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THE EVAPORATION OF LEADED METHANOL SOLUTIONS

PURPOSE

To determine the volatility of tetrasthylliead (TEL) in
anhydrous and in agqueocus methanoi soiutions.

- Te cowpare the results of this investigation with

S similazr studies of hydrocarbon-TEL systems, and to conslder the
| 3 » ) Ky )
i hygienic hazard invelved in each case.

SUMMARY

A sharp contrast exists between the vapor pressure
relationships of nydrocarbon-TEL systems, which are essentially
ideal, and methanol-or agueous methanol-TEL systems, which are
| non=id2al. Evaporatlion experiments have shown that the degree of
t non=idzality of anhydrcus and aqueous methanol-TEL solutlicns 13 so
‘ large that the TEL 18 as much as sixty times as volatile as would
be expected from vapor pressure considerations alone. Consequently,
the e¢cncentrations of TEL in the vapor phase are Tar higher in
the eaprly stages of the evaporution of leaded methanel solutions
( than in the case of leaded gasclines., Furthermore, the evaporaticn
| of leaded methanol sclutions leaves &n relatively lead-free

residue, while leaded gasolines leave a heél which is rich in
TEL. '

1 Because of thls difference in vapor pressure relaticnshilps,
| the evaporation cof methanol sclutions of TEL presents a funda-
mentally new type of health hazard, which cannot be directly
evaluated on the basis of avallable infermation on the handling

of leaded gasolines.

KE 0020751



PR

TABLE OF CONTENTS

INTRODUCTION o o v o o o o o o s o o o o o 5 o 4 «

EK?ER I}‘GEHTAL L > o L R ] o L - 9o 9 L] © o < [ D ° [ -]

AoMat%z’ia}.Seooeo.ooooeao°>oo

B. Apparatus and Procedure < ¢ o 2 ¢ o o & o

A. Evaporation of Unleaded Solutions . . . .
B, ZEvaporation cof Vitel and Leaded Methancl
SOlutiQns Q@ [} - -] o o -] o o o ] -] l} L} e ]

C, Comparisen with the Eveporaticn of Leaded

C QI\'IC LUS IO o ° o 2 ° . ° ° Ld L ° o a ' @ L) o ° ¢ ® .
APPEIL;D::X L4 L] L4 s 2 L 4 L ° 6 L] L] L L] » . Ll L] ° ° °© L]

Ideal and Non-ideal SYSLEMB o o o o o o

u=

o]

Sample Calculation of Experimental Data .

C. Gasoline-TEL and Heptane-TEL Data . . . .

KE 0020752

bidad =4S

Aol

i
G\U'l-::'m\u\ﬂ%;

©

11
11
L3
16



o

INTRODUCTION

A new type of fuel, sold under the trade name of Vitol,
has recently been introduced to the motoring public. Vitol consists
of an emulsion of a methanol-water solution of TEL with a small
quantity of Penola 0il and kerosene, and 1s designed to be used as
a supplementary fuel, to be injJected into the intake =ystem of an
autconmebile during periods of peak octane number requirement. Since
Vitol contalns 3.0 ml. of TEL per gallon, the health hazard
involved 1n its handling is of sufficient concern to warrant a
detalled study of the evaporation charscteristics of thils material.

Th2 chemical and physiéal properties of TEL are closely
related to those of the paraffin hydrocarbons, TEL 1is miscible
with gasolineg, and solutlcns of the two materials are very nearly
ideal {LTD's 44-57 and 46-47). Consequently, the vapor pressure
relationships and the evaporation characterlstics of leaded
gasoline can be approximated by cal-ulsatlons based on vapor
pressure data. On the other hand, extreme dilssimilarity exists
between the chamlecal and physlcal propertilies of TEL and water
or methanol. As a result, solutlons of TEL in methanol or

. aqueous methanol do not approach ldeality; indeed, aqueous

methanol solutions containing a high percentage of water are no
lcnger miscible with TEL.

Since the evaporation characterisgtics of non=-ideal
soluticns cannot be calculated, cthe present study of the methanol-
water-TEL system was undertdken. A gas stream was contacted with
the liquid under gubgstantially egullibrium conditicens, and the
amounts of TEL and solvent vaporized were determined, giving
reproducible data and a direct measure of the non-ideality of the
system. These conditions do not, of cewerze, duplicate those of a
apilled solution of TEL. Such non~equlllibrium evaporation may lead
to :x Jifferent type of distribution pattern. Thus "surface stripping"
effects were noted in previcus work on leaded h-ptane, and

-analogous phenomena can be expected for the evaporation of methanol

solutlons. Also, commercial Vitol contains a small amount of
emulsified oil, and this disperse phase, with which TEL is completely
miscible, also greatly complicates the nature of the non-equilibrium
evaporatlon.

EXPERINENTAL

A. Materials

Three leadec¢ methanol solutions were studied. In each
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case the 3.0 ml. of TEL per gal. of solution were present as 62 Mix
fluid. The three solutions were (a) methanol, (b) aqueous methanol
containing 82 wt. % (85 vol. %) methanocl, and (c) Vitol. The last

is a yellow emulsion consisting of 82 wt. % methanol, 18 wt. % water,
sufficient 62 Mix fluid to give 3.0 ml. of TEL per gallon, and a
small amount of corrosion inhibitor (Pencla oil and kerosene).

The propertles of these solutions are as follows:

TABLE I_

PROPERTIES OF LEADED METHAﬁOL(SOLUTIONS

TeL content, ml./mal.

Soluzion g2 Input® Outgo® Average®
Methanol 0.7905 - 2.66, 3.13  2.94
Agueous methanol .8400 3.03 2.97, 3.06 3.02
gfitol 08‘:‘!'00 ) 2 .72 ’ 2 073 ) 2 070 2 0?2

a, Frcm analysis of orlginal solutioa.
b. Frcom lead analyses of lodine scrubbers and final
residues of separate runs.

¢. Average used in calculations.

Trie methanol was C.P., anhydrous, acetone-free material
naving a demsity, §%%, of 0.789s (literature: 0.7876, snnual
Tables, 1941}, obtained from the E. W. Kerr Cc. Distilled water
was used exclusively. TEL was present as commercilal 62 Mix
Ethyl Fluid., Yiteol was obtained {rom Thompson FProducta, Inc.,
Clevelzand, Ohio. It was a lemon=yellow emulsion containing
small gliobules of a dispersed phase whlch tended to settle on
standing. The dispersgei portion contailned 12% of the TEL,
although 1%ts bulk was only 0.2% of the material (LTD 48-50).

Dry nitrogen (Airco) was used as an lnert evaporating medium.
This gas wag initially soturated with water for those experiments
with a water-gaturated gas. The 0.1 N ilodine solutlon used to
remove the TEL from the effluent gas stream was freshly preparsd
and stored in a glass bottle shielded from light. Analysis
showed that this solution contained no lead.

B. Apparatus and Procedure

The evaporation equipment (Fig. 1) was esgentially
similar to that used in the previpus studies. Dry nitrogen was
passed through the solutlon which was contained in an evaporzator,
TEL and methanol were then removed in two scrubbers and the gas
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wag metered by a wet test meter. In some experiments a water
gerubber was uged to saturate the nitrogen stream. The evaporator
was a 600-nl., 3-in. fritted-disc gas-washing bottle, ilmmersed

in a constant temperature water bath. Entrainment of fog-llke
droplets was prevented by placing a plug of glass wool in the neck
of the cutlet tube. The evaporator was connected to an U-¢ube
mercury manometer and in series to two 500-ml., 2-in. coarse-frit
gas-washing bottles containing the scrubbing solutions. The
firat, which contained the iodine solution, removed the TEL and
seme of the methanol from the gas stream. The second scrubber
contained distilled water, which removed most of the wremaining
methanol and the leodine vapor carried over from the first

"serubber and alse ensured water saturation of the gas stream

for accurate measurement in the wet test meter.

. In making the measurements, the nitrogen was passed
through the seiution at 0.5 to 1.5 liter/min., a rate which was
sufficiently slow to ensure saturation of the gas with the
solution. The evaporator temperature was maintaired at
25.0 j J.5°C, The evaporation of each solution was done in
fractions of 10 te 15%. At the con:lusion cf each step of the
evaporation, the lodine scrubber solution was analyzed for total
lead, the change 1n weight of the evaporator was determined and the
denslty of the residuval test solutlon was obtailned by means of
a hydrometer, (The results of a test run made with two Zodine
acrubbers showed that one acrubber was sufficient to remove the
TEL from the gas stream.) Flnally, at the conclusion of each
run, the lead content of the residue was determined by analysisz.
The nressure abveve the test solution in the evaporator and the
pressure at ~he wet test meter were recorded at each stage of
evaporation. The volume of nitrogen used to evapcrate the test
solution was obtained by correcting the wet test meter reading
for meter calibration end for the water vapor present.

The effect of the small concentration of TEL on the
density and wolatllity characteristics of the water-methanol
system was concluded from the characteristics of the evaporation
of an unleaded solution of 82 wt. % methanol and 18 wt. % water
by both dry and water-saturated nitrogen by the same procedure and
in the same apparatus. This test also provided a means for
estimating the denglity and volume of the residues from the first
evaporation of a leaded methanol solution on which densilty
determinations were not made.

RESULTS

The results of the evaporation experliments are given
velow (Tableg II-V), together with simllar data previously obtained
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on gasoline and hydrocarbon sclutions (Tables VI and VII). (The
underlying theories and the method of calculation are explained
in detail in the appendix.)

4. Evaporation of Unleaded 3Jolutions

The hygroscopic nature of wmethanol is a complicatlng
Tactor in the evaporation of methanol solutions: whenever the
vapor pressure of water in the air exceeds the partial pressure
of water in the methanol solution, water is absorbed into the
methanol asolution from the air. (Thus the atmospherlc humidity
is an important factor in considering the evaporation characterigstics
of Vitol fluid.} Preliminary experiments were made to study this
effect and to obtain density-compositlion and refractive index-
composition data on the methanol-water system.

The results of these experiments are shcwn in Figure 2
in which the methancl concentration of agueous methanol solutions
is plotted against the weight per cent of solutlicen evaporated. The
data from the evaporation of an 82 wt. % methanol-18 wt. % water
so¢ut on with dry nitrcgen are ghown by the center curve. The more

clatile methanol evaporategs faster than the water with a
“osubtaa“ decrease in methanol concentration as evaporation
proceeds.  Evaporatlon of this same solution with water-sacurated
nitrogen {bottom curve) results in an accelerated decrease in
nethanol concentration due to the sbsorption of water by the
golutlon from the nitrogen stream. The upper curve is a plot of
similar data on the evaporation of msthancl alone with weter-
saturated nitx ogen., As in the former casge, water is progressively
absorbed from the nitrogen siream a8 evaporation proceeds. This
phenomenon of water absorption concurrent with the evaporation
of methanol has an important bearing on the solubility of TEL in
the aging mixtures of methanol and watcr (see Discussion).

L

B. Hvaporatlon of Vitol and Teaded Methanol Solutlons.

The evaporation characteristiczs and the deviation from
ideallty of the varicus solutlong studizd 1s most easily demon-
strated by reference to a graph on a loz-lcg scale of tho per cent
TEL evaporated against the per cent methanol evaporated. This
has been done in Figure 3. The snlid red line is a plot of the
evaporation of a solution of 3.0 ml..TEL per gallon in anhydrous
methanol, and shows that the experimental relat! e valatility,
XRV (see appendix), of TSL to methanol is about 0.19. However,
the vapor presgure ratic, VPR, of these materizls at this
temperature is only 0.0033, about a zsixty-fold difference., In
other words the TEL is sixty times as volatile in methanol solutions
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~as would be anticipated from vapor pressure considerations alone,
cr we could say that the effective vapor pressure of TEL is

sixty tilmes the true vapor pressure. The ideal solution line 18
80 close to the horizontal axis that it would be indistingulshable
at the scale used in drawing Figure 3.

The evaporation of a TEL-methanol solution with water-
saturated nitrogen (broken red line)} introduces the complicating
factor discussed 1ln the previous section. As a result of the
hygroscopic nature of methanol, the solutlon dissolves water
from the nitrogen stream and as the concentration of water bullds
up, the golution becomes still less ldeal and the XRV of the TEL
to the methanol progressively lncreases. This accelerates the
- evaporation of TEL to such a degree that 47% is evaporated during
the evaporation of 73% of the original solution.

The evaporatiocn of Vitol {(green linej demonstrates the
effect of 18 wt. & water in augmenting still further the non-
1céeality of the TEL-methanol system. The XRV has been increased
to about 1.6, with the result that almoat 80% of the TEL is
vaporized during the evaporation of only 50% of the aolution.

It is interesting to note that in this case a single curve

fits the evaporatlon data for both dry and water-sgsaturated nitrogen.
It appears that a slight increase in the water concentration abeve

18 wt. % has little ‘effect on the effective vapor pressure of TEL,
Finally, the blue line shows the characteristics of an 82% methzsnol -
18% water~TEIL systen. The slightly greater slope of thls curve

over that for Vitol is probably due to the presence in Vitol of

the kerosene-Penola oil corrosion inhibitor which would act%t to

reduce the XEV by a small amount because of its supserior solivent
properties for TEL.

Figure 4 is essentially a duplication on a linear scale
of the log plot already described. The difference in ideality
of the varioug systems shows up to the same degree 1In approximately
the same manner. :

C. Comparigen with the Evaporation of Léaded Gagoline,

The striking contrast between the non-=ideality of Vitol
and cother leasded methanol systems end the ideal nature of TEL-
gasoline systems 1s best demonstrated by a comparison of the
concentration of TEL in the residual solutions and in the effluent
nltregen asgs the eveporation of each type of system »drogresses.

The concentratlion of TEL in the residual =zolutlon during
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evaporation i3 shown in Fig. 5. The TEL~heptane and TEL-gasoline
systems {(upper green curves) approximate the shape of the curve

for an ideal solution: as evaporatlon proceeds, the less volatile
TEL is concentrated in the unevaporated residue. At 90% evaporation
the concentration of TEL is approxlmately 30 ml. per gallon. On

the other hand, the considerable non=-iceallty of the aqueous methanol-
TEL system (lower two green curves) regults in such a rapid
evaporation of TEL that the concentration remasining in the residue
is far below that of the origlnal material (3.0 ml/gallen).

- Evaporation with water-saturated nitrogen (vottom green curve)
served only to increase the non-lideality of the system still

further by increasing the wster concentration of the regidual
solution.

The anhydrous nethanol»TE System is more ideal than
aquecus methanol-TEL oystemg, but less ideal than hydrocarbons-
TEL systems. The rate of TEL evaporation (solid red line) is
increased so that the concentration of TEL 'in the residuzal solution
is conglderably lower than for the 1deal hydrocarbon solutions
in the later stages of the evaporation. Thus when 90% of the
solutlon has evaporated the lead concentration is only 16 =x1.
rer gallon. ¥Yater absorbed during evaporation with water-saturated
nitrogen (broken red line) increased the non~idealilty of %his
system reducing still further the TEL concentration of the
unevaporated material.

Finally it 1s shown that the ideality of an 82 wt. %
methanol-18 wt. % water-TEL system {(bottom curve)} is even less
than that of Vitol due to the absence ¢f the kerosens-Penola oil
cerrosion inhibiltor with its accompanying solvent properties for
TEL.

To bring out the significance of these evaporation
characteristics from the point of view of health hazard, Figure 6
shows the mlcrograms of TEL per cubic foot of effluent nitrogen
plotted on a log scale against the welght per cent of solution
evaporated. The equilibrium evaporaticn of the nearly ideal
solutions of TEL (3 mi. per gal. ) in gasoline or n~heptane
produces an initial concentration of slivhtly more than 100
micrograms of lead per cublc foot of air. As evaporation proceeds
the concentration bhecomes progressively greater, reaching a value
of 10,000 mlcrograms per cublec foot after 98% evaporation. A
similar evaporation of Vitol yields an initial concentration of
10,000 micrograms of lead per cubic foct, a value one hundred times
greater than that from leaded gasoline or one-tenth of the
concentration which would be obtained from the evaporation of pure
TEL. This concentration remains constant until the bulk of the

KE 0020758



-=9,

TEL has evaporated, and then falls rapidly to zero at the end of
svaporation, The two curves cross at approximately B5% evapors-
tion. The curve for leaded anhydrous wethanol solutions has its
crigin midway between the gasoline and Vitol curves, at a con-
centration of 1,000 micrégrams of lead per cubie foot, and increases
gradually a3 evaporation progresses. The toxie limit allowable

for continuous human exposure, 4 micrograems per cubic foot, is
shown for purposes of comparison. '

DISCUSSION

A solution of TEL in light hydrocarbons of the gasoline
boilling range 1s entirely analogous in evaporation characteristics
to a solution of a heavy hydrocarbon of the game volatlility as
TEL in the light aydrogcarbon mixture. The chemical and physical
properties of TEL make 1t almost as compatible with hydrocarbens
as the hydrocarbons are with cach other. Consequently, equillbrium
evaporatlon of leaded gasoline results in the vaporization of &
very small amount of TEL until almost all of the gasoline has
eveporated, Just as simple distlllation would concentrate the
legs volatile TEL or other hydroceaerbong in the undistilled residue.

The mode of evaporation of Vitel is quite the copposlite.
Here thie eguilibrium evaporation is snalogous notv to a simple
distiliation of a hydrocarbon mixture, but rather tc the steanm
distillatlon of immiselble liquids. The propertles of TEL
contrast sc gharply with those of methanol and water that the
vapor pressure chavacteristics of the system apprecach thoss of
a system cf mutually insoluble liquids. The TEL concentration
in the evaporating medium approximates thet which would be present
if TEL alone were being evaporated. ~Furthermore, the TEL
concentration in the vapor remalns constant until the bulk of
the TEL has evaporated (50% of the solution evaporated) after
which it papidly falls to a very low level. The presence of
~ the kerosene-Penola o0il corrosion inhltltor with its favorable
solvent properties for TEL is probably responsible for the fact
that the TEL concentration in the effluent vapor does not remain
constant until all the TEL las evaporated. DIuring the evaporation
of the rirst 50%“of the solution the cencentration of TEL in the
vapor from Vitol 1s approximately 100 times greater than from
leaded gasoline. After 50% solution evaporation, the concentration
of TEL in the vapor from the evaporation of Vitol decreases and
that rom leaded gascline increases until at 85% evaporation the
two curves cross {(Flg. 6). Only during the last 15% of the
evaporation igs the TEL consentration greater from the evaporation
of -leaded gasoline than from Vitol.
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In practical cases of the hygienle hazard from storage,
handling and gspillage of solutions such as Vitol, conditions of
equilibrium evaporation may or may not exist. Consequently, the
effect of non-eqguilibrium conditions of evaporation must also be
donsidered. Lack of effective stirring and intimate vapor-liquid

- contact existing during the evaporation of spilled Vitol would

result in non-equillbrium effects such as surface stripping,
thermal gradients wilthin the solution, and non-gaturatlion of the
atmosphere above the spill. Such conditions are non-reproducible
and a separate study woulild be necegsary to determine the hazards
of each specific set of conditions.

On the other hand, the hazard involved in storage areas
can be evaluated to a certaln degree by the equilibrium evaporation

- data of this study. For example, the alir above the liquid in a

partially filled tank of Vitol will be saturated {equilibrium
gondiltions) and will contain approximately one-hundred times as
much TEL ag the alr above lesded gasoline in a similar situation.,

COHCLUSTION

‘The health hazard involved in handling Vitol is radically
different frem that of leaded gascoiine. The presence of the same
concentration of TEL in the two materials has no bearing on the
goncentration of TEL in the atmosphere in c¢ontact with %these
liquids. The equilibrium concentretion of TEL in the vepor state
from Vitol 1s approximately one hundred times that from leaded
gasoline due to the non-1ldeality of agueous methanol as a asolvent
for TEL. In order to produce the vapor congcentration of TEL
ovtained from Vitol during the first 50% evaporation, a gasoline
solutiocn would have to contain approximately 184 ml. of TEL per
gallon.

Finally, it must be emphasized that the results of this
study give data on equilibrium conditions only. In actual practice
equilibrium conditions would, of course, not always be obtalned.
However, equilibrium conditions were chosen as the only means of
obtaining an exactly deflnable and reproducible set of conditions.

The evaporation of Vitel is such a complex problem, and
so different from that of gasoline, that a complete experimental
re-evaluation willl be necegsary to determine the nature of the
hygienic hazard present under each specifilec set of non-equilibrium
evaporation conditions. ’
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APPENDIX

A. Yapor Pressure

1)

elationshios ol Ideal and Hon-ideal Sypiems

orgiical considerajiony. - Zhe natural laws governing

the wvolatilivy of pure eompounds ore very simple, but those for
mixtures of two or more components arve quite complex. If a liguid
evaporates more readily than another undey the same c¢ircumatances,
we think of 1t as being wmore vdlatile. TFhus, 1f @ current of alr
is passed over come methanol at reom temperature (25°C.) and the
same amount of alir over some water, 5.1 tlmes as much methanol as
water will be evaporated. I{ ig therefore natural to think of the
methanol as being 5.1 times "as volatvile' as the water. Methanol
has a vapor pressure of 122.3 mm. of mercury at 25°C., and water

a vapor pressure of 23.0 mm. at the same temperature and the vapor
pressure ratioc (¥PR), 5.1, 13 a measure of the "relative volatility"
of' the methanol and water When cach ig evaperated aseparately.

Th

P e

i.

‘B

[y

The emount of cne component which 1is vaporized from a
mixture or solutlion of two or more components is a much more
complilcated matter. Lven though methanol 1s 5.1 times "as volatile'
as water, 1t 1s impossible to remove all of the methanol from an
aquecus solution by either evaporation cor simple digtillation.
The voliatility of the methanol compared wlth water ls thus much
less in a nixture of the two materials thsend would e predicted
on the basis of the evaporation of the substances separately.
The ratio in which two opr more compounds present iln a mixture
~or solution will be volatilized or evaporated depends on vhe
moleculay nature of the compounds, the témperature, and the con-
centeatlon of the solutions the pressure has a relatively minor
erffect, ‘

If two ceomponents of a solutlon ere
intermolecular forces between the unlike moie es are equal to
the intermolecular forces betwWween the like molecules, then the
solution is saidé to be idzal, and the ratio in which the components
are voliatilised freom a solution containing equal molar concentra-
tiong L3 the game as if the compounds were heling evaporated
separately. Hathematically, the partilal pressure of each
component in an ideal solutlon is equal to the product of the
vapor preasure ol the pure substance and its molar concentration
in the soluticn. Thus, in the special case' cited above, in which
the conponents are present in equal moleculﬁr concentration, the
ratio in which they are evaporated would egual the VPR, slthough
the agefual quantity of each component volatilized would he
considerably greater 1f each Were evaporated separately. Although
ldeal conditions are never completely realized, many solutions
¢ similapr cowpounds are very nearly ideal. Solutlong of pararfin
hydrocarbona such as hexene and heptane, Jor example, are usuaily
essentially ideal.

so similapr that the
cul
1

u
o
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When the constltuents of a sclution are different in
chemical nature, and especially when the molecules are shaped
very differently or contain strongly polar grouprs, the inter-
molecular forces between the unlilke molecules vary widely from
those between the like moleculesg, and become of greater importance.
In such cases the laws of 1deal soluticns do not hold, and the
ratio in which the ¢onmponents evaporate can no longer be
calculated from solutlon concentration and VPR. Such solutions
are non-ideal and constitute the great majority of all liquid
systems. In place of the true VPR, we nust substitute a new
-concept, that of experimental relative veolatility, XRV, which
expresses the equilibrium between the quantity of each of the ,
components in the liquid and vapor state. Since the simple laws
governing ideal solubtion behavior '‘are no longer valid, it 1s
necessary to determine the XRV experimentally. A mixture of
two essentlally immiscible llqulds such as water and TEL 1s an
extreme sample of non~ideallty. The relatlve rate of vaporizatlon
of ths components of immiscilble mixtures is entirely independent
o conecentration and is dependent only on the vapor pressure

cf the components. C(onsequently, in an extreme case such as
this, the guantitles evaporated are ldentlcal whether evaporated
senarately or as a nixtuwre., For example, a given guantlity of

air dubbled through a mixture of water and TEL under equllibrium
condiscions would evaporate identically the same smount of TEL .
=28 it would if TEL alone were present. (This discussion neglects

ronl z
the slight solubility of water in TEL and TEL in water.)

true solutilons - miseible ligquld mixtures having

HAany ©x
homogencous physical and c¢hemical propertcies - deviate go far
from ideal conditions that thelr wapor prassure characteristilcs
cporeach those of immiseible liguids. Solutions of TEL in agueous
methanol are sxamples of thils case. A condltion of "borderline
imaiseibilisy” existe which increases the effective vapor pressure
of the &L to a2 value approximately one hundred times greater than
that in an 1ldeal solution.

A simple diagram is helpful in summarlzing the difference
between the vapor pressure of ideal and non-ideal systenms at
constant temperature. In Figure 7 The gocissa represents molar
concentration and the ordinate vapor pressure. Point a is the
vapor pressure of compenent 4, and b that of component B. Then,
in an ldeal system, lines Ab and Ba represent the partial
Dressures (pB, pﬁ) of componznts B and A, respectively, and the
suin of these conponents, line ab, iz the total vapor pressurs
() of the system. Any deviatlon from solution ideality will give
other than gtraight lines through polants A and B for the partial
nregsure curves Ab and Ba., A typlcal example of non-ideality is
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shown in the lower part of the figure., In the extreme case of
immiscibility, the p, and p, curves do not even pass through A
and B but are horizontal, and the total vapor pressure of the
mixture 13 egual to the sum of the partial pressures, a value
entively independent of concentration.

Effective vapor vressure of TEL. - If the solutions
were ldeal, the amount of cach component evaporated at constant
temperature under nqu;librium conditions could be computed
from the Ray&eimh equation (see Perry, Chemical Englneers’
Handbook, 2nd ed., p. 1384) by the relation:

2 = log (100 - T) _ 2~ log (100 ~ #) _ 2 - log (100 - W)
Prp Py Py

where T, M, W represent the percentages of TEL, methanol and
water evaporabed and Pms Pies Pq are the vapor pressures of the
pure compounds. For ahy tWo ccmponents, such as methanol and
TEL, the relation can be written:

2 = Jox {100 = M) _ uypn
2 - log (100 = T

where, in this case, VPR 1s the vapor pregsurs ratio of methanol
to TEL, that is

VPR = Py/P..

Zven if the solution i1z not ideal, the eqguatlons have the same

form but the fractlon is no longer equal to the VPR but to another
constvant, which we have termed the experimenial relative volatility
(XRV). That is:

2 = Jog (100 « M) _ .-
- = q v
2 - 1oz (100 - T) ARV

The ratlo of XRV to VPR thus provides a measure of the non-idealilty
of the golution.

B. Sample Calculation of Bxrerimental Data

The results obtained are summarized in Tablea II to V.
Instead of detailing the data which led ¢to these results, the
complete calculations for a single atep in one of the evaporations
are shewn. The example chosen is the first step of the evaporatlon
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of Vitol by water=g aturated nitrogen ( un 6, Tables IT and III)J

The weight per cent of the original sclutlon remaining
after the evaporation of the first fraction was equal to the weight
of the residue (neglecting the relatively zmall welght of water
absorbed from the water-saturated nltrogen bream), divided by
the original solution weight, Wo: '

{ 212:T) « 100 = 81.2 wt. B left
1o 597.05

ozt
iy
oot

il

P

The wolume, Va, and volume per ce n“ of the fesidual solutﬂon wvere
calculated from the weight and density of the original, Wq, do,
and residual solutions, Wy, dis

Ve = d2 = %Zégf% = 321 ml. of residval solution
QA L83

and

Yo o 100 . 221 . 100 = 80.3 vol. 9 left
Vo 402

meth nol Cs, in the vesldual
density of cke “oTbL¢on {corrected

i

z. a, a2 plot of the nBiEy”

[

utian Was calervlated
» I
Tables, Vol. 3, g; 11”);* Thuu, the residue
2y the evapO?aLlcn 0¥ the Tlvet fracticn contalned
hanol and 23.8% water. The weight ond welght per
original methanol wemaining were then calculated from
ght of the regidue and the methancl concentration:

&3

"5 <‘$‘ O

91Cs o L273.712(76.2) | 208.6 «. of methanol in vas:
100 ﬁoc L0 5. of methanol la residue

Ky

1nql methanol

U, G, - (208.6) (2 Ocl 75.3 ut. &
PASCR...0- v = ).3 .ltn OX
7'.5'!000 7701 3

The calculation of the TEL ccnient (as 1ead} of *he

* Experimental data cbtained in this 1dy, which are hlso uhown
cn Fig., 8, are in excellent agreement with the values from the
International Critical Tables.
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residual solution, Ri, was based on the weight of TEL evaporated,
Ey {analysis of iodine scrubbsr), and the weight of TEL originally
present, Rp (analysis of ariginal solution):

o

o = .El = Rl.l 535-}4 - 1330,\3 = 20108 mgo Pb

Finzlly, the welght per cent of the criginal TRL rewmaining in the
regldue and ths concentration 1n milliliters per pallon were
calculaved from the ahove CGata, the volume per cent of the residue,
and the original concentratlon of TBEL in milliliters per gallon.
{3ince the TEL concentration cf the test solltions varied rrom
2.72 to 3.02 ml. per gallon, all of the figures pertaining to TEL
were corrected o an criglinal concentration of 3.0 wml. per gallon
to make the data on the various runs astrictly couparsvle.)

Bi - 201.8 . 0.2 wt. $ of orizinal TEL 1n residue

and
Pand
0.2 - . ]
30:3 * 3.0 = 2.20 mi, TEL/z3l. in residue

The TEL analyses also provide lent check on she prmc sion

of'ﬁhe test procedure. Table I licts the TEL concentration of
the test solutions calculated frem both the analvfeu‘pf”tie )
original soluslons and the analyses of the evaporated fractilona
and final repidues., The sum of the latter, caleculated For bhoth

dry and water-saturated nitrogen rung, deviaiszsd from the
analysis of the original by a maximum of only 0.CH ml. per gallon
opr 2.0%. The accuracy of these material balances is avmarkablc
in view of the numeprous analyazes involved and the handling losses
incurred during the density determinations.

R
o
O
=3
=
o)

n

The data for the evaporated fractlons are tabulated in
Table IITI. The weight of soluticn evapoeated was devermined by
correcting the welght loss of the evaporator, Wy = Wi, for the
welght of water zbsorbed from the water-saturated alirogen by the
evaporatiﬂg solution. Thus, Wa = Wi, plus the weight loss of the
water saturator, Si, gave the welght of solutlion evaporatved.

Wo = Wy + 81 = 33708 - ?73.¢A + 7.6 = 71.0 g. of sclution
' evaporated

Division of this value by the volume of effluent nitrogen {corracted

to .standard conditions of temperature and pressure) zave the weight
of solution evapcrated per liter of nltrogen.
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71.0/371.9 = 0.191 g./liter nitrogen
The welght of methanol evaporated and the grams of methanol per
liter of nitrogen were found from the difference batween the
weight of methanol in the original, Mgy, and residual solutions,
M1, and the quotlent of this value divided by the volume of nitrogen.

Mg = My = 277 -~ 209 = 638 g. of methanol evaporated

68/571.9 = 0.18a3 grams of methanocl/llter nitrogen.

The welght of water evaperated and its concentration in the niltrogen
stream were found in an analogous manner.

Pinally, the cunulative welght per cent of TEL cvaporated
and its concentration in millligrawms per cubic foot in the effluent

nitrogen were calculated from the weight of TEL evaporated, Ei, the
criginal weight o7 TEL present, Rg, and the volume of nitrogen, H..
™ 133§ ' .
2l = =22es = 35,88 TREL evaporated.
o e R
and ,
o L . - _
Y 13.14

The only exceptlon %o the procadure descrribed above was
the measurement of the denslty values of the regidual golutions
for the original evaporation (Run &4}, “he nature of the problen
wag not completely understood at that time snd density measurements
were not made. Congequeatly, thege valued were calculated from
the weight of the resicdual solution and Figures 2 and 8.

. C. Casoline-THEIL and Hentane~TEL Data

The data on the hydrocarbon-~-TEL systems (LThs U44-59
and 46-47) necessary for comparison with the present study are
given in Tables VI ang VII.
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TABLE 1] - Evaporation of leaded Methanol Solutions:

Restdual Solutions

Solution Methanol TEL (b}
welsdht, Volume,
4 of Density, ¢ of Concn., Weight, Wt. % of wt, € of
o, original az* ml. original Wt, 4 . original mg, Pb originsl
un 1, Ieaded methunol; dry nitrogen
raction O 317.4% 100 0.790% L01.5 100 100 Bo® see 3364 —-
1 27h.67 86.5 . - 3h7.5 86.7 100 329.0 g97.8
2 251.45 7%.2 -- 318.1 79.2 100 column column  326.2 46.8
3 207.50  65.h .- 262.5  65.4 100 ) %22,% 95.08
L 177.22 55.8 0.7915 224,0 55.8 100 1 2 318.¢ !
5 114 &7 6.2 -- 145.3 36.2 100 283.3 e .2
6 66.12 20.8 0.79%  83.1 20.7 100 a5, 5 73.0
wn_ 2, leaded rethancl; wet nitrogen
raction 0 273.h7  100.0 0.7845 346 -- 100.0 275 -- 289.7 -~
1 217.02 764 L7950 273 78.9 55 215 18.2 2724 G40
. 2 182.67  67.2 L8005 229 66.2 98 180 654 2%6.2 86.4
3 133,19 Le.7 L8085 165 .7 96 130 b7.3 221.7 76.5
b 121,62 Lk 5 .81k0  1hg Lz 1 93 110 L0.0 210.2 72.6
9. . 87.66 32,2 L8330 - 106 30.6 85 75 27.3 11,1 53.2
un 3, leeded asguecus methancl; dry nitrogen
‘raction 0 3%50.L3  100.0 0.8500 3k -- £1.8 270.3 --  328.8 -
. 1 313.16 gk 8 JBhoo 372 ol b &1.0 253.7 93.8 260.0 88.2
2 299.02 0.5 JBlzg 355 0.1 80.4 2404 88.9 2584 78.6
3 275,84 8.7 LBhéo 331 8.0 79.5 222.,5 82.3 212.7 ok ,7
4 2okp ¢8 2.5 .8510 286 72.6 1.3 187.8 69.5 127.5 38.8
Run 4. Tleaded nqueous methanol; dry nitrogen (same as Run 3)
¥raction 0 334 .64  1C0.0 0.85%00, 259 -- 1.8 273.7 .- 333.0 -
1 157.65 W71 -g72:9)181 154 68.7 10B.3  39.6 .k 2.8
2 57.31 7.1 .G3- &) go 16 Ly 23.5 8.6 4.7 1.4
3 2453 7.3 Jo7- @ a5 6 16 5.9 1.4 5.1 1.2
Bun 5. Vitol; dry nitrogen
Fraction 0. 331.64  100.0 0.84C0 295 - 81.8 271.3 - 330.0 -
1 312,45k Gh.2 LBhps 371 G3.9 8o.9 252.8 Q3.2 2949 8g.k
2 275.05 gx.0 ey %05 g2.3 79.2 217.9 8c.3 225.1 68,2
 2kI (5 T35 L6510 286 724 7.3 18¢.3 6.4 166.3% 50.4
hoog7.69 26k S0k g7 25 -- -- -- 26.8 8.7
Run 6. Vitol; wet nitrogen
Fraction ¢ #7/.66  10C.C 0.67250 402 .- ge.2 2717.1 -- 3354 -
1 o7l &i.0 JEs5%s 0 201 8g.% 76.2 208.6 75.3 © 201.8 60.2
o oh0.73 71k Bles 214 69.8 72.2 17%.8 Ge.cr 1260 38.5
%3 206.0% €1.1 8760 235 58.8 66.6 157.2 kg, 5 68,7 20.5
L €1.72 1€.3 L9650 63.8 16.0 16.0 3.9 3.6 19.h4 .6

{a] values calculated from % residue and Figs. 2 and 3,

(b)

corrected to fn original cencentration of 3.0 ml./gallon
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PTABLE 111 - Evaporation of leaded Mothanol Solutionn: Evnporusted Fractionn

-gT--

Tl
i tropen Solution Mothanol Hutor Cumalntive  Coucrn. TEL
Volumo,(a) Prnaanrn}laelght, g./1. of Wetpht, g./l. of Welpht, g./1. of (AP A in Qihrugnn
diters cu, f£t. mm, Hg. [ nitrogen ' nitrogen '8 nitrogen me. b evaporated mg./cu, ft
Eun 1, lesded methanol: dry nitrogen
Fraction L 198k 9,59 &Cl 2,12 0.270 800 ooe - .- R 2.2 1.2
2 65.6 3,02 . 806 23.22 Lerl _ 2.8 3.2 0.9%
z 167.0 5.0 812 43,95 263 column  column 3.9 k.2 0.¢6
b 113.3 4,00 813 30.28 267 3.4 5.2 0.85
5 231.0 8.16 813 61.47 266 4 5 zh 1 15.8 h .18
6 186.5 6.59 807 48,75 262 3.8 2.0 5. 7h
Fun 2. leaded methanol; wet nitrogen
Fraction 1 2:6.6 8.3 615 60 0.3 see see (c) (c) 17.3 6.0 2.07
2 1%3.5 471 801 35 .3 1.3 11.6 5.03
5 217.¢ 7.70 806 50 .2 column column 32.8 22,5 L.26
y 51.7 1.83 806 10 .2 10,6 27.h 5.81
¢ 5  165.8 5.85 810 35 .2 Y 5 5.0 46.8 9.2%
Fun *. Icaded agueous methanol; dry nitrogen
Fraction 1 86.1 3,11 825 1127 - 0.196 16.6 0.189 0.7 0.007 38.8 11.8 12.h7
2 72.5 2.56 823 14,1k .195 13.3 .183 0.8 .012 31.6 21,4 12,34
3 99.9 3.53 825 19.18 - .1g2 17.9 .180 1.3 .012 ks, 7 35.3 12.95
4 1g&.2 7.00 817 36.86 .186 3k.7 175 2.2 .011 85,2 61.2 12.17
Tun 4, leaded aqueous methanol; dry nitrogen
Fraction 1 ¢72.9 3L, 26 830 177.01 0.182 165.5 0.170 11.5 0.012 323.6 97.2 g.h2
2  8§70.1 30.73 820 100,32 W15 ek.8 .097 15,5 .018 L7 98.6 0.15
3 5437 16,20 gaL 32.78 .060 19.6 .036 13.2 ..02h 0.6 98.8 0.03
Run 5. Vitel; dry nitropgen
Fraction 1 46.2 3,40 817 19.10 0.199 18.4 0.192 0.7 0.007 35.1 10.6 10.33
2 161.8 6.77 €16 37.45 L195 35.0 .182 2.5 .013 69.8 31.8 10.30
3 1£1.5 5.70 808 31.hb .165 29.5 .183 1.9 .012 56.8 k9.6 10,31
L g20.7 32,5 819 153.86 .167 - - -- - 136.2 91.3 k.19
nn 6, Vitel; web nitrogen
Prectien 1 371.¢ 17,14 €10 71.0 0.191 68.0 0.183 3.0 0.008 1%3.6 %9.8 10.%
2 2054 7.23% 830 36.5 .78 34,0 166 2.5 .012 724 61.5 9.68
5 220.7 179 818 38.1 .173 36.1 .16k 2.0 .009 59.7 79.5 7.66
L 1050.3  37.09 811 165.1 - 127.3 - 37.8 - 53.1 95.h‘ 1.43
(a) at 760 mm.,, 0°C.
(v) pressure at 25°C. in evaporator
{c) beyond accuracy limitse of apparatus
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Solution Mothanol Wl
Welpnt, Voluna, nhuorboed
4 of Density, % of Cene'n,, Welght, Wb, & of froa
. original dzt wl, orfpinal Wi, £. ortpinel saturiator, o,

Pun 7. sgaeons metbanol; dry nitrogen

Fraction O RN 100.0 0.8k10 Lel 100.0 &1.0 20560 100.0
1 Z0€ bk 0.7 LBl 363 0L T4 6 2L g &0
o 2rl.ko €0.4 RETE 320 7L (. 2114 (Y
5 ?‘)6 oo 75.2 L8510 268 hb 1.0 1.5 1.5
h 16 /8 56,6 L8630 209 5Pl 702 2.9 52.2
o) 170.15 50. L8105 199 L8.6 6G.0 117k 2.y -
s 121.51 30,9 L8850 150 3.2 62.8 82.6 30.2
G915 20k .9015 110 o1k 56.0 55.6 20.3
# 16,35 o226 VG165 85.0 20.7 k7.0 35,6 1z.1
ian £, A uscus methenol; wet nitropen
Yracticn O 2Lk 100.0 0.6410 266 100.0 81.0 271,1 100.0
1 215.11 gh,1 LBlihs 373 [ 7T 251.1 w6 AN
- 271,78 £1.2 LE5ko 318 79,8 75.7 205.7 75,4 7.0
2 210.13 62.¢ 755 2o £0.% 668 140,k g8 7.72
E 157,48 k7.0 RECHe 175 LL o 57.1 &a.y 33.2 7.11
5 119,59 JS T L5260 129 R Lz ¢ 52.9 104 €5k
€ £2.09 ) LGT05 eh .6 21.3 16.2 13.1 L8 11,19
4
TABIF V - Twanoru®ian of Asmerne Methenol: FEvavorated Fractions
. Nitrogen Solution Methanol Water
Volume &) () ' ’
nate, Pressure W, %
liters 1./min, ma. Hg. Wt., &, g/, W., g. g./1 ‘n vapor Wt., g. /1.
Pun 7. Aqueous methenol; dry nitrogen .
traction 1 156.7 0.83 782 31.31 0.200 29.7 0.189 95 1.6 0.011. 1,
2 175.9 .79 798 33.96 193 21.5 179 93 2.5 O v
7 8 .4 .68 799 16.73 87 0 1503 171 92 1.4 .016
L 3137 .71 809 55.23 A76 1 5201 .166 9k 3.1 .0lo
5  151.6 .39 809 26.28 73 0 2h7 .163 9k 1.6 010
6  228.9 .51 797 36.87 .161 24,1 .19 o2 2.8 .012
” 203.5 .56 805 30.00 Y 2€.3 129 88 3.7 L0118
& 168.0 R £02 21.54 131 1.6 116 4o 2.5 oL
un €. Acueous mothansl; wet nitropgen
‘raction 1 102.6 TTToU72 773 21.9 0.21k 20.0 0.195 28 1.9 0,019
2 2k6, 1 .80 769 ho 7 202 L 7 J182 <0 5.0 .020
3 367.3 Ral 767 684 .17 6k .5 167 Gk 3.9 .010
L 72,7 .61 783 57.6 .15k 4.0 L1531 85 8.6 .023
5 %08, 72 772 L3 L J1%2 %6.8 .112 85 6.6 .020
6 558.8 e 777 h7.9 .089 3%.1 073 82 8.8 016

(a) at 70 mi. and 0°C.

(b) ot 25°C, at cvaporator
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TARBRLE VI ~ Eva DOPut’On of Leaded hvdrocaroon Solutlons

These data are calculated

Cumulative %

Evanorqtcd rrucfions

Fuel Evaporated
Vol. % Wt. %
Gasoline
10 9
20 18
>0 27
70 68
90 89
100 100
Heptane
10 10
20 20
35 25
70 70
g0 90
RE

Wt. of
fuel per
liter of

alr, g.

1.76
0.76

.39

.10

.Q7

0020770

from LTDs 44-57 and 46-47

TEL ,
Cuni. wt. »
Pb/cu. ft. evaoorated
0.155 0.023
.102 .060
076 .115
127 .96
.325 3.61
1.274 100.00
-- 0.07
-- .16
0.084 o1
.100 .85
.150 1.66
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TABLE VII - Evaporation of Leaded Hydrocarbon Solutions:

Residual‘séiatiﬁhstJ

These data are calculated from LTDs 44-57 and 46-47

Regsidual Fuel

TEL

Vol. % Wt. %
Gasoline
100 1100
90 91
80 82
70 7>
60 63
50 52
20 32
20 22
10 11
Heptane
100 . 100
90 90
80 80
65 65
20 30
10 10

KE 0020771

conc., ml./gal.

V3.oo
3.53
3.75
4.28
4.99
5.98
9.90

14.75

28.92

4.60
10.26

29.50
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the plottsd values due to water ebsorption from the wet gas
streem (see text) is negligible,
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