reproduc-

results in 100P/P = 0.418 (<0.5 — good datd). Curve tion for an individual data point, we suggest using
presented in Figure 4, represented by the 2/2 polyndraisl

stated above, was used in numerical integration according to
procedure outlined in ref 8. The resulting phase boundaries are
presented in Figure 5.

For the LW test according to Wisnidkmost of points passed  as an overall measure of data-point reproduction. When sys-
the test having test values lower than 3. Three points have testtematical errors are absentvalues should be about unity; large
values slightly higher than 3, and another three (extreme) points; values £&1) may indicate outliers. The measures of data-
deviate more than 5. Values of molar enthalpies of vaporization point reproductiony;, are reported in Table 4. Contrary to the
at the boiling temperature needed for the test calculations weresaturated vapor pressures no sign of any deviation can be
estimated from saturated vapor pressure versus temperaturattributed tac. The distribution of deviations together with their
relations given by egs 1 and 2. signs must be investigated for all measured variables. Deviations

Thex values test according to Eubank ef&Was also used.  must be reasonably within declared uncertainties and must
According to the criteria proposed by the authors, all points represent reasonable scatter of signs. As previously, the number
are at least acceptable whereas more than half of them are ofbf sign changes test can be applied. The resulting values are 4,
good quality. The rmso{) = 0.008 (<0.01 for good daf®). 4, 2, and 2 for liquid and vapor compositions, temperature, and

Most of above methods (the area, point-to-point, Kojima’s, pressure, correspondingly. The expected boundary values are
and direct tests) can be regarded as byproducts of the extended6, 10) at the 68 % confidence level. Thus all above values are
pressure dependent areaestd were encapsulated into a single too low. From other hand, the deviations are enough small, and
procedure. Results of all above consistency test applied to ourthe overall relative deviation is equal to 0.939. This result is
data, except for the infinite dilution activity coefficients test very satisfactory.
according to Kojima et a8 indicate at least acceptable quality Parametersy; of eq 7 together with their standard errors
of our data, and most of them indicate that data are of good o(a;) and correlation coefficient] are reported in Table 5.
quality. Goodwin and Newshafweported VLE data measured at (6.67,

Models based on the local composition models were used 13.33, and 39.46) kPa with an uncertainty 6f 0.01 kPa.
for correlation of the experimental data: Wilson, modified Although the ratio of isomers can be different in both cases it
Wilson, NRTL, and UNIQUAC (cf., e.g., ref 7). Coefficients can be expected that due to the similarity of behavior of both
of these equations were obtained by a modified Barker’'s method.isomers data measured by Goodwin and Newsham and reported

K = \/ [(Axyl0,)? + (Ayy l0,)? + (AP/op)” + (ATi/oT)z]/él(g)
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Table 5. Parametersa; of Equation 7 with Their Standard Errors (5) Riddick, J. A.; Bunger, W. B.; Sakano, T. Rrganic Sobent. Physical

o(a;) and Correlation Coefficient g for the 2-Methylcyclohexanol (1) Properties and Methods of Purificatipath ed.; John Wiley & Sons:
+ 2-Methylcyclohexyl Ethanoate (2) System aP/kPa = (101.325+ New York, 1986.

0.070) (6) Data taken from the KDB data base: http://www.cheric.org/kdb/.

— (7) Reid, R. C.; Prausnitz, J. M.; Poling, B. Ehe Properties of Gases
1] and Liquids McGraw-Hill: New York, 1987.

12 21 (8) Oracz, P. Recommendations for VLE data on binary 1-alkanol
n-alkane systemd-luid Phase Equilib1993 89, 103-172.
a;/K 212.84 —102.226 (9) Redlich, O.; Kister, A. T. Thermodynamics of nonolectrolyte solu-
o(a;/K) 30.2 20.9 tions: x-y-t relations in a binary systenind. Eng. Chem1948 40,
q —0.9987 341-345.

(10) Herington, E. F. G. A thermodynamic test for internal consistency of
. . . . experimental data on volatility ratidNature 1947, 160, 610-611.
in this work can be simultaneously represented with the S&Me (11) Herington, E. F. G. Tests for the consistency of experimental isobaric
G&(T, x) dependence. To this end the modified Wilson equation vapour-liquid equilibrium datal. Inst. Petrol.1951, 37, 457—470.

and the Barker's method was used. To avoid discrepancy in (12) Wisniak, J.; Tamir, A. Vaperliquid equilibria in the ternary system

. . water—formic acid—acetic acid and wateracetic acig-propionic acid.
saturated vapor pressures, in simultaneous VLE data reduction 5"~ Eng. Datd977, 22, 253-268.

Antoine equations with parameters fitted to the original saturated (13) Samuels, M. R.; Ulrichson, D. L.; Stevenson, F. D. Interpretation of
vapor pressure data were used for corresponding data sets. The overall area tests for thermodynamic consistency: the effect of random

; ; error. AIChE J.1972 18, 1004-1009.
agreement between experimental and correlated values iS5 yan"Ness H. C.: Byer, S. M. Gibbs, R. E. Vaptiquid equilibri-
satisfactory, the overall standard deviation in pressuref$ um: Part I. An appraisal of data reduction methodkChE J.1973
kPa)= 0.278. 19, 238-244.
(15) Christiansen, L. J.; Fredenslund, A. Thermodynamic consistency using
orthogonal collocation or computation of equilibrium vapor composi-
. . tions at high pressure&IChE J.1975 21, 49-59.
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