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ABSTRACT

..‘Ihermal conductivity measurements on ethanol.vapor are feported
as a function of temperature (329-419K) and pressure (100-1800 torr). |
The thermal édﬁductivity ﬁersus pressure plbts at constant témpérature“
'exhibit stroﬁg upward curvature at the lowe; temperatures andinearly .
linear increases at the higher temperatures.“ This énhanéement in’the'
thermal conductivity islinditative of the pfésence of-a-diméiic‘species
and 6ne.or more larger clusters in thé vapor;*;égé;ysis of Epe data gave
‘best fits for monomer—diﬁer—tetramer and monomer-dimer-hexamer models.
The resulting thermodynamic parameters for the association reaqﬁioqs in -
thé monomer—dimer-tetramer model are: —AHZ = 3.70 kecal ﬁol_l,’—A82'= 16.36

1 -1

cal mol t K~ : -AH, = 22.15 kcal mol_l, -AS, = 74.65 cal mol L kL.

4 4

Quantum mechanical evidence indicates that the tetramer is the most

probable associated speciés larger than the dimer.



I. INTRODUCTION

There have been a large number of expe?iﬁentél‘studies of
- alcohol vapors yhich indicate that associated hydrogen bonded species
exist in the vapor.l 1In a study of methanol vapbf from ;his iaﬁofatoryz,
the thérmal'cqnductivi;y isoﬁherms exhibitéd a strong dﬁward.curvature‘as
a.functioh of pressure. It was found that'the methanol thérmal'conauc;
tivity data could be fit very well gssuming the presence-of a tetramefic
associated spec%és in addition to the.monomer. |
In this paper we report thefmal cpndu;tiﬁity measdreménts on

ethanol vapor in the ﬁémpefature range'52§-419 K’an& at(preésufes rangiﬁg
from 100-1800 torr. At the lower'temperatures tup to ;360 K) the iso-
therms exhiﬁit upﬁard curvature with increasiné pressure simiiar to that
of methanol. However, at higher temperatures the ethanol isotherms

. . ey sl :
showed essentially linear increases with pressure. All of the ethanol °
therpal conductivity isotherms were fit quite well using the Butle?—
Brokaw theory3:4 assuming the presence of_éAdimer and one higher assoc-—
"iated species in addition to the monomer. In section IIidgtaiis of.;he
thermal conducfivity measurements on ethanol are given. In section iII'
the data is fit to the Butler-Brokaw theory assuming various possible
associated species. Finally, in section IV the. thermodynamic quantities
~of the associated species'gre discussed.

:

I1. EXPERIMENTAL METHOD

The thermal conductivity, ), of efhanql'vapor was méasufedvas a
function of pressure at eight temperatures (329, 337, 347, 357, 367, 377, 405

and 419 K). All the measurements were made with a thick hot wire cell



92
using a relative technique inAwhich the cell was éalib;ated wigh high
'purity reference gases-(e;g, Ny, Ar, Kr). ﬁetailé of the apparatus,
exﬁerimental procedure, and reference g#s therméi coﬁductiyities have been
given 1n other pﬁBliéations.Saﬁ The reagent grade ethanoi saﬁple (oﬁ- _
f.taiﬁed from U.S. IndustrialAChemicals'Company)fwas dried andvdegassed |
in pacuo'pribr to use. ‘Due to the'so—calied "femperature*jump"'effect,?
no data were'recorded'af'pressUrés'beiow 100 torr..l | |
| For the cellluéed in this study, the measured cell voltages, V,
at constant input current, were empirically found to_be related to the
4réferenée'éas thermal conductivities by the felaﬁion
| V= A+ B/y A  »]_(1)-
where A andlﬁ are constants depeﬁdent only on the tempe;ature-"Bécause
of this linéar relationship, it Qaévsufficient tovﬁalibrate thé ééll with
only two gases (N2 and Ar) in order to determine A énd B.. We estimate
that the absolute error in the'calculatedvconduétivities is leés thaﬁ IZ-
- and tﬁe relative error less than 0.5%. The experimenfg} thermal c@nd#c-
tivity data for ethanol ére listed in Téble I and plotted iﬁ Fig. 1.
There have beéﬁ relétively few experimental.studies of the
thermal conductivity of ethanol Qapor,. The compilation of Touloukian,
Liley, and Saxena,8 gives recommended values-of the thérmal conductivity
at p = 1»atm. based on thé experiménts of Shushpandv9.‘ These yalues aré
consistently 4% lower than §;r résultsh A more recent exﬁerimental-stﬁdy

.by Foz, Banda, and Masialo report values for ethanol vapor at 384 K which

are only ca. 1% lower than values extrapolated from our data.



III. DATA ANALYSIS

The thermel éoﬁductiviry of an associatiﬁg gas can be expressed
as Co
| A= Ap o+ A+ Ag | (2).
where-Af'is the thermal conductivity of a frozen (non?reacting) composi—
tion'or all tﬁe'vapor speciee; Ac 1s the enhanceeeet of the thermal
cenduetivityAdue to "collieional transfer," and XR is'rhe contribution to
the rhermal conductiVity from the trahspor; of esseciation enthalpy in a
thermal gredient. Generally, A¢ and A, are ver& weakly dependent on
pressure, whereas, Ak is strongly dependent on pressﬁre if there are
assoclaled species in the vapor. | |
A general-expressioe_for AR vwhen there are aSsociatedAspeciesl
present in the vapor has been given‘by ﬁutler an Brokaw3 and>i5'di39
-cussed in detail elsewhere.4 An approximate equapion for AR when there
:  mmer By N

are only small amounts of associated species present is given by

AR =z '(len/'RT) (AH,2/RT2) knpln_-l' ('3)
N .

where.n is the cluster size, T is the temperature in degrees Ke1v1n, PDIn
is the pressure—blnary dlffu31on coeff1c1ent, R is the gas constant, K,
is the equilibrium constant’ for nA———:>‘An, AHn is the association -
reaction enthalpy change, and pj is the partlal pressure of the monomer.
Equation (3) indicates that the effect on the thermal conduct;v1ty»of the
presence of a small amount of.dimer-(n=2) in the vapor.is a nearly linear
increase in the thermal conductirity-with pressure et‘constanr temper—
ature (pDj, is pressure independent). Equation (3) also illustrates'the

p“'l dependence of Ap which leads to the upward curvature of conduc-
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tivity versus pressure ploté’wﬁen ;here is a sufficient concentration
of higher polymers (n>2) present.

The experimental isotherms for ethanol, shqwnAin Fig; 1, change
in errall sﬁape with temperature in a very intere;ting manner. The
lbwerAtemperaﬁure isbthérﬁs shéw strong upward cﬁrvatute indicétive'bf av
.polymeric species Ia?ger than the dimer. 'Atzthe-higﬁer‘témperaﬁures,.
however, Fhe iéotherms inc;ease 1ineaF1y with.pressure indicative of a
dimeric contributién-tb AR.-  Thus,’in light of the above discussion, it
'qualitatively apﬁears that there are indeed at least tﬁo association-
~ reactions occurring simultaneously in ethanol.vapor; The téﬁpérature-'
dependencé of the tefms in Eq.-(3)'abparent1y cause the dimeric regétion_'
toldominate theAthermél con&uctivity enhancement:at'ﬁigh temperatures aﬁd
the higher bolymer to dominate at low tempera;urés.  In order‘to fit the
‘ethaﬁol vapor thermal(conductivify &ata to Ed%“(%S; va1u§s4f3r PDig » Aes
and Ag are necessary. We now ptoceed_to explain how equations for these
quanitities were obtained.. | |

| The pressure binary diffuéioh cdefficientlproduct; PDyo s paﬁ be
expressed in terms of the monomer se1f diffusi§n coefficient by the

semi-empirical relation?

Pk = pDiy [(k + 0)/2k2]V/202/(R1/3 + D120 ()

The term pDjj is.evaluated? from the experimental gas viscosity reported

B .

by Touloukian, Saxena, and Hestermansll and the Lennard-Jones potential

o’ . :
parameterslz, €/K = 391 K and ¢ = 4.455A. The resulting equation for .

o
P11 *° 4
10° pD -1

1 0.0015828T + 0.039428T (cal em Lsec )  (5)

. The Af and A. terms are somewhat pressure dependent and must be
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included. in the complete data analyéis; In calculating these terms for
eﬁhanol vapor the assumption is made that the equiiibridm composition can be
represented in terms of a monomer-dimer mixture only,vi.e;, the partial
pressures of the higherlﬁolymers are.negligible éompafed to the monomer or
dimer. This assumétioﬁ will be seen to.be justified by'the final results;

Using the scheme outlined in Ref. 6 and the experimental heat

ﬁapacity'reported by Touloukian and Makital3, the resulting equation.fo;'lf_

e WS Y —  + 0.9z, S )

£ 0 1+1.57K,p; 1+0.699/K,p; - :
where )1 is the value Qf the thermal conductivity at zero pressure and 1is
taken to be a fitting parameter for each isotherm. At 357 k the lf:term
contributes a 1;1Z'decrease in the total tﬁermal conductivity over one
atmosphere. fhis is small compared to the éa.‘}§%g;pcrease observed.

The A, term, also obtained ‘using the scheme outlined in Ref. 6
(using the Lennard-Jones potential parameters:given'previously), is given
by |

¢ = 3.25 2 p/T o | - ¢))

with p in atmosphere and T in Kelvin.. The_AC team éontributes‘an incregse:of
' cé. 0.97 over a pressure range of one atmosphere. This'is again small
compared to'the experimentally observed incréasélénd élso nearly canqels ;he
rf effect. ‘

Using a least squares fitting procedure descfibed in detail in Ref.
5 the measured thermal conductivity data at Ell_eight ;empe;atures were |
fit simultaneously to Eq. (2) with AR given by the complete'Butle:—Brokaw
expression3’4, Af defined by Eq. (6), énd Ac defined by Eq. (7). 1In the

equatidn for g the associated species assumed present were the dimer and

M AL AW v L
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-one higher polymer (3%n%8). 'The'variables in the fitting procedure were AH,.
KZ’ AH“,'Kn; and the eigBtAkl valueé (one for each isotherm).
The results for the monomer - dimer - n-mer fits are listed in

Table II. The standard deviationé indicate that the best fits wefe:obtained
by.the monomer-dimer—tetramer and the monomer-dimer—hexamef models. . Both of
these fits are essentially indistinguisﬁable and are represented-by ;he solid'
lines in Fig. 1. These fits do a good job inlreproducing'the data at both
high and low temperatures. The 1-2-5, 1-2-7, and 1f2—8 fits are very similar
to the 1-2-4 and 1~2-6 fits, but with slightly larger standard deviatioﬁs.
The 1-2—3 model gives the poo?est fit with too much curvature at high temper-
ature; and too little curvature at low temﬁefatures. Addition of a second
higher polymer (n;2) to the models dia not produce a sigﬁificantly better fit
than £hat found from the 1-2-4 or 1-2-6 modeis;

IV. DISCUSSION o -

The thermodynamic quantities obtained for the vérious ponmeriza—

tion reactions are given in Table I1. Note the relatiﬁe constancy of_the_
diﬁeri%atioﬁ thermodynamic parameters AHz.and ASzlfrOm'the 1-2-n fits,

n > 3. TheAreasén for this is that the fitting procedure extracts the dimgr-
ization thermodynamic data mainly from the high temperafure data where there
is.little contribution from'the higher polymer asséciation reactions.

| Due to the essential equivalence in qualify of the various 1-2-n

fits for‘n>3, we cannot definitively conclude that only one‘particular n-mer
is responsible for the thermal conductivity enhancement. Certainly the
ac;ual physical picture is one in which many different polymers exist in the

vapor and one cannot separate their contributions to the thermal conductivity

in the data analysis. However, the results in Table II allow us to set defin-
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;itive‘upper‘limitsAto tﬂg concentration of the associatgd species, n =
3,4,5,6,7,8. In other words, the bést fit values éf"Kn at an& témperature:in
the experimental range represeﬂt the largest possible values éénsis;ent with
_>the thermal conductiviﬁ& data; fTaBle III lists,the maximuﬁ molé fractiéns of

these:species at 100°C and'i atm. pressure. |

4Ouf thermodynamic results for the eﬁﬁanoibtetramer are similar'to
fhose obtained in}the_study'of the thermal conducﬁivity of methanol vapor?
where the best fit was obtained assuming the preséﬁce of a tétramer.; The
thefmodynamic.pafameters for the methanol'and‘ethanél tetrémef-are simifaf.
Since no thermal conduétivity data for methanol were measured  at ﬁigh teméer-
atures (where the dimer dominates the features of the‘isotherms), no thermo-
dynamic values were obtained for the methanol dimer.

Our thermodynaﬁic quaﬁtities for the ethanol dimer and tetramerAare1
close to thoseAﬁbtained from éﬁalyses'of second virial éoefficient déta:of
"ethanol vapor. 'Analysis of the Heat capacity data of'ethahgl by B’arrowll*"~

2
mol‘l, -AS; = 81.45 cal mol~1k~1, Similar results were obtained in a PVT

‘gave -MHy = 3.40 kcal mol™l, -AS, = 16.57 cal mol~lk~l, ~pH, = 24.8 keal

study by Kretschmer and Wiebe.l3

Theoretic#l-ab initio molecular orﬁital calculations by Curtissl6
indicate that for a series of methéqol‘polymers, the largest increasé in
binding energy occurred in the}tetrameric species. This appargntly occurs
due to favorable hydrogen bonding geometry in the cyclic tetrameric structure.
Since ethanol is very simiiar to methanol (theoretical calculations by Curtissl?
on the ethanol dimer resulted in a binding energy essentially equal to the 

methanol dimer), one might expect a similar trend in the case of clusters of
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ethanol molecules. Thesé theo;etical results lend to support the,éresence
of ; tetramer‘in ethanol vapor. |
V.  CONCLUSIONS |

| The following conclusionsvcah Be drawn from this study of associa-
tion in ethanol vapor. | | -

(1) The'enhancemeno of the ethanol vapor thermalAconductivity due
to vapor pﬂase association is similar to methanol vapor. Both show steep
upward cufyoture in the lower temperature isothermé.i o | ”

(2) Because of the linearity of the proséore dependence at highef
temperatures, thermodynamic data for the ethanol dimerizétion reaction could T
1.-1

be deduced. ‘These are —AH, = 3.70 kecal mol_l, -AS, = 16.36 cal molf K~

2 2
(from the 1-2-4 fit). ‘ e

(3) Data analysis indicates that one or ﬁore aSsooiatéd épecies
1argér than the dimer exist in ethanol vapor. Although we are oofvablo to
determine exactly which of these species oxist, uoper 1imits to the ;ctual
- amounts oresent are reported."Quantum mechaoical calculatiohs on methanol

lead us to conclude that the tetramer is the most likely species. Our

measureménts lead to'a‘value of --AH4 = 22.15 kcal’mol—1 and --AS4 = 74.65 cal-

mol—lK.
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Table I: Experimental Thermal Conductivities (¢al em s "K ") -of Lthinol Vapor.

~
v

: 3_3_233;1;_5 T = 337.43 K I = 347.07 K T = 357.07 K T = 366.65 K T = 377.42 K T = 405.27 K T = 418.69 K
p,torr 105)\' p,torr - 105A p,torr 105)\ p,torr IOSA p,torr 105>\ p-.totr 105l p,torr 105)\ p,torr 105>‘
103 4.251 116 4.443 107 4.651 130 4,842 102 5.061 115 5.362 103 5.915 109 6.373
105 4.256 132 4.459 117 4.644 171 4.877 142 5.086 150 5.352 . 116 5.938 202 6.413
115 4.265 154 . 4.478 155 4.680 207 4.916 179 5.111 174 5.392 159 6.950 216 6.420
118 4.271 173 4.509 163 4.676 237 4.903 252 - 5.162- 223 5.402 213 5.985 361 6.473
131 4.287 192 4.533 203 4.714 276 4.943 277 5.166 309 5.438 296 6.009 362 6.473
132 4.300 210 4.553 223 4.743 317 4.962 315 5.191 442 5.495 396 6.051 501  6.514
140 4.315 235 4.594 246 4.760 349 5.007 390 5.219 490 5.548 412 6.045 503 6.521
147 4.310 265 4.652 257 4.768 381 5.008 463 5.288 535 5.542 485 6.081 657  -6.542
149 4.329 297 4.728 295 4.807 415 5.053 542 5.360 601 5.591 505 - 6.081 668  6.570
158 4.352 314 4.776 315 4.834 443 5.064 543 .5.327 657 ' 5.612 594 6.118 800  6.598
166 4.347 333 4.830 342 4.864 467 5.091 608 5.373 723 5.656 648 6.105 816  6.619
168 . 4.375 352 4.862 363 4.891 494 5.116. 681 5.435 800 5.701 723 6.161 927  6.641
179 4.409 382 4.923 525 5.158 713 5.482 851 5.741 794 6.155 998  6.684
187 4.440 402 4.964 557 5.180 723 5.466 886 5.753 880 6.199 1079 6.669
190 4.436 426 5.006 590 5.253 774 5.535 968 - 5.834 - 971 " 6.205 1122 6.713
203 4.472 447 5.053 636 5.333 822 5.574 1084 5.894 1059 6.250 1240 6.749
" 208 4.460 473 5.102 668 5.351 874 5.640 1104 5.918 1073 6.237 1281 6.749
' 503 5.181 695 5.402 876 5.654- 1212 6.004 - 1279 6.335 1368  6.794
525 5.227 717 5.463 928 5.712 1284 6,055 1305 6.302 . 1411 - 6.779
532 5.252 759 5.5 931 5.708 1286 6.068 1410 6.361 1506  6.832
764 5.546 986 5.802 ' - 1441 6.354 1555  6.832

802 5.615  Hoas 5.790 1587 6.401 1659 6885

806 5.620 1045 5,868 1713 6,885

1051 5,900 ' '




_TABLE II1: Results of Monomer - Dimer - n-mer Fits to the Ethanol

Thermal Conductivity Data.

v Standard l» -40H,y a -As, 5. -AH, é -8S, b
n Deviation
3 L0262 3.20 16.09 12.99 46.62 .

S4c - L0174 3.70 o 16.36 _' N zz;is - ' '74.65
5 0186  3.92 ," 116.88 2714~ 89.43
6 o173 3se 16.43 | 35.87 114.72
7 .0181 3.88 . 16.31 . 48.11 - 149.93
8 0210 3.90 16.33 55.09  169.82

a kcal mol-1

b cal mol‘lK‘¥

¢ A, values for this fit are 4.11, 4.31,_4.54,;4.73,_5.00, 5.29,
5;91, and 6.39 in-ofder of increasing femperature. Units are

1075 cal em~lsec~1lxk-1,



TABLE III. Maximum Concentrations of Ethanol Polymers at 373 K»

and One Atmosphere Pressure.

Max1mum.(¢ﬁ3CH20H)n

n A R Mole Fraction
3 | 2.5 x 10~3
4 o 4.0 x 1074
5 | 1.9 x 1074
6 6.8 x 1075

7 - 1.9 x 107>

8 . 1.0 x 1075




Fig. 1

The thermal conductivity of ethanol vapor versus the total
pressure at (a) the four lowest temperatures and (b) the

four highest temperatures. The solid lines represent the

. results of a least squares fit to the data at all eight

" temperatures assuming either a monomer-dimer-tetramer model

or a monomer-~dimer-hexamer model.
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