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Differential ebulliometry is a powerful and rapid procedure for obtaining infinitely
dilute acti®ity coefficients with potentially ®ery good accuracy. Tedious degassing proce-
dures are not necessary, as in a static method, and from only a few measurements full
system phase beha®ior can be e®aluated. The principal problem, precise e®aluation of
the equilibrium liquid composition from the known composition of a prepared solution
charged to the apparatus, is well known but has so far defied adequate resolution. A
system of exact self-consistent equations was de®eloped for the characterization of an
ebulliometer through a dimensionless ebulliometer constant. E®aluation of this constant
from typical data and its subsequent use are illustrated for a system of known phase
equilibrium beha®ior. Remarkably, the equations permit e®aluation of the effecti®e
‘‘ static’’ holdups in ®arious parts of the equipment without any ®olume measurements.
Since one equation is redundant to the main purpose, it can be used for a consistency
check of measured and calculated data. The equations also furnish a guide for the
operation of ebulliometers.

Introduction

The measurement of infinitely dilute activity coefficients
has become a very attractive procedure for obtaining phase-
equilibrium data rapidly and accurately. The measurement of
g ` by any one of several methods represents a considerablei
economy of effort over determination of a full set of VLE
data, that is, over the entire composition range. Also the

Žgreatest departure from ideality is usually although not in-
.variably found in the very dilute regions, and accurate infor-

mation in these regions is often of considerable practical and
theoretical interest. In the limit, g ` characterizes the behav-i
ior of a single solute molecule completely surrounded by sol-
vent molecules. In many industrial separation operations the
system behavior in the very dilute regions becomes crucial in
process design for high-purity products, frequently the most
difficult or expensive part of a separation.

There are basically four experimental procedures for ob-
taining infinitely dilute activity coefficients, viz.:

v By differential ebulliometry
v By use of a differential static apparatus
v By gas chromatographic methods
v By inert gas stripping.

Ž .Raal and Muhlbauer 1998 have briefly reviewed these four¨
methods. An additional procedure, involving measurement of

Žmolar refraction, has recently been used Dutt and Prasad,
.1989 , but has received little attention. A dew-point measur-

ing procedure has also been demonstrated by Suleiman and
Ž .Eckert 1994 .

Differential ebulliometry and the static differential method
Žwhere total pressure changes with solute concentration are

.measured at constant temperature have received much cov-
erage in the literature, with studies, for example, by Olson
Ž . Ž . Ž .1989 , Lobien and Prausnitz 1982 , Dallinga et al. 1993 ,

Ž . Ž .Dohnal and Novotna 1985 , Eckert et al. 1981 , Trampe and
Ž . Ž . Ž .Eckert 1990 , Delcros et al. 1995 , Alessi et al. 1986 among

others. An interesting earlier review of ebulliometry was given
Ž .by Ambrose 1975 with attention to superheating, ebulliome-

ter design, radiative effects, and the possible influence of any
gas]vapor interface.

Ž .For systems involving a heavy comparatively nonvolatile
component, GC techniques become attractive, but the inabil-
ity of the technique, in its typical use, to furnish information
on g ` for the heavy solvent is a drawback. UNIFAC interac-
tion parameters can, however, be found by GLC methods by
producing data sets in which the functional group of interest
appears in both solute and solvent molecules, as demon-

Ž .strated, for example, by Alessi et al. 1982 .
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The gas stripping method, also referred to as the exponen-
tial dilutor method, has more recently found favor for sys-

Ž .tems of high relative volatility, for example, Wobst et al. 1992
Ž .and Hradetzky et al. 1990 .

Differential ebulliometry and the differential static method
are arguably the most popular procedures for obtaining g `

i
for both solute and solvent and it is the purpose of this publi-
cation to derive and analyze a consistent set of equations
governing differential ebulliometry. In particular, the princi-
pal problem of finding the true equilibrium liquid composi-
tion from the gravimetrically prepared charge composition is
addressed. Important considerations in making a choice be-
tween the differential ebulliometric and static methods are
the following:

v In differential ebulliometry equilibrium can be achieved
fairly rapidly, and there is no need for troublesome and
time-consuming degassing procedures. Temperature changes
Ž .with composition can be measured at least as accurately as

Ždifferential pressure changes in the static ebulliometric
.method .

v A highly invariant temperature environment, for the
static method, is probably more easily achieved in practice
than a constant pressure, as required for a dynamic ebul-
liometer.

v The vapor holdup in a static cell is generally negligible
except at high pressures and the gravimetrically prepared
mixture composition can usually be used directly without any
major corrections.

v Static methods are favored for systems of high relative
Ž .volatility Olson, 1989 .

v In dynamic ebulliometry the liquid becomes superheated
at or before the entrance to the vapor-lift pump, and this
may lead to ‘‘bumping’’ and temperature fluctuations. Energy
input should be such that small increases or decreases should
not affect the observed temperature. The superheat should
be fully discharged where the liquid]vapor mixture impinges
on the temperature sensor. For certain classes of pure fluids
there is no ‘‘plateau region’’ in which the boiling temperature
remains invariant when energy input to the boiler is in-

Ž .creased. As noted by Kneisl et al. 1989 , this is a serious
Ž .problem not related to product purity , since boiling points

cannot then be accurately determined. Poorly behaved fluids,
characterized by a plateau region with slopes exceeding 300
mKWy1, were classified according to their dipole moments
and a parameter reflecting the extent and type of molecular
association. Liquids that become highly superheated may not
fully discharge their superheat in the thermowell area, that
is, the temperature rise due to superheat may not be bal-
anced by evaporative cooling. A two-element thermowell de-
sign is being studied in our laboratory in which the principal
superheat-discharge element is insulated thermally from the
temperature-sensing element. Rapid stirring in the boiling
chamber is advisable for all classes of fluids.

v There is some question as to whether a dynamic equilib-
rium, as achieved in a dynamic VLE still or ebulliometer, is
fully equivalent to the static equilibrium achieved in an
isothermal stirred static cell. In practice this possible differ-
ence is generally considered negligible.

In an ebulliometer the solvent must be of the highest pu-
rity since any impurity will compete in its influence with the
solute. The true mole fraction of impurity, as distinct from

the claims of the supplier, can be found by determining re-
Ž .sponse factor ratios Raal and Muhlbauer, 1998 .¨

The rapidity with which measurements can be made in
ebulliometry is due in a large part to the fact that a gravimet-

Žrically prepared mixture of very accurately known composi-
.tion can be used and that, in a typical procedure, no compo-

sition analyses are required, except perhaps to test the purity
of the solutes and solvents by GC analysis. A troublesome
aspect of dynamic ebulliometry is that the prepared solution
composition is not the same as that of the equilibrium liquid
that separates from the vapor in the thermowell area. Nor is
it the same as the overall composition of the vapor]liquid
mixture in the vapor-lift pump. To obtain the limiting activity
coefficients, g `, a plot of the temperature difference betweeni
the boiling point of the solvent and that of a dilute solution is
required as a function of the equilibrium liquid composition.

Ž .The equations of Gautreaux and Coates 1955 or other more
recent versions accounting for vapor-phase nonidealities may
then be used to find g `. The static holdup of vapor and liq-i

Ž .uid has been accounted for by Dohnal and Novotna 1985 ,
to produce an equation for calculating g ` from the mea-i

Ž .`sured scope ­ Tr­ x . This equation contains three quanti-1 p
ties, all difficult to assess, viz., the ‘‘evaporation ratio’’ f , which
is the ratio of vapor-to-liquid flows emerging from the equi-

Ž .librium chamber that is, VrL , and the static holdups NV
Ž .and N in their nomenclature . The latter two quantities areL

dependent on the equipment construction and on the total
moles of material charged to the apparatus and are exceed-
ingly difficult to measure accurately.

Presented below is a rigorous analysis of ebulliometer op-
eration in such a way that a true ebulliometer ‘‘constant,’’ or
parameter that characterizes the instrument, can be obtained
and evaluated. Remarkably, it was found that the static
holdups of both the liquid and vapor could be found without
any volume measurements. Moreover, the dynamic vaporiza-

Ž .tion ratio f sVrL is also determined. For the complete
characterization, that is, to determine all equipment con-
stants, two equilibrium measurements at different vaporiza-
tion ratios are required for a system of known phase behav-

Ž .ior. For the apparatus characterization only , it is necessary
to measure either the equilibrium liquid composition x , fori
example, in an ebulliometer where vapor and liquid streams

Ž .are fully separated see Figure 1 , or the composition Z ofi
the recombined vaporrliquid stream returned to the boiling
chamber as in Figure 2. In an ebulliometer apparatus consist-
ing of, say, four similar ebuliometers connected to a common
pressure manifold, a sample septum point need only be in-
stalled into one of the ebulliometers to permit characterizing

Ž . Žfor all the similar units. For ebulliometer constant E see
.below to be valid, that is, unchanged for a new system of

unknown phase equilibrium behavior, it is necessary that the
Ž .fractional vapor flow rate VrF sf be maintained constant,

as will be seen from the analysis below. The dynamic ratios f
and f are simply related by the material balance for a flash

Ž .vaporization operation, that is, f s fr f q1 .
The three separate ebulliometer parameters, as used by

Ž . ŽDohnal and Novotna 1985 and subsequently by others such
as Delcros et al., 1995; Vrbka and Dohnal, 1992, are com-
bined into a single dimensionless characterizing parameter
E. The application of the procedure is illustrated with an ex-
ample. The importance of static liquid and vapor holdup has
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Figure 1. Ebulliometer with separation of equilibrium
liquid and vapor streams.

been recognized by other researchers, for example, Trampe
Ž . Ž .and Eckert 1990 and Eckert et al. 1981 , who made experi-

mental measurements of holdup volumes, and Dallinga et al.

Figure 2. Ebulliometer with no separation of equilib-
rium liquid and vapor streams.

Figure 3. Equilibrium flash unit.

Ž . Ž . Ž .1993 , Goncalves and Macedo 1993 , Olson 1989 , and
Ž .Pividal et al. 1992 .

Analysis
Dynamic flow analysis

Two types of ebulliometer are shown in Figures 1 and 2. In
the design of Figure 1, vapor and liquid streams are fully
separated before recombination above the boiling chamber

ŽR. In the simpler design of Figure 2 as used by Thomas et
.al., 1982, for example there are no separate equilibrium va-

por- and liquid-stream paths. The analysis below applies to
both examples. In the second design, favored because of its
simplicity, only the combined liquid- and vapor-stream com-
position, Z , can be measured, for example, by installing ai
sample septum in the downcomer before it reenters the re-
boiler, as shown. This is only for characterization purposes.
In the design of Figure 1, the equilibrium liquid composition,
x , can similarly be measured.i

The upper portion of an ebulliometer, B, is an adiabatic
flash chamber, where superheat is discharged. The analysis
for a flash chamber, Figure 3, is as follows:

F sV q L 1Ž .
FZ sVy q Lx . 2Ž .i i i

From Eq. 2,

yi
V x q Lx s FZ .i i iž /xi

Ž .In terms of the equilibrium constant K s y rx , and solvingi i i
for x , this becomesi

Zi
x si K V Li

q
LqV LqV

and, with f sVrL,

Z 1q fŽ .i
x s . 3Ž .i 1q K fi
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When the equilibrium constant is known, f can be found in
terms of K and Z . A convenient relationship is that ofi i

Ž .Rachford and Rice as given in King 1971 , in terms of the
Ž . Ž .bounded variable f sVrF , where f s fr 1q f . For a mul-

ticomponent system:

m Z K y1Ž .i i
s0. 4Ž .Ý K y1 f q1Ž .iis1

Since we are dealing only with binaries,

Z K y1 Z K y1Ž . Ž .1 1 2 2
sy .

K y1 f q1 K y1 f q1Ž . Ž .1 2

Solving for f gives

Z Z2 1
yf s q . 5Ž .

K y1 K y11 2

Equation 5 plays an important part in finding f from mea-
sured data.

Principal ebulliometer equation
X Ž .Consider now the distribution of the total charge S moles

Ž X.between the reboiler R and static liquid and vapor holdup
quantities, LX and V X. Quantities RX, LX, and V X are depen-
dent on the equipment construction and on the total charge
introduced into the ebulliometer and, as just mentioned, very
difficult to determine experimentally:

LX qV X q RX sSX . 6Ž .

For component i of a binary,

LX x qV X y q RXZ sSX x , 7Ž .i i i Si

that is,

LX x qV XK x q RXZ sSX x . 7aŽ .i i i i Si

From Eq. 3, however, x and Z are related, and the latteri i
can be substituted for in Eq. 7a:

x 1q K fŽ .i iX X X XL x qV K x q R sS x .i i i Si½ 51q f

Dividing by SX and letting LX sSX yV X y RX in the preceding
equation gives:

V X RX 1q k fi
x 1y 1y K q y1 s x .Ž .X Xi i S i½ 5ž /S S 1q f

Further simplification gives

f
X X X Xx 1y K y1 V rS q RrS s x ,Ž .i i Si½ 51q f

that is,

xSi
x s , 8Ž .i 1q K y1 EŽ .i

where E is the ‘‘ebulliometer constant’’ given by

EsV XrSX q RXrSX f . 8aŽ . Ž .

Evaluation of E thus permits exact calculation of the equilib-
rium liquid concentration x , required for the DT vs. x plot.i i
The experimental determination of E, using a system of
known phase equilibrium behavior, is discussed and illus-
trated below.

In measuring a new system it is clear, however, that a trial-
and-error procedure is necessary to obtain g ` once E hasi

Ž .been determined, since K s y rx is not known a priori, buti i i
depends on g :i

g psat
i i

K s , 9Ž .i PFi

where the correction term F is given byi

L satf̂ ® P y PŽ .i i i
F s exp y . 9aŽ .i sat RTfi

At low pressures this correction is frequently negligible. The
ˆ sat Lfugacity terms f and f and the liquid molar volume ®i i i

are not to be confused with f, fX, V, or V X used in other
equations earlier. Also, R is the ideal gas constant.

The procedure for obtaining the correct x and g fromi i
Ž .the known x that is, the prepared solution compositionSi

and its corresponding temperature consists of estimating x ,1
for example, x Ž1.s x , for several different concentrations1 S1
and plotting the measured temperature differences DT vs.
x . From the limiting slope of such a plot the first estimate of1
g ` is obtained from the well-known equations relating1
Ž .` ` sat­ Tr­ x , g , and the saturation pressures, p . A conve-1 p 1 i
nient form, with correction for vapor-phase nonideality based

Žon the truncated virial equation, is given by Dohnal and
.Novotna, 1985 :

`
­ T

` ` satg se P 1y b , 10Ž .1 1 2 ž /­ x1 p

where

` L sat sat sate sexp B yn p y p qd pŽ . Ž .1 11 i 2 1 12 2

B yn L d ln psat
22 i 2satb s 1q p2ž /RT dT

d s2 B y B y B .12 12 11 22

The B are second virial coefficients, and ®L is the liquidi j i
molar volume. A convenient low-pressure simplification of
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Eq. 10 is given by

` sat­ T dp2satp y2 ž /­ x dT1 p`g s . 11Ž .1 satp1

The g Ž1. obtained from Eq. 10 or Eq. 11 can then be fitted toi
a simple one-constant equation such as the Margules sym-

Ž .metric Porter equation:

ln g s Ax2 ln g `s AŽ .1 2 1

to obtain A.
If the system relative volatility is large, a more flexible sin-

gle-constant equation may be desirable. It is only necessary
that the equation be capable of representing g as a function1
of x with reasonable accuracy over a very small concentra-1
tion range, such as 0- x F0.03. The K values are then1 1
computed for each measured point from Eq. 1, and Eq. 8
then produces improved estimates for the equilibrium liquid
compositions x .1

Ž .`To find the limiting slope ­ Tr­ x from a plot of DT vs.1 p
x , relatively simple algebraic expressions such as those rec-1

Ž .ommended by Thomas et al. 1982 can be fitted. If K is1
neither too large nor very small, the iterative procedure

Žsketched before should converge rapidly. For large K such1
.as for alcohol-hydrocarbon systems a more sophisticated it-

erative or convergence procedure may be required.
The sensitivity of g to errors in the measured temperaturei

gradient can be estimated by differentiating Eq. 11 to give

° ¶
` sat `dg p K y1Ž .1 2 1~ •sy .` `satp­ T ­ T1 ¢ ßd ž / ž /­ x ­ x1 1p p

The greatest sensitivity will be for systems having a large
K` and for which the solvent is much more volatile than the1

Ž sat sat.solute p 4 p . For such systems very accurate DT y x2 1 1
data will be needed to give reliable g ` values, as was alsoi

Ž .pointed out by Eckert et al. 1981 .
The dimensionless vapor and reboiler holdups V XrSX and

RXrSX should remain constant in any ebulliometer when filled
with the same volume of charge. However, E does depend on
the dynamic quantity f, and for accurate results with differ-
ent systems or with a given system at different concentra-
tions, the energy input should be such that the fractional va-
por production remains constant. For this purpose a drop
counter installed at the bottom of the condenser will prove
useful. A constant drop rate, however, does not necessarily
guarantee a constant f. A more rigorous indication is given
by an energy balance around the flash chamber, which it is

Ž .assumed is thoroughly insulated that is, adiabatic , as it
should be. Neglecting kinetic and potential-energy terms in
the macroscopic energy balance gives

D Hs0.

Thus,

Fh sVH q Lh 12Ž .F V L

V F yV
[ h s H q h .F V Lž / ž /F F

Ž .In terms of f sVrF ,

h sfH q 1yf h ,Ž .F V L

giving

h y hF L
f s . 13Ž .

H y hV L

Since the solutions are extremely dilute the mixture en-
thalpies in Eq. 13 can be equated to the pure solvent values,

Ž .so that H y h equals the solvent latent heat of vaporiza-V L
tion, l . The numerator represents the superheat energy dis-2
charged and can be approximated by

h y h sCp T yT , 13aŽ .Ž .f L 2 F

where C is the liquid heat capacity of the solvent, and T isp F
the temperature of the superheated liquid or liquidrvapor
mixture. If the liquid heat capacity is not constant over the
temperature interval T yT , but varies linearly with T , forF
example,

Cp sCp0 q b T yTŽ .2 2 0

Ž .T is a reference temperature , Eq. 13a becomes for T sT0 0
sequilibrium temperature:

2b T yTŽ .F0h y h sCp T yT q . 14aŽ .Ž .F L F 2

Excess enthalpies do not arise since pure liquids are as-
sumed. Once f has been found for a test system of known
phase equilibrium behavior, this factor should be kept as con-
stant as possible for measurements on a new system, for ex-
ample, by adjusting the energy input so that

f sCp T yT rl 14bŽ .Ž .2 F 2

or

b 2
f s Cp T yT s T yT lŽ . Ž .F F 22

remains at the previously determined value. Failure to oper-
ate with a constant f or to account correctly for the static
holdups may be responsible for some of the considerable data
discrepancies evident in the literature for systems of large K
such as alcohol-hydrocarbon systems. A temperature sensor
installed near the base of the Cottrell pump as illustrated in
Figures 1 and 2 should permit a satisfactory estimate of the
superheated liquid temperature T .F
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Subsidiary equations
Two other important equations can now be derived. The

first relates the gravimetrically prepared solution composi-
tion x to the overall composition of the fluid in the CottrellSi
pump, Z . The second relates x and Z to the nondimen-i Si i
sional holdup in the reboiler, RXrSX. The purpose and use of
these two additional equations will be made clear below.
Equations 3 and 8 can be combined to eliminate x in favor1
of Z :1

xS1
x s 8Ž .1 1q K y1 EŽ .1

and

Z 1q fŽ .1
x s s Z b , 3Ž .1 11q K f1

where, for convenience,

1q f
bs .

1q K f1

Ž .Since fr 1q f sf, b can be written more conveniently in
terms of f,

f
1q

1yf y1bs s 1qf K y1 .w xŽ .1f
1q K1 1yf

Therefore, from Eq. 8,

Z1
x s ,1 1qf K y1Ž .1

and Eq. 3 becomes

1q K y1 EŽ .1
x s Z . 15Ž .S1 1½ 51q K y1 fŽ .1

Since both x and Z will be known in a characterizing ex-S1 1
periment, Eq. 15 permits calculation of E when f is known.

The equation relating x , Z , and RXrSX derived in the Ap-Si i
pendix, is as follows:

x q D X
S1X XRrS s , 16Ž .XZ q D1

where

K y1 1q K f X
2 1XD s . 16aŽ .X½ 5ž /K y K 1q f1 2

Equation 16 is not necessary for characterization of an ebul-

Table 1. Ebulliometry Equations

Z Z2 1 Ž .yf s q 5
K y1 K y11 2

xS1 Ž .x s 81 Ž .1q K y1 E1

where
X X X XŽ . Ž . Ž .Es V rS q RrS f 8a

Ž .1q K y1 E1 Ž .x s Z 15S1 1 ½ 5Ž .1q K y1 f1
Xx q DS1X X Ž .RrS s 20XZ q D1

where
XŽ .K y1 1q K f2 1X Ž .D s 20aX½ 5Ž .K y K 1q f1 2

liometer, since Eq. 8 alone will suffice, so it can thus serve as
a consistency check on measured and calculated quantities.
Since Eq. 16 does not contain the dynamic quantity f, it is
valid for all circulation rates. The system of four equations,
Eqs. 5, 8, 15 and 16, form a consistent set governing and
constraining the various compositions present in an ebul-
liometer. For convenient reference they are given in Table 1,
where subscript 1 is the solute and subscript 2 is the solvent.

In all the equations in the table, primes denote ‘‘static’’
holdup quantities, while the nonprimed symbols, V, L, f , and
f, for example, are molar flow rates or flow-rate ratios.

Illustrati©e example
Characterization of an ebulliometer requires modification

of its design so that either the equilibrium liquid composition
x or the combined liquid]vapor composition Z can be1 1
measured together with the equilibrium temperature, as dis-
cussed earlier. Our recently developed ebulliometers do not

Ž .have this modification and actual T y x y Z data are notSi i
yet available. The use of the equation set can, however, be
illustrated for a system of known phase equilibrium proper-

Ž .ties. For the system n-hexane 1 as solute and ethyl acetate
Ž . `2 as solvent, g data are available for both ends of thei

` ` Ž .composition range, that is, g and g Thomas et al., 1982 .1 2
At 340 K, for example, by interpolation from data at other
temperatures, we have

g `s2.52, g `s2.38.1 2

Pure-component vapor pressures are given in torr units by
Ž .Reid et al., 1977 :

2,697.55
satln p s15.8366y1 T K y48.78Ž .

2,790.5
satln p s16.1516y .2 T K y57.15Ž .

Suppose measurements at 340 K in an ebulliometer, such
as in Figure 2, gave the following values in mole fractions at a
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total pressure of 74.018 kPa:

x s0.01888 prepared solutionŽ .S1

Z s0.01823 liquidqvapor composition .Ž .1

Suppose also for illustrative purposes that the 3 suffix Mar-
gules equations with temperature-independent constants can
describe the system in the dilute region:

ln g s x2 A q2 A y A x 17� 4 Ž .Ž .1 2 12 21 12 1

ln g s x2 A q2 A y A x 18� 4 Ž .Ž .2 1 21 12 21 2

A s ln g `s0.92426, A s ln g `s0.86710.12 1 21 2

Determination of ebulliometer constant E and liquid
composition x1

The following iterative sequence was found satisfactory:
1. Estimate x as x Ž1.s Z s0.01823; also x s Z s1y1 1 1 2 2

Z s0.98177.1
2. From the Margules equations, g Ž1. s 2.442, g Ž1. s1 2

1.00032.
Ž1. Ž Ž1. sat. Ž3. K s g p rP s 3.1485 taking F s1 for conve-1 1 1 i
.nience

g Ž1.psat
2 2Ž1.K s s0.96725.2 P

4. Estimate f from Eq. 5

Z Z2 1
yf s q sy0.09935Ž1. Ž1.K y1 K y11 2

f Ž1.s0.09935.

5. Estimate E from Eq. 15, solved for E:

xS1 Ž1.1q K y1 f y1Ž .� 41Z1Ž1.E s .
K y11

6. Recalculate x from Eq. 81

xS1Ž2.x s s0.01502.1 Ž1.1q K y1 EŽ .1

7. The g and K can now be recalculated from the Mar-i i
gules equations and the expressions for K in terms of g .i i
The results are

g Ž2.s2.44751

g Ž2.s1.00022.2

The corresponding new K arei

K Ž2.s3.15561

K Ž2.s0.96718.2

Ž .8. Check the previous value of f f s0.09935 using Eq. 5
and the new estimates of K ,i

Z Z2 1
yf s q

K y1 K y11 2

to give

f Ž2.s0.09995.

This should be very close to the fully converged value.
9. A further refinement for the estimated E and x gives1

xS1
1q K y1 f y1� 4Ž .1Z1Ž2.E s

K y1Ž .1

s0.12005.

From Eq. 8,

xS1
x s s0.01500 accept .Ž .1 1q K y1 EŽ .1

This value may be accepted as the converged value for x as1
required for the DT vs. x plot, and the set x s0.01500,1 1
Es0.1201 represents a calibration of the ebulliometer for

Žoperation at a constant fractional evaporation ratio of f s
.VrF s0.09995;0.100. This ratio is rather high and proba-

bly unrealistic. It corresponds to a superheat of ;178C ac-
cording to Eq. 14, and would require a rather large energy
input to the reboiler. Values of f of the order of 0.02]0.05
would be more realistic.

The preceding trial-and-error calculations, produced on a
handheld calculator, may have produced small inaccuracies.

Calculation of x when E is known1

Suppose addition of a known small amount of n-hexane to
the ebulliometer in the previous example produces the fol-
lowing new data set when operated with a constant value for
Ž .f s0.10 and P s74.018 kPa:

T s339.54 K, x s0.02831, Z s0.02737.S1 1

With E and f now known at 0.1200 and 0.100, respectively,
a new converged value for x is readily computed by the steps:1

1. Estimate x Ž1.s Z s0.02737.1 1
2. Calculate g Ž1. from the Margules equations and hencei

K fromi

sat w xK sg p rP P sconstant .i i i

3. Calculate an improved x from Eq. 8,1

xS1Ž2.x s .1 1q K y1 EŽ .1

4. Recalculate g , K , and x as in steps 2 and 3.i i i
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Figure 4. DT vs. x plot for determination of g `.1 1

Final converged values are as follows:

x s0.02269, K s3.06423, K s0.952031 1 2

g s2.41168, g s1.00050.1 2

The temperature T s339.54 is in accordance with Eq. 11 if
` Ž .the known literature value for g 2.52 is substituted to give1

Ž .`­ Tr­ x sy67.666 Krmole fraction. The DT vs. x values1 p 1
from the preceding two examples are plotted in Figure 4.

Determination of Static Holdup Quantities RXrrrrrSX,
V XrrrrrSX, and fX

Inspection of Eq. 8 suggests a simple method for determin-
ing all the effective static holdup quantities in an ebulliome-
ter without any ®olume measurements. If a second experimen-

Žtal run is made with the same system of known phase equi-
.librium behavior at the same total pressure but at a different

Ž .vaporization ratio f sVrF , a plot of E vs. f will yield
RXrSX and V XrSX as the slope and intercept, respectively. Once
RXrSX and V XrSX are known, the remaining static holdup quan-

Ž X X. XŽ X X X X.tity f sV rF or f sV rL sfr1yf is readily deter-
mined from the material balance of Eq. 6, which gives

f X

X X X X X X X� 4 � 4V rS sf 1y RrS s 1y RrS . 19Ž .X1q f

Illustrati©e example
Ž . Ž .Suppose, for the n-hexane 1 -ethyl acetate 2 system the

energy input to the reboiler is reduced from that used for the
two previous examples to give a lower vaporization ratio f at
the same total pressure. In the characterization of an ebul-
liometer it is, in any case, desirable to do a few experiments
at different f ratios. Suppose the following data are ob-
tained, x s0.01793, Z s0.01694, and T s340 K. The iter-S1 1
ative procedure used in the first illustrative example rapidly
converges to give Es0.09089, f s0.06022, and x s0.01500.1

A plot of the two E vs. f data points then gives Figure 5,
X X X X X Ž Xfrom which RrS s0.7352, V rS s0.0466, f s0.2137 'f

.s0.1761 .

Figure 5. Ebulliometer constant E as a function of va-
( )porization ratio f sVrrrrrF .

Note that the static holdups V XrSX, RXrSX, and LXrSX are the
effective holdups under operating conditions. The exact loca-
tion of liquid or vapor holdups in the equipment need not be
specified. The errors in x and E to be expected, if the ebul-1
liometer is operated with a fractional vapor rate f differing

Ž .from that 0.10 for which the constant E was obtained in the
first example, are shown in Table 2.

Computations from Actual Ebulliometer Data
Few data sets in the literature contain sufficient informa-

tion to permit application of the proposed set of equations.
Ž .One such example, however, is the data of Eckert et al. 1981 ,

in which measured holdup volumes for vapor and liquid are
given, together with the measured temperature rises for the

Ž . Ž .toluene 1 -ethanol 2 system. When converted to dimension-
less molar holdup quantities, one obtains RXrSX s0.9702,

X X X XŽ X.V rS s 0.00116, and V rL s f s 0.0404. Computations
consistent with Eqs. 5, 8, and 15 gave the results shown in

Ž .Table 3 for data points 2 and 6 selected arbitrarily . As for
the previous illustrations, the 3-suffix Margules equation were
used, with the constants determined from g `s5.60, g `s1 2

Ž .9.838 interpolated to the experimental temperatures , the
Ž .latter as given in Thomas et al. 1982 . Of particular interest

in Table 2 are the nonconstant values for E and f. These
produce equilibrium liquid compositions x that differ from1

Ž .those calculated by Eckert et al. 1981 from the same holdup
data. A test of the consistency of the calculated data in the

Table 2. Error in x and E If the Ebulliometer Is Operated1
( )with a Fractional Vapor Rate f Differing from that 0.10

for Which the Ebulliometer Constant E was Obtained
X X X XV rS s0.0467, RrS s0.733, x s0.01888S1

Error in Error in Error in
Ž . Ž . Ž .K f f % E E % x x %1 1 1

3.1556 0.100 0 0.1200 0 0.0150 0
3.1556 0.120 20 0.1347 12.3 0.01463 y2.45
3.1556 0.150 50 0.1567 30.6 0.01411 y5.9
3.1556 0.050 y50 0.0834 y30.5 0.0160 6.7
3.1556 0.03 y70 0.687 y40.6 0.0164 9.6
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Table 3. Computations from the Ebulliometry Data of Eckert
( ) ( )et al. for the Toluene 1 -Ethanol 2 System

Calculated to Conform
Eckert et al. Data with Eqs. 5, 8, and 15

Data Point 2 Data Point 6 Data Point 2 Data Point 6
Ž .T K 318.266 317.801 318.266 317.801

x 0.00940 0.02988 0.00940 0.02988S1
x 0.00905 0.02897 0.00891 0.027861
Z } } 0.00940 0.029901

Xf 0.0404 0.0404 0.0404 0.0404
f } } 0.0414 0.0623
E } } 0.0413 0.0616
f } } 0.0432 0.0657

last two columns is that, when substituted into Eq. 16, they
should reproduce the correct value for RXrSX, viz., 0.9702. The
values obtained for the two data sets were 0.967 and 0.9704,
respectively. These are quite satisfactory, since Eq. 16 is very
sensitive to small errors in K or Z , and the two calculatedi i
data sets are thus self-consistent. It cannot be stated with

Ž .certainty that the x values 0.00891 and 0.02786 are cor-1
Ž .rect, and those of Eckert et al. 1981 are inaccurate, unless it

can be shown that the Margules equations give an accurate
description of the toluene-ethanol system in the very
toluene-dilute region.

Discussion and Conclusion
Ž .The set of equations presented Eqs. 5, 8, 15 and 16 relate

the prepared solution concentration x to the equilibriumS1
liquid composition x and the combined liquid]vapor stream1
overall composition Z in a rigorous manner. In particular a1
dimensionless ebulliometer constant E is defined that per-
mits precise characterization of the equipment. If the vapor-
ization ratio f is kept constant when a new system is investi-
gated, it is shown that E must remain constant. To keep f at
the same value for a new system the latent heat of vaporiza-
tion and liquid heat capacity must be known to permit use of
Eq. 14 or 14a. As a check, a drop counter in the condenser is
useful, particularly to ensure similar operation for all units in
a multiunit apparatus. The procedure for determining E, us-
ing a system of known phase equilibrium behavior, has been
demonstrated for a real system and involves measurement of
the composition Z for a single run for one unit of a multiu-1
nit apparatus connected to a common manifold. For the ex-
amples shown the iterative scheme used converged rapidly to
give both f and the true liquid equilibrium composition x .1
When used with data from two runs at different vaporization
ratios, f, Eq. 8 surprisingly permits determination of the ef-
fective dimensionless static holdups RXrSX, V XrSX, and V XrLX.
This information is useful but not required for operation of
the ebulliometer.

If the static holdup is not taken into account and the equi-
Ž .librium liquid composition x is taken to be that of the pre-1

Ž . Žpared solution x the error in x is proportional to K yS1 1 1
.1 . This is in agreement with the findings of Dohnal and

Ž .Novotna 1985 , who showed, by a different route, that the
error in the measured g ` is proportional to a y1, where1

Ž . Ž .a srelative volatility. Since a s K y1 ry ; K y1 for1 2 1
very dilute solutions for which y ;1, the findings are equiva-2
lent.

The actual error in x when taken as x is easily found1 S1
from Eq. 8, and for the two examples illustrated amounts to
25.9% and 24.8% respectively. For systems of high relative
volatility the error clearly will be much higher and failure to
account accurately for the static holdup or operation with a
nonconstant f may be the cause of many large discrepancies
in data reported in the literature. It can be concluded that
the most reliable g ` ebulliometry data reported for systemsi
of appreciable relative volatility are those measured by the
static differential method, where static holdup of the vapor
phase may be negligible. An example of careful measure-

Ž .ments made by this method is that of Pividal et al. 1992 .
The system of equations we have produced may be used in

ways that differ from those illustrated. Equation 16 is very
sensitive to the values of x , Z , and K , and can be used asS1 1 i
a consistency check on sets of experimental T y Z y x data1 S1
either from the characterization procedure or for measure-
ments on a new system when both g ` and g ` are measured1 2
so that both K and K can be found. Values of RXrSX can be1 2
expected to lie in the range 0.5F RXrSX -1.0, depending on
the relative size of the reboiler. Small errors in K , or in thei
concentrations x and Z can easily give physically impossi-S1 1
ble RXrSX values, for example, RXrSX )1.0 or RXrSX -0.

ŽFrom our experience with VLE measurement Raal and
.Muhlbauer, 1998 , for the ebulliometer shown in Figures 1¨

and 2 we advocate rapid stirring in the reboiler and effective
insulation of the upper part with a vacuum jacket. Several
authors have added known amounts of solute to their abul-

Ž .liometer s by weighing a syringe before and after injection of
solute through a sample septum. In a recent development for
another purpose, we have produced a micro liquid dispenser
of exceptional accuracy operating on a nonsyringe principle
Ž .worldwide patents applied for . The instrument is auto-
mated, requires no calibration, and can dispense bubble-free

Žliquid in steps of 0.06 mL. See attached graph of pro-
.grammed discharge vs. stepper motor revolutions, Figure 6.

This should facilitate the accurate introduction of successive
small amounts of solute into an ebulliometer, or sampling of
a liquid stream and direct injection into a GC.

Figure 6. Performance of automated micro liquid dis-
penser operating on a nonsyringe principle.
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It is hoped that improvements in equipment and operating
technique, when used together with the system of exact equa-
tions presented here, will permit more accurate determina-
tion of g ` by differential ebulliometry, particularly for sys-1
tems with large relative volatility.
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Notation
Asconstant in Porter equation

A sconstants in Margules equationsi j
DX sdimensionless group defined by Eq. 20a
Esdimensionless ebulliometer constant
F smolar flow rate of fluid in Cottrell pump
f smolar flow-rate ratio VrL

f X sstatic holdup ratio V XrLX

H sequilibrium vapor enthalpy, JrkmolV
h sequilibrium liquid enthalpy, JrkmolL

Ž .h senthalpy of stream F see Figure 3 , JrkmolF
Lsmolar flow rate of equilibrium liquid
LX smolar liquid static holdup
P ssystem total pressure, Pa

psat spure-component vapor pressure, Pai
RX smolar static holdup in reboiler
SX smolar total charge in ebulliometer
T sequilibrium temperature, K
V sequilibrium vapor molar flow rate

V X smolar vapor static holdup
x smole fraction component i in charge SX

Si
y sequilibrium vapor mole fractioni
f smolar flow-rate ratio VrL

fX sstatic holdup ratio V XrLX

f̂ sfugacity of component i in vapor phase, Eq. 9ai
f sat ssaturation vapor-phase fugacity, Eq. 9a.i
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Appendix: Derivation of Eq. 16
The equation relating x , Z , and RXrSX is derived as fol-Si i

lows. From Eq. 7:

SX x q LX x y RXZ SX x y LX y rK y RXZSi i i Si i i i
y s s .X Xi V V

Solving for y givei

x y RXrSX ZŽ .Si i
y s Xi L

X XV rS qŽ . XS K i

and

m X Xx y RrS ZŽ .Si i
y s1s . A1Ž .Ý Ý X X X Xi V rS q LrS KŽ . iis1
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A similar derivation for x , by eliminating y from y s x K ,i i i i i
gives

m X Xx y RrS ZŽ .Si i
x s1s . A2Ž .Ý Ý X X X Xi LrS qV K rSŽ . iis1

Term-by-term subtraction of Eqs. 16 and 17 then gives

x y RXrSX Zw xŽ .Ý Si i

1 1
= y s0.X X X X X X X X½ 5V rS q LrK S LrS qV K rSŽ .i i

We introduce

f X sV XrLX . A3Ž .

After some rearrangement, this gives

m K 1iX X X Xx y RrS Z SrL y s0Ž .Ž .Ý X XSi i ½ 51q K f 1q f Ki iis1

m K y1iX X X Xx y RrS Z SrL s0. A4Ž . Ž . Ž .Ž .Ý XSi i ½ 51q K fiis1

Solving Eq. 4a for RXrSX, one obtains for a binary mixture
Ž .after some tedious algebra

x q DX
S1X XRrS s A5Ž .XZ q D1

where

K y1 1q K f X
2 1XD s . A5aŽ .X½ 5K y K 1q f1 2
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