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III: INTRODUCTION

The heat of mixing of two nonelectrolytic liquids is a direct
measure of the molecular interraction between the liquids, The experi-
mental determination of this hest change therefore provides a good method
for testing any theories concerned with the mixing of liquids, However,
a lot of dota needs to be obtained before any significant correlation can
be made from theoretical considerations, In view of this, 1t 18 sur-
prising to find that very few data seen to be available in the literature
and it is evident that few measurements hesve been made,

The lack of data avallable is probably due to the difficulty
encountered in measuring these heat changes with any accuracy, 7The heat
changes are usually positive and very small, being of the order of 25-50
calories per mole, Furtherrore, the liquids which are mixed are usually
quite volatile, Consequently, a vapor phase is present sbove the liguids
and a correction should be made to the results in order to eliminate
thermal effects due to the change in the composition of this phase on
mixing, In the work done by previous workers, notebly Hirobe® in 1925,

Cerroll and Mathews® in 1»L, Vold® in 1737, Boissonnas and Cruchard® in

i, ilirobe, J, Faculty Sc univ, Tokyo, 1, 155 (125).
Lode, 20,3122 (13557 ke i o

( *B, H, Carroll and J, H, Hathews, J, im, Chem, Soc,, ub, 30
1nu),.

3fe Do Vold, J, An, Chem, Sogg, 52, 1515 (117).

— 4¢C, G, Doissonnas and M, Cruchard, lielv, Chim, Acta, 27, ?%
Je
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1k, and van der Wasls and Hermans® in 1950, the vapor phise was pre-
sent, Most of these workers ignored this vapor phsse correction, vold®
states, however, that calculations have showm it to be negligible in his
work due to the small volume of the vapor phase, Van der waals,® on the
other hand, found while worldng with nixtures of hexane and hexadecane
that the correction which had to be made due to this vapor phase change
was sometimes as ruch as one third of the total heat change, Since there
is considerable inaccuracy in determining this correction, probably at
least 108, the accuracy of the measurenents is seriously limited, A
calorimeter was designed by Scatchard, et, al,® in 1750 which eliminated
the vapor phase, The serious drawback with their calorimeter was that
the mixing vessel was made of glass, This posed serious problems as to
heat conduction and introduced errors in their measurements, Another
calorimeter in which the vepor phase was eliminated was designed by
Cheesman and wWhitaker® in 1950, Their calorimeter consists essentially
of & metal mixing vessel with twe compartments separated by a tin foil
diaphrapgm, The two corpartments are filled with two different liquids,
When these liquids are to be mixed, & sharp pointed metal weight is drawn
with a magnet through the tin foil disphragm, The desiyn of the calorime
eter alsc includes a thermocouple for meansuring the heat change and a
heating coil for calibrating the apparatus, This appears to be the best
type of calorimeter to be found in the literature, It is upon this basic

8J, He Van der Waals end J, J, Hermans, Rec, irav, chim, Pays-
Bas,, 62, M9 (19u0), g

8G, Scatchard, L, B, Ticknor, J, R, Ucates, and E, R, MeCartney,
Lo Az, Chen, Socy, Ju, 3721 (1552).

7G, Hy Cheesran and A, ¥, Beryl Whitaker, ?rog, Roy, Soc, (london)
A 212, L0G=25 (1952). : ’
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design with considerable modifications thst v, J, Rex Goates and I made
our calorimeter,

The mixing vessels which have been used by various workers usually
have been surrounded by an insulating jacket such es a dewar flask, We
have found that suspending the mixing vessel directly into an evacuated
tube gives gzood insulation, Electricel heating has usually been used to
calibrate the apperatus, We have found that this is probably the best
nethod of calibration,

In moat of the methods previcusly used, mixing was carrled out by
either breakin: a glass bulb (which contained one of the components) into
the other component, or else by inverting a small closed vessel in which
the liquids were origineslly in separate compartments, It is the latter
procedure that we liked the best and used in our measurements,

Considersble work has been done by Scatchard et, 8l,%+%*+° on
indirect measurenente of the heats of mixing, From vaporeliquid equi~
libria at various temperastures, he measured the free energiecs of mixing
and expressed them as a function of tempercture, From these, he calcu=
lated the entroples and heats of mixing, There seess to have been quite
a bit of inaccuracy in his method, however, since the results of recent
calorimetric measurenents differ widely from his values,

In summary the experience of previous workers have led us to
formulate the following desirable characteristics for our calorimeters

8Q, Scatchard, S, ¥, Wood, &nd J, M, ifochel, J, Phys, Chem,, i3,
119 (19372).

%G, Scatchard, S, E, Wood, and J, M, Mochel, J hem, S
61, 3206 (1%7), ’ ’ » da Am Chemy Socy,

393, Scatchard, S, E, Wood, and J, M, Hochel, J, Am, Chem, Soc,,
&, 72 (1n0),
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(1) The over-all error in the measurements shall not exceed 17,
(2) The quantity of each cnzﬁpcment ahall be kept small (of the
order of a few milliliters) to eliminate temperature gradi-
ents which might arise in the ligquids dus to poor thermal
conductivity,
(3) The calorimeter shall be constructed so thut the heat changes
in it can be extrapolsoted to gero tine,
(4) Changes in the vapor phase shall be eliminated,
It is felt that all of these requirements have been met, and that
the data obtained are quite reliable,



IVy DISCRIPTION OF THE APPAHATUS
The Mixing Vesasel

Figure 1 is a disgram of the mixing veesel, The lower section
(A) 48 made of stainless stesl and is internally threaded so that the top
compartment (B), also made of stainless steel, can be screwed into it,
Four different sizes of stainless stecl weights (C) are put in the bottonm
compartment to vary its volume and to stir the liguids, The volume of
the top compertment is 12,3 ml, and the volume of the bottom compartment
is 13,2, W,9, 16,0, 17,1, and 19,9 ml, depending upon the weight used,

Separating the two compertments is an aluminum foil disphragm
(D) This diaphragm is placed between two polyethylene gaskets (E) to
seal the compartments from cach other and also to make the joint vacuunm
tight, The top of B is open in order that the compartment can be filled
with liguid, This hole is scualed by screwing a small brass plug (F) into
it, Again a thin polyethylene gasket {G) is placed betueen the plug and
the compartment to insure & vacuum seal, Care is used in filling the
top corpartment to eliminate any air that may be left under the brass
plug, By this arrangement, the vapor phase is virtuaslly eliminated,

Mixing and Stirring

The mixing of the two liquids is accomplished by tipping the
calorimeter upside down, This causes the sharp pointed weight in the
bottom compartment to fall, piercing the aluminum foil diaphragm and
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nixing the liguida, Comtinuous stirring is accomplished by tipping the
calorimeter over causing the weight to again fall and further mix the
liquids,

Insulation

Since the heat changes which are to be measured are very small,
an essential requirenent for accurate measurcments is thut the heat ex-
change between the mixing vessel and its surrcundings should be as slow
as possible and that it should proceed at a uniform rate, T7This is neces-
sary in order that any gresph of change of temperature with time can be
accurately extrapolated to the time at which the change began,

The insulation is accorplished by putting the mixing vessel in-
side an adiabatic jacket, the design of which is shown in figuwre 2, The
tube (A) has & diemeter of L5 cm and a length of spproximately 15 cm,
mne end of the tube is sealed to form a round bottom, The other end is
sealed with a large neoprene rubbter stopper (B), There are three holes
in the stopper, A vacuum stopcock assembly (C) is put in one of the
holes and the leads from the thermocouple (D) and the heating coil (E)
are drawn from the other two holes, When a run is to be made the joints
are sealed with paraffin wax and the system is evacuated using an oil
diffusion pump backed by a Cenco-Presesovac vacuum pump, Finally, the
entire tube is wrapped in aluminum foil to cut cown on radiation losses
and gains,

It was necessary to support the calorimeter inside the tube in
gome way, Furthermore, the thermsl conductivity of the material used
for supyort had to be very low since this material would provide a means
for the conduction of the heat from the calorimeter toc the glass jacket



Key
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and from there to the surroundings, It was found that cork would provide
a very ezcellent non-conductor, itence, the mixing vessel was built up in
two places as shown in the disgram with layers of sheet cork () until it
it snugly in the tube,

The cold Junction of the thermocouple was insulated also, It was
placed in a silvered dewar flask filled with oil, This junction of the
thermocouple wac threaded through a neoprene rubber stopper, which fits
into the top of the dewar flask, All joints on the cold junction end
were also sealed with weax insuring o water-tight seal, This was done be-
cause it was found that the entire cold junction, mixing vessel, thermo-
couple, end at least a foot of tho heating e¢oil leads had to be irmersed
in the constant temperature bath, This was nccessary Lecause heat cone
duction through both the thermocouple and the hesting coll lsads, due to
the tempersture gradient between the bath ond the surroundings, introduced
serious errors in the measurements,

When the thermocouple end heating coil leads were immersed in the
bath, some method had to be devised for protecting these wires from the
thermostat bath water, The heating coil leads were chosen with a plastic
waterproof insulation, The thermostal wires were protected by completely
encloging them in rubber latex tubing, The two ends of the tublng were
sealed water tight to the neoprene rubber stoppers by successive applie
cations of rubcer latex paint, The entire %ube was then painted with
rubber latex paint to keep it from rotting,

It was found thot with this tyoc of inaulation, good heating and
cooling curves were obtained which could be ver nicely extrapolated,
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Thermoatatic Control of the Hath

becaune of the size of the apparatus, it was necemsary to use a
large tank for the conmtant temperature bath in order to inswre adequate
circuletion of the water and a uniform terperature, The volume of the
tank used was mpproximantely 12,5 cubic feet, A tenpersture regulator was
used which shows no periodic variation and which maintains the temperature
of the bath constant to J,01°C, Since both ends of the thermocouple were
insulated, it wns found that this slight variastion of the tempersture pro-

duced no measurable variation in the galvancmeter readings,
Electrical Circuits

The description of the electrical circuits may be conveniently
divided into two parts, Figuwre 3 shows the thermocouple circuit, 5 and
H are two wariable resistors with a range from 0=999 ohms, T is a doulle
Junction thermocouple made of 28 gauge copper and 28 jgmuge constantan
wire, The upper part of the mixing vessel has wound on it a thin strip
of tissue paper impregnated with shellac, The ane end of the thermocouple
wes placed on this paper and held 4in position by the cork strips which
have Leen previously descrived, The output from the thermocouple was fed
to the galvanometer G,

This galvanometer is a Leeds and Northrup type 2289 B, the sensi-
tivity of which is 0,2 miero volts per mm, deflection if the scale is
placed one neter from the mirror of the gelvanormetear, The external critie
cal damping resistance is LS ohms, the period is 5,2 sec,, and the re-
sistance of the galvanometer is 17,7 ohrm,

The resistances S and H are included in the circuit to cut down
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the sensitivity of the galvanometer, The systems measured varied so
widely in the size of the temperature change upon mixing that it was not
possible to keep the jalvenomster :drror on the scale for all the measure=-
ments if the same sensitivity was used,

The resistances needed to decrease the current a given amount were
calculated as followss If V is the potential drop across the thermocouple,
1 is the current from the thermocouple, and i; and {5 are the currents
through the galvanometer O and the shunt S respectively, then by Kirlkhoff’s
Lews of electrical circuits

(1) 4 = iz + ig

(2) G, =544

(3) Ve=iHe Sig

(L) 7 = 4K ¢ Gig
Combining (1) and (3), we get

(s) v-ﬁna(x-&@-ﬂ&»s)-mg
Or, solving for 4

(6) 1 =Vaess
Tes

Next, substituting for "™ in (6) from (L)

(1 1-ﬂsouig+ss:§
Nes

Ory
(8) 4R + 43 = 43l ¢ Gig + 31,
Rearranging
(9) 4,=1 38
) 1 TeS

Howsver, as a good approximation, the current through the
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galvanometer is proportional to the deflection of the galvanometer,*! If
we let d, be the deflection of the galvanometer when 3 is taken fron the
circuit, i,e,, wien the total current i goes tiwoush the galvarometer,
and let dg be the deflection shen S is in the circuit, then

(10) 1g = kd,

(1) 1=k
Hence, substituting into (?), we get

(12) dg= o 5

) oty

Therefore, by knowing 0, values of S can be calculated to give any desired
fraction of the original sensitivity,

Figure 4 shows the heating coil circuit, S and H ore again two
varisble resistors, The range of H (which includes the resistance of the
leads as snd bod) iz from O=2000 ochms and the range of 8 is from =979
ohns, These resistances were used as a voltage divider because the po=
tentiomoter used in the potential measurements would measure only up to
1,6 volts, and epproximately four wolts needed to be measured,

The potential drop Ve, across the heating coil is calculated from
the potentiometer reading V as followss If i, is the cwrent through the
coil, i, is the current tiwough the rest of the circult, Iy is the re-
sistance of the leads from a to b, and R, i3 the resistance of the heating
coil, then from Kirkhoff’s Laws of electriezl circuits

(W) Ve = 1R

11The deflection characteristics of the galvanomoter are discussed
in more detail under “txperimental Acouracy” on page LS,
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(15) V =581y
(16) Vo = (2 + )4, = Rl
liow, substituting for i, in (16) from (1) we get

(17) Ve = (H + 8)V = Ryi,

Substituting for Vg in (17) from (13) and reasrranging

(18) 1, = *8)
L

Tow, substituting (13) into (17) we get

(19) Vo= V(HeS)(_ Ry )
(8 )Re+ Ry)

But, for owr purpose, we want V, to be about four times as large as V so
we let H = 33 then

- R

(20) Vg = L¥( Re L;

In practice, H is set at 150 ohms and $ at 500 ohms,

The potentiometer used was a Leeds and Northrup type K=2 with a
General Flectric catalog no, 32C galvanometer as a detection device, The
source of electrical eneryy for the heating coil was from lead storage
cells (B),

In the actual construction of the heating coll, two different
methods were tried, The first time the heating coil was attached to the
mixing vessel, the lower part of the mixing vessel was wound with a strip
of tissue peper impregnated with shellas, The heating coil, consisting
of approximately 3 feet of 28 gauge constantan wire with a resistance of
sbout 7 chrme, was wound onto this insuletion, Lesds of 18 gaupe plastic
coated copper wire were soldered to the ends of the heating coil, The
coil wes then covered with cork to hold it in place, It was found, howe
ever, that insulated constantan wire could be wound directly onto the
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calorimeter without the tissue psper insulation, This was done using
approximately L feet of 28 gauge insulated constantan wire which had a
registance of about 12 ohms, The heating coil leads and the rest of the

viring as previously described were not changed,
Timing Heaswrements

In all cases, the time during which the heating current wae passed
through the heating coil, was neasured with a stop watch, The reading of
the stop watch used can be eatimated to 0,01 seconds, The measurancnt
was made by simmltaneously starting the stop watch and throwing the switch
to complete the hsating circuit, when the proper amount of heat had
been introduced into the system, the switch was thon opened at the same
time that the stop watch was stopped, It is thought that with this Yype

of measurement, the time interval can be measured to within 0,05 seconds,

wWeighing

Lecause the mass (being about 175 gms,) and the volume of the
calorimeter used were large, and the difference in weight upon filling
being only from 10=20 gms, the emply oalorimeter was balonced sgainst e
counterpoise of approximately the same size as the calorimeter to cut
down on the errors which miyht arise due to houyaney, The counterpoise
consisted of a bottle of approximately the same size as the calorimster,
BSand was put in the bottle and the amount adjusted until a balance was
obtained against the calorimeter,

The analytical balance used has a sensitivity with 175 pw, on
each pan of 3., divisions per 1) milligrams, hence, it is possible to
welzh to better than at least two rmilligrams,
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Stirring Apparatus

Since the liquids had to be stirred frequently during the run, a
method had to be devised which would facilitate rapid and easy stirring,
To do this, a large wheel was attached to the side of the constant tem-
perature bath, This wheel was connected by a shaft to a small pulley, A
belt was run from this pulley to a similar pulley down in the water, The
latter pulley was connected to & shaft which was supported by a grease
sealed bearing, On the other end of this shaft is a clamp which holds
the calorimeter, Iy turning the large wheel the pulley turns, This in
turn tips the calorimeter over so the weizht can fall and mix the liquids,
Enough slack is left in the heating coil and the thermocouple leads so
they won’t et tangled up when the calorimeter is tipped over,

Storaze of the liguids

Some type of container had to be constructed for the storing of
the liquids which would keep roisture ocut of them, and at the same tins,
provide an easy means of cdispensing the liguids, Figure S shown the type
of container used, (A) is a liter resgent bottle with a stondard taper
ground zlase joint (B), (C) is & long glass tube which starts at the
bottom of the resgent bottle and ends up attached to the ground glass
Joint (D), (E) is also a ground glass joint while (F) and (G) are groumd
glass caps which it over the jJoints (D) and (E) respectively, These caps
are sealed on the joints with a stopcock grease which is insoluble in ore
ganic liquids, The joint at (B) is sealed with wax, When some liquid is
to be dispensed, the caps (F) and (G) are removed and a ground glass

sleeve is connected to (E), This slecve is also connected to a source of
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compressed nitrogen, By running compressed nitrogen into the bottle at
(E), the liquid is forced out at (D) where it can be caught in the cslo-
rimeter and used,
Kefore the nitrogen is used, it is dried by running it through a
large calecium sulphate drying tube, It is also filtered before it is
used, This is done by ruming it through a cotton and glass wool plug,



Ve EXPERIVENTAL FROCEDUNE

The mixing vessel, consisting of the two sections which hold the
liquids along with the metnl wedght, gaskets, brass plug, aluminum foil
disphragn, and the heating ccil with sbout 4™ of lends, was first balanced
against the counterpoise, The bottom one of the two polyethyleme gaskets
which hold the aluminum foil diaphragn in place was left in position in
the mixing vessel, The bottom section was then {illed to the top of the
gaslket with one of the liquids to Le mixed, The aluminum foll diaphragz
was then put into place, Care was taken that no alr was left under the
diaphragm in the bottom compartment, Next, the other polyethylene gas-
et was put in place and the top section with the brass plug removed was
screwed down tightly on the gasket, Any liquid which might have gotten
into the top section was blown out using corpressed nitrogen, The brass
plug was screwed tightly in place, The whole apparatus was then placed
in g bell jar and the air was pumped from the bell jar to removeo the
1liquid from the threads of the mixing vessel, Tho calorimeter was then
removed from the bell jar and weighed to determine the weight of the
liquid now in the mixing vessel, In the next step the Lrass plug in the
top was removed and the top compartment wos filled with the second liquid
leaving only enough spece in the compartment so the brass plug could be
screwed in place, The mixing vessel was them bLlown off with corpressed
nitrogen to rerove any liguid that remained on it and agein weighed, The
difference between this weighing and the first welghing gave the weight
of the second liquid,

20
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Next, a plece of tissue paper was wrapped around the top come
partnent of the mixing vessel and painted with shellae, After sufficlent
time had been allowed for drying of the shellac, the thermocouple junce
tions were put in place, Care was taien to keep the two junctions
separated from each other in order that they did not short out, A plece
of cork sheet was then placed over the thermocople junctions end clarped
on firmly to hold them in place, Uext, since the heating coil leads had
been cut in order to remove the calorineter for weighing, they werc soldered
bagk together and painted with tygon paint to serve as an insulation in
case the wires came in contact, The sssembled calorimeter was then placed
;x; the glass tube, The rubber stopper wes put in placej the joints were
sealed with waxjy and the air wus pwrped from the tube with the vacuum
purp, The aluminum foil was then wrapped around the tube and the whole
spparatus was immeresed in the bath and left overnight so the temperature
of the calarimeter could come to equilibrium with the bath temperature,

The next day after equilibrium had been established, the two
Hquids were mixed, The course of s typical mixing experiment is showm
in figure 6, Before mixing, the galvanometer deflection was observed for
gbout five minutes to insure that equilibrium had been reached, The
liquids were then mixed by tipping the calorimcter upside downg Point A
shows the time at which the liquids were mixed, The liquids were then
stirred at a constant rate for the remainder of the run, The stirring
wes usually done at the rate of once every ten seconxis, Headings of the
galvanometer were taken every 30 seconds until a gteady slope on the graph
was obtained, This corresponds to the line BC, At point C, the heating
current was switched on for the tire interval that was necessary to cone
pensate for the heat absorbed in the mixing, During this time, the
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potential drop V as previously described in section 1V was carefully
measured, The heating current was then switched off and galvanometer
readings corresponding to the readings for line NE were noted until a
steady alope was again obtained,

The gelvanometer deflection dy correspondirng to the heat change
due to the heat of mixing (H?:) was obtained by extrapolating the line CB
back to the time where mixing occcurred, This is shown in figure 6,
Similarly, the galvanometer deflection dy, corresponding to the rise in
terperature due to the olectrical heat supplied (Hy), was obtained by ex=
trepolating the 1ine DE back to the time at which the hesting current
was switched on, From the values of d; and &, which can be measured on
the graph, as illustrsted by fijure 6, and the other data which hed been
measured, the heat of mixing can be caleculated, This is done as followsy
Pirst, we must assume that the deflection of the galvanometer is propore
tional to the heat change in the calorineter,®® IExperiments with the
calorimeter show that this is a valid assumption, Yow, if this ia true,
then

(21) @ =

(22) d = Wi
Dividing (21) by (22)

(23) 4, = n¥
T R

Hence

(2u) Hy = dyHE
&

However, the hest change (B%) is glven by
(25) HE = 1.Vt
where 1, is the current tiwough the heating coil, V, is the potential
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drop ecrogs the heating coil, and ¢ is the time of heating, If ic is
measured in amperes, V, in wvolts, and t in smeconds, then H¥ will bde given
in joules, But, from Ohm®s Law

(26) 15 = ;5

Substituting (26) inte (25)

(27) B = &"_t
Yoreover, from equation (20), page 15, the potemtial drop across the coil
(Ve) is given by

(28) Vo = avHe I
‘L

Where Rey 15 the resistance of the heating coil, Ry is the resistance of
the leads, and V is the potentiomeoter reading from figure L,
Substituting (28) into (27)

(29) 1} = &Hn‘,@

Hence, submdituting (27) into (2L), we get

(30) R:-f'( uv ;:Rct
Re * Iy,

However, this gives the heat of wixing for the mmber of moles of solu-
tion we have in the calorimeter, asnd we want the hoat of mixing per mole,
hence, we divide by the total number of moles ng and get

(G1) H/mole =1 4 PRt
a‘?ﬂi:‘Tx,)-R”

But, if we mix liquida a and b, then
(32) Yoles of aw Wi, of a_ _ wng
oL, W, of
(33) Moles of b= Wt of b -y
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Therefore, the total molee of solution is given by
(3u) ng =ngemy
Hence, substituting (3L) into (31), we get
(35) Hi/mole = 1 dy ( LV PR
e & (G v e

Heate of Mixing From Heate of
Dilution easurements
The procedure previously described for the messurement of the
heats of mixing works well over & wide range of mole fractions, lowever,
the amount of the two liquids which oould be put in the calorimcter was
limited to the extent that some of the extreme mole fractions could not
be obtained by tiese direct messuruiants, These extreme nmole fractions
had to be cbltained from hects of dilution messurementa, These moasure=-
ments were made in the same way as the direct heats of mixing neasurements
as previously described, with the exception that a mixture of liquids,
whose heat of mixing is kmown, was weighed into one of the comportments,
The weizht of easch liquid in this mixture was obtained by multiplying the
total weight of the solution by the weight fraction of each component as
determined in the measurement of the heat of mixing of this solution,
me of the pure liquids was put into the other compartment and the hset
change was measured in exactly the same way as previously described on
page 21, This heat change measurocd was a hest of dilution, From this,
and by knowing tho heat of mixing of the alrcady wixed solution in the
one compartment, call it solution lo, 1, we can calculate the heat of
mxin: et & new mole fraction, This is done es followss If aclution
No, 1 iz compomed of liquids a2 and b, with the mole fraction of liquid a
being x; and the mols fraction of liquid b baing %, then if the heat of
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mixing per mole of solution Ho, 1 is iy,

(36) x3a + Xb—p=Solution No, 1, Al = H‘:
How, if ny molem of solution No, 1 and n, moles of a are mixed and the
heat change is found to be u’,’, then,

(37) m Solutiocn lo, 1 ¢ nea —e= (My + 1y )Solution o, 2,

INEE

And if we divide (37) by ny,

(33) Solution Fo, 1 ¢ %a_,& ;5 Solution to, 2, AH = Hy

Next, we add (36) and (38) and get

&

(39) (x, « 5%3 s xgb-—pﬁ + n, Jolution lio, 2,
( Ty ™y

Aﬂuﬂgog
s

How we divide by ny + ng
™

o) ¥y ¢ N a+ XMy b —e Solution No, 2,
Ny ¢ Ny g * g

Alis n, Be &
D Ty D+

But, (xane + ng)/(my + ng) 48 just the mole froction (3 ) of lMguid a

prosent at the new concentration and xpny/(ny + n,) is the mole frection
(%) of b present at the new concentration, hencej

(L1) »2a + Xb—eSolution Ho, 2, Al = n R;' . ﬂg
h * Ry M+,

leats of HMixing of Ternary Solution

The heats of mixing of the temary solutions are moasured in the
same way as the heats of dilution, A mixture of liguids a snd b (sc=-
lution No, 3) for whdch the number of moles of a is n;, the mmber of
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moles of b 18 ny, and the heat of mixin: is 1§, 8o that
(L2) nya » ngb —=(ny + ng)Solution to, 3, AHw uﬁ’
is put in one of the compartzents, ny moles of liquid ¢ are put in the
other eompartnent and the hest of mixing (fg') is messured, This is ex-
pressed by
(L3) (ny + ny)Solution Hoy 3 # MO —pm (g ¢ 1y + 1y )Solution
Nog liy AN = i
Adding (42) and (U3), we get
() ne ¢ mpb & me —=(n; ¢ 1 + my )Solutdon o, 4y
AHe R+ 1
To find the ternary heat of mixing per mole of solution, we divide (L)
bty ny +ng ¢+ and get

(LS) =8 * L + %o —o Solublon Mo, 4y, Al = i#-» il
Mty *ny
where x; = n,/{n; + my + ny) is the role fraction of a, % =

ng/(ny + mg ¢+ ny) is the mole fraction of b, and 3 » ny/(ny *+ ng ¢ ny)
is the mole fraction of ¢,
These ternary heats of mixdng are thenm correlated in terms of the

binery heats of mixing,



VIs EXPERIMENTAL RESULTS

The systems chosen for study were the three liquid palirs formed
between bensene, carbon tetrachloride, and cyclohexane, and the Lermary
mixture of the three, These three were chosen because they are representa-
tive of the non=polar type of molecule,

A graph and a table of resulis are piven for the systems studied,
The heat of mixing in calories per mole is plotted as ordinate ogainot
the mole froction of one of the components as abclssz, The curves obe
taincd are smooth and follow closely the equation for the parebola,
Because of this it was thought desirsble to surmarize the results in
terms of an equation, Several semi-empiricsl equations hive boen dew
veloped in the literature, Notable among these are those by Scatchard
gty 81,°'*? in which he expresses his therrodynamic function as a power
series expansicn of mole fyuctions, and by Hildebrand®® who expresses his
thermedynamic functions in terms of whzt he calls "sclubility paramcters™
and volume fractions, It was thcought, however, that probably the best
equation to use is thot developed by Redlich and Yister,*® Their equation
expresses the therrodynamic function 28 a power seriocs expansion of mole
fractions expressed in such a way that the higher order terms are correce
tions for the terme of lower order, This is done to avold the inconvene

ience of having the result appear as a small difference of large nubers,

327, He lilldebrand and B, L, Scott, "The Solubility of Nonelectroe
lytes," 3rd #d,, Heinhold Publishing Corporation, llew York, W,Y,, 150, p, 127,

30, Redlich and &, T, Fister, Ind, Eng, Chem,, 42, 345 (Ad).
28
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The equation is serd-empirical, and the development depends
largely opon intuitive reassoning, Since the curve follows closely the
equation of & parsbola, it is convenient to express the equation in the
form of a paratola with gome higher order terms introduced to serve as
corrections for the slight inconsistencles which develop,

Since Q » O for x» 0 and x = 1, vhere Q is a thermodgynamic func-
tion and x is the mole fraction, each term must contain the factor
x(1 = x), It is also desirable to develop the series in terms of & vari-
able which is somehow symmetrical with respect to the two components,
The simplest variable of this kind is (2x = 1), which merely changes sign
upon exchange of the components, Thus, the most useful developrment ape
peara to be

W6) Q= x(L=-x)|B+C2x = 1) + D(2x ~ 1 o---]
where B, C, D, ete, are empirical constents which can be evaluated for
the particular system in question,

The further development of Q into a power series for multiw-cone
ponent systems follows without diffieulty, If we remember that x, =
1l =%, wo can rewrite the preceding equation in the more symmetric form

(W7) Qus = %33 [Bn * Caglxy = 3g) * Dy ey = 29 )° ---]
Intuitively then, the series for a ternary system can be represented by
the sum of ths three binaries plus a cross product term which is introe
duced for syrmetry, If this is done, then

(L8) Qaas = Gas * 1 * Ga * Xa%Xy [cua’D;(r--a)

* B =x) ¢ --]

Seatchard? has discussed the evaluation of the eross product
constants, Cyga, Dy, Dy, ete, He has come to the conclusion that if the
systens studied deviate only slightly from the symmetrical expression,
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the cross product terms con be neglected, This effect will be dlscussed
further in the general discussion,

Seatchard® has found, however, in his treatment of the carbon
tetrachloride~mothanol system that mixtures containing a polar component
have large higher order terms and require a more complete analysis,

The evaluation of the empiricul constants in equation 47 would
be done by the method of least asquares if we were trying to do the best
job possible, Scatchard™ has suggested a method which although not
nearly as exact, is much less tedicus, iiiz method is as followss To

evalucte By, from equation 47, we let x; = x; = 5 then
(9) Hy mo.s0 = (5)(:5)B3a = 425 Ba

(50) Byy = by e0.s0
Also at x; = /i, % = 3/4
(51) By my a0 = 3/16[Baz = 1/2 Coq + L Dyg
And at x; = 3/u, % = I
(52) “23"0-"' - 3/16[31., + 1/2 Cyy ¢ 1/ Duj
Subtracting (51) from (52), we zot
(53) Hfymo,7s = Hymo,as = 3/26[F1 ¢ 12 Cog + 1 Dy = Byy
+ 1/2 Cyy = 14 Dm]

So,

or,

(Sh) Cu = 16/3 El’},.a,m - ,.:,,m]
Dya is obtained by adding equations (51) and (52), When this is done,
we get

(S3) Dyg = 32/3 Eﬂx sl & u’;‘waa »)0ha

M0, Scatchard, Chem, Reve, 4. 7 (Lh?).
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These constants are all that is usually needed to specify the systems,
Further terms can be obtained, however, by taking mole fractions of 1/3
and 7/8 and repeating the above procedure,

The Benzene=Carbon Tetrachloride System

The first system studied was the benzene-corbon tetyrachloride
systen, This was dons because nany consistent results had been obtained
for this aystem with which we could compare our data, Table 1 gives the
results we obtained for trds system, Table 2 shows a comparison of our
values for an equal rolar mixture of bengzene and carbon tetrachloride
with those found in the literature, It is meen that our result of 25,6
cal,/mole agrees well with most of the literauture values, Figmre 7 shows
that the heat of mixing is quite symmetrical with respect to mole frace
tion,

Table 1

Carbon Tetrachloride (1) ¢ usnzene (2) at 25,00°%C

% El_‘i‘! (cal/mole)
2313 16,6
4113 Uo7
#lals60 2543
.SHS 6 25 .9

o156 21,7
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Table 2

Heats of Mixing in Calories Per iole For Equal Molar Hixtures
of Carbon Tetrachloride (1) snd Denzene (2)

Date Method & % Hng Rleference
1925 Calor, 25 2546 Hirobe®
37 Calor, 25 21,0 Vold®
19,0 V=L Lo=T0 30,0 Scatchard ﬁa e’
1oul Calor, . 20 2lie3 Boissanas an

30 21,8 Cruchard®
1950 Ccalor, 20 31,0 Seatchard _a%., al®
1952 Calor, 2,7 25,8 Cheesman_an

whitaker’

1956 Calor, 25 25,6 This Work

The measurenente were all made at 25,00°C,

The equation which best fits the data is given by

(56) H)I?I = Xy Xa 103.2 * l3g1(xl - WQ) - 1363(’*1 = H’n)‘]

vhere (1) is carbon tetrachloride and (2) is benzene, The value of H‘?,
as calculated from the equation has the dimensions of cal,/mole,

The hensene=Cyclohexane System

Teble 3 and figure 8 show the results for this system at 25,00°C,
The maximum value of the heat of mixing is 132.,4 calories per mole, The
graph shows that the heat of mixing is approximately syrmetricel with

respect to mole fraction,
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Table

benzene (2) + Cyclohexane (3) at 25,00%C

% Ky (eal,/mole)
I3 157,7
38 173,9
ok 21l 32,3
3273 1,0
ALY 177.9
oTuB2 Ll,2
o f6lad B7.7

The equation which beat fite the data is

61 1 = mm [79.6 ¢ 1200 - 5]
whare bensone is (2) end cyclohoxane is (3), The value for lig as cale

culated fyom the eguation hoe the dimensions of cal,/molse,
The Carbon Tetrachloride=Cyclohexane System

Results obtained for this systam are shown in table § and figure
9. The meaguraments were made at 25,0°°C, The maxime value of the heat
of mixing is 40,2 cal,/mole, The results again appear to be approximately
symwtrical with mole frsction,

Table

Carbon Tetrachloride (1) ¢ Cyclohexene (3) at 25,00%C

5 ﬂ {cal,/mole)

o2 T 2742
542 37,83
5017 40,1
59977 39,9

o TTu6 28,9
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The equation which best fits the points obtained for this system is

given by
(58) H’,‘, . X% [160.3 * 13,9(x; = ;) = 20,2(xy = x,)’]
where (1) is carbon tetrachloride and (3) is cyclohexane, ﬂ;', calculates

out in calories per mole,
The Cerbon Tetrachloride-Densene~Cyclohexane System

Table 5 and figure 10 show the resulte obtained for this systen
at 25,00°C, In the measurements made, equimolar amounts of bsnzene and
carbor: tetrachloride wers used in all cases, hence, the mole fractions
of benzene and of carbon-tetrachloride are equal,

Table 5
Carbon Tetrachloride (1) + Benzene (2) + Cyclohexans (3)
at 25,029
Xy %e % H:ls: (eal, /role)
.soo .500 .OOO 25.8
0325 0325 350 117,2
o306 o306 388 113.2
230 +280 Slils0 120,5
0233 o233 53k 15,3
213 213 ooTh 109,17

The maxirum value for the heat of mixing for tuls system is 120,5 calories
per mole, This walue 1s displaced from the mid-point of the graph, oce
curring at a mole fraction of cyclchexane of O uli, The heat of mixing
does not go to sero when the mole fraction of cyclohexane is zero becouse
there is still a heat of mixing betwsen carbon teotrachloride and benzene

even when ¢yclochexene is absent, The equation of the curve in figure 10
is given by
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(59) Has = m% [10.2 + Bullxy = %) = Balx = %))
o x% [160.8 + 13,9(x, = %) = 20,2(x; = %))
XX [72?.5 * 1R u(x - 3'9)’]
¢ mnm (128 + 161(x, - 3) = 16360x; = %)°]
where carbon tetrachloride is (1), benzene is (2), and cyclchexane is
(3), The value for the heat of mixing caleulates out in cal,/mols,



VIils GENERAL DISCUSSION
Discussion of Data

The plota of the heat of mixing ageinst mole fraction for the
three binary solutions follow closely the equation for a parabola,®
The maximum value for the heat of mixing appears at a mole fraction of
0,500 for all threes binaries, The Benzene-Cyclohexane system is symmete
rical with respect to the x = (0,500 line, The carbon tetrachloridew
benzene and the carbon tetrachloride-cyclohexans systems, however, are
slightly distorted,

The plot of heat of mixing against wmole fraction of cyelohexene
for the temary solution of csarbon tetrachloride=bensene=cyclohexans
deviates to some extent from the peorabola equation,

The maxirmum value for the heat of mixing for this ternary system
is displaced from the 0,500 mole fraction line, It appears at a mole
fraction of cyclohexsne of Olliy The curve, however, is symmetricsl with
respect to the line x, = Ok, Figure 11 shows & plot of mole fraction
of cyclohexane against heat of mixing for this system, The solid line
shows the curve which best fits the data, and the broken line shows the
curve which would be predicted by the addition of the equations for the
binaries, It is evident that there im a slight discrepancy between the
two curves, but this discrepancy does not exceed 5%, The experinental
curve is alightly displaced and slightly higher than the theoretical curve,

Bpor these graphs, refer back to figures 7, 8, and ? on pages
32, 34, and 36 respectively,

LO
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The heats of mixing measured were very small heat changes, 4is a
comparison, the heats of vaporization®® of carbon tetrachloride at 0°C,
benzene at 25°C, and cyclohexane at 25°C are respectively 8015, 3092, and
787 cel,/mole, The maximum heat of mixing measured was 132.,4 calories
per mole, This is about 2% of the value for the heat of vaporization,
The average heat change measured was about 25 cal,/mole, This would
represent only about 0,3¢ of the heat of vaporisation,

3ince these heat chanjes are so small, it appears that the bee
havior of the solutions approach very closely to the bshavior of the
ideal solution, The 1deal solution according to Glasstone®’ is one which
obeyss an idealized form of Raoult’s Law, namely, that the partial vapor
pressure of any component of a liquid solution is egual to the product
of its mole fraction and ite vapor pressure in the pure state over the
whole range of composition and at all temperztures and pressures, From
this definition, it can be shown that the heat of mixing for an ideal
solution is zero,2® It is for this reason that we say that our solutions
deviate only slightly from the ideal solution,

Expsrimental Accuracy

Calculations showed that the maximum error in the weighing of the
liquids did not exceed 0,'5%, The maximum error in the measurenment of
the amount of electrical energy disipeted in the heating coil wes found
not to exceed 0,134,

ALange, ed,, "Handbook of Chemistry,” 7th Ed,, Handbook Pube
lishers Inc,, Sendusky, Ohio, 1347, pp, 15551557,

375, Glasstone, "Thermodynamics for Chemists,” D, Van Nostrand
Company, Ine,, New York, N, Y,, 1553, p. 317,

18por proof of this cf, Ibid,, p. 313,
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The stirring of the liquids was a source of error since the
-falling of the weight in the calorimster produced heat, This effect was
compensated for by stirring at a constant rate, “hen this wns done, the
slope of the cooling curve was changed but it extrapolated back to the
same point as it would have if there had been no stirring, Therefore,
the heat caused by the stirring cancels out, and there was no appreciable
error in neglecting the stirring effect,

Probably one of the most important sources of error in the neasure-
ments was the uncertainty in extrapolating the heating and eooling curves
back to zero time, The coolinz curves obtained were linear and so the
uncertainty was probably small, Nevertheless, there was a certain amount
of uncertainty in the extrapolations due to slizht fluctuations in the
galvanometer, In order to estimnte this uncertainty, the following proe
-cedure was useds For each of several different experimenta covering a
range of deflection, the meximum and minimum values for the deflections
dy/d; were calculated and the £ difference between these values obtained,
Table & shows the results of these calculations,

Table 6

Percentage Difference letween the Ratio (dy/d;) max,
and %d,/d.) min, for Different Values of d,

d, (avg,) % Difference
F'd . m “.0
2,3k 3.6
6els0 1,2
7455 o?

1,78 1,0
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As would be expected, the percentage difference was greater vhen
the heat change was sraller and hence, any instablility in the system
lesding to an uncertainty in the extrapolations was more serious here,

It muat be realized, however, that these valucs represented the extreme
extrapolations and did not correspond to the best possible straight lines
which could be drawn throuzh the points, It is estinmated that the proba-
ble error in obtainin;; the best possible lines in the extrapolations does
not exceed half of that given in table 6, The error in correcting for
extrapolation would probably not exceed 1% for deflegtion of the galvanome
eter greater than about i cm, and would not exceed 2% for deflections
between 2 and 44 om,

Any impurities present in the licguids might lead to erroneous
resulta, For thia reason, care wog teken in the selection and purifice-
tion of these liquids, in order that practically ne error would be intro-
duced due to any impurities which might be present, In the case of the
benzene and carbon tetrachlaride, reagent grade materials were chosen,
These liguids were then fractionally distilled in a Todd still with a
245 x 100 em, "Heli-pack" filled column at a reflux ratio of about 1Ml,
when this wes done the refyactive index of the liquids agreed with the
best published values®® to 2 parts in 4000, To get this agreement with
the benzene, it was necessary to fractionally crystalize the bensene out
of its own volution, When this wss done, the refractive index of the
benzene agreed with the best published values to 1 part in 500G, In the
case of the cyclohexane, spectro grade mnterial was used, No further

purification was thought necesssxry since the refractive index of the

AoTimmernmans, J,, "Physico=Cheriical Constants of Pure Organic
Compounds,” [lsevier Publishing Co,, New York, H, Y,, 1350,
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cyclohexane agreed to within 3 parts in 4000 with the litersture values,}?

It 1z thought that after this procedurs, the purity of the liguids
would be such that any impurities present would introduce no measurable
errors in the determinations, These impurities would be so like the
liquid whose heat of mixing is to be measwred, that thelr comtribution
to the heat change in the calorimeter would be about the same as 4f 1%
vere the same liquid as that whose heats of mixing is being msasured,

It had been assumed in the measuwrements of these heata of mixing

that the deflection of the galvanomster is proportional to the electrical
current through it amd also to the heat change in the oalorimeter, It
was therefore necessary to test the gelvanometer to find if this was a
valid sssuwption before any significance could be given to the results,
It was showm that the deflection of the galwvanometer is proportional to
the current through 4t as followss The electrical circult wes aet up as
shown in figuwre 12, Here R, H, and 8, are variable resistorsy 0 is a
galvanometery B is a battery whose terminal potentisl difference is Vj
and i, iy, and 15 are currents tirough the various circult elements as
shown in the diegrem, From the velues of R, H, &, G, and V, the current
through the galvancmeter can be calculated, This is done as follows:
Fron Kirchhoff?s laws of electrical circuits

(60) (G + B)i.z = 5(4 - 1g)

(61) V-.‘.R-osti.-il)

From these, we elirinate 1 and get
(@) 1g

v
GelleS)Red) =P

In owr experiments, we set ! at 10,000 olms, R at 5,000 ohms,
and measured G to be 17,7 ohms and V to be 2,074 volts, 8 was then
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varied to get different deflections, Table 7 and figure 1) show the
results of these measurenents, A double pole=~double throw switch was
put into the cirouit thus making it poasible to take deflections on both
sides of the scale,

Tsble 7

The Deflection of the Galvanometer on Both Sideas
of the Scale for a (Given Current Through the

Galvanomoter
h x 10° (amperes) d (red) d (black)

o 1,53 1,52
pG TS § 3,06 3.5
1.7“ hosa “.58
2,268 6408 6,08
2.&6 1.57 7.56
’.3’& 9.% 9‘%
3.933 10,55 10,57
L 82 12,® 12,0
5.7 13,8 13,52
5570 Ly, 92 15,07

It 1s evident from figure 13 that the data from table 7 plot a
straight line and that there is very little differsnce between the de=
flection on the different sides, The masumption then that the deflection
of the galvenomoter is proportional to the current through it im & walid
ey

To show that the deflection of the galvanometer is proportional
o the heat change in the calorimeter, different amounts of electrioal
heat were put into the calorimeter and the deflection of the galvanomoter
noted, Figure 14 and table 3 show the results of these experiments,
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Table 3

Daflection of ths Galvanometer for a Oiven Heat
Change in the Calorimeter

Daflection (cm H (Joules
3.66 37.2
Tolid The2
n.01 no.s
1330 127,7
15,18 7.8
18,52 18,0

It is evident from figure 1, that the assumption that the de=
flection of the galvanometer is proporticnal to the heat change in the
calarimeter is o wvalid one, There sppesrs to be a slight curve in the
line toward ths upper end, However, very few measurements were made in
which the deflestion went this high, Also, in the ezrleulations of the
heats of mixing, only retios of deflooctions were taken, These defleo=
tions were roughly the garw and so any nonlinearity would partly cancel
out,

In summary, it is thought that for the most part the acouracy of
the measurements is within 1%,

Future Work "

There is still much wrk to be done with heats of mixing, Before
any significant theoretical considerations can be made for nonelectro-
lytiv solutions, more thermodynamic data such as volume, entropy, free
neryy, and energy changes rust be obtained, This psper presents data
dealing with solutions in which there are cnly nonpolar molecules present,
There i3 still much work to be done with these types of systems, but
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There is even more work to be done with systems which contain polar
molecules, Scatchard® has done some work with the methanol-carbon tetrae
chloride system, His results indicate that there are reglons in his plot
of mole fraction azainst heat of mixing in which the heats of mixing are
positive and other regions where the heats of mixing are negative, Murther-
more, although there are not enough data available to draw any definite
conclusions, there appear to be points of discontinuity on his cwrve where
the slope changes sbruptly, !, L. Im(gd.nl" has recently published what
appears to be a succeasful approach to the interpretation of this type
of data, He described partial molar volume versus composition curves for
the systers methanol-water, dioxane=water, ethanolewater, and nethanole
(butylesebacate) and observed the same type of behavior as Scatchard® did
for his methanolecarbon tetruchloride system, He postulated that the
breaks in the curves when any extensive thermodynamic property is plotted
against a composition function are due to the formation of loosely co=
ordinated stoichiomstric compounds, These compounds he calls “atructons,"
He has also done some work with two=component silicate lssses, By the
choice of reasonsble sets of structon types, he has been able to account
quantitatively for the abrupt breaks in the wvolumeecomposition curves for
tht; glasses, Much work still needs to be done, however, to investigate
further his proposals, o

Saemary

A calorimeter was conatructed for accurately measuring the heats
of mixing of various nonelectrolytic solutions, The heats of mixing were

"V L Hugeing, Jo Zysa Chemas 50, T (W),
ISTORIAN'S OFFiCL |
Ghurch of Jesus Christ of Laier-dey Scenis
47 East South Temple Sf
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then nezsured at 25,0°C for the binary systems carbon tetrachloride-
benzene, bLenzenewcyclohexane, and carbon tetrachloride=cyclohsxsne, and
for the termnary system carbon tetrachloride~bensene~cyclohexane, The
heats of mixing were measured at various mole fractions and the results
expressed empirically as a funetion of mole frection by use of the equue
tions developed by Redlich and Xister,®®

The behavior of the systems were then discussed and correlated

with the use of the hedlich and Kister®® equation,
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ABSTHACT

The heat of nmixing of nonelectrolytic liguids is important in
predicting the iype of molecular interactions which exist in solutions of
nonelectrolytes, The problem was to construct & calorimeter in which
these heats of mixing could be neapured aceurataly., once constructed,
the calorimeter was used to msasure the heats of mixing of some binary
and a ternary solution,

The systers chosen for study were the three liquid pairs formed
between benzene, carbon tetrachlorids, and cyelohoxone, and the ternary
mixture of the three, The results of the experinmentation are summarized
by the following equations,

(1) n’;’a - X% I_E-:a.z + Blx, = 3%) -~ B3(x - xe)*]

@) 15 = mm (7296 + 1RMl% = %)

() ’gs = X% @’}‘-3.8 + 18,9(x; = %) = 204,2(xy = g)']

(4) Hos =M + K3 + Wy + xum% [120 + 1d(x, ~ %)

- 1636(x, = %)" ]

where H stands for heat of rdxing and x for mole fraction, lere, (1)
is carbon tetrachloride, (2) is benzene, and (3) is cyclohexane, The
value of the hest of mixing as colculnted from the equation has the
dirensions of calorics per mole, The measurements were all made at
25,7%,

The plots of heat of mixin; ageainst mole fraction for the throe
binarics ares approximately symmetricasl with respect to the line x =
0,500, The plot for the ternary mixture is symmetrical with respect



to the line 3 = O i, Furthermore, the heats of mixing of the ternary
can be predicted from the binaries to within 5%,
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