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HEATS OF MIXING FOR BINARY SYSTEMS AND FOR SQME CONCENTRATION
LINES IN THE CCl, - RICH REGIONS OF THE TERNARY SYSTEHS
FORMED BY MIXTURES OF TRIFLUOROACETIC ACID,
ACETIC ACID AND CCl,

CHAPTER I
INTRODUCT ION

Our present knowledge of the theory of solutions is not
sufficient to cnable us 1o calculate the thermodynamic properties of
mixtures of polar liquids from the properties of the pure components.
Attempts have been made by Barker (1), (2) and others (3) and (L) to
treat polar liquids by means of a quasi-lé.ttice model, where the lattice
points are occupied by atoms or groups of atoms, and where intermolecular
contact energies of various magnitudes are assumed to exist between the
different atomic groups which are not comnected by chemical bonds. This
model makes necessary a complicated evaluation of the parameters (the
energies of the different intermolecular contacts). It has been partially
guccessful when applied to alcoholic gystems, but unsuccessful when -
applied to mixtures of water with polar organic compounds (15). In mix<
tures where strong intermolecular attraction leads to the formation of
stable aggregates of molecules, present theories are inadequate.

In the case of systems where strong hydrogen bonds are formed,

1
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it is necessary that reliable experimental measurements of thermodynamic
constants be obtained bafore further improvements can be made on our
current theories of solutions. Solutions of carboxylic acids are of part-
icular interest because of the existence of strong hydrogen bonds and the
tendency toward formation of dimers, as opposed to higher polymers, in
dilute solutions. Self-association cccuring via predominantly electro-
static type of interaction (5) of carboxylic acids and solutions of
carboxylic acids in non-pdlar solvents has been widely investigated.
Christien (6) has shown, from liquid-vapor equilibrium data, that the
system propionic acid - acetic acid behaves ideally. Tendency to form
hetsroedimers rather than the homo-dimers has been observed by Hansen
and Christian (7) for the systems acetic acid - trifluoroacetic acid,
propionic acid - pentafluoropropionic acid and n-butyric acid - hepla -
fluoro-n-butyric acid, from liquid-vapor equilibrium studies. Added evid-
ence for cross-dimer formation has been provided by an infra-red study
of the system acetic acid - trichloroacetic acid in CCly (8), As far as
is known no calorimetric measurements have been reported for mixtures in
which cross-association of the simple carboxylic acids would be expected
to occur. _

Tt is generally agreed (10),(11) and (12) that concentrated sol-
utions of carboxylic acids and their halogen-substituted acids (and thus
also the pure liquids) contain some polar aggregates larger than the
dimer. There is no general agreement as to whether the individual
hydrogen bonds of these aggregates are on the average weaker or stronger
than those in the dimer (11),(12) and (13), Harris and Alder (1h) advance

the theory that there exists a zwitterion structure (in which the carbo-
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xylic acid homo-dimer forms an ion pair by transfer of a proton from
one monomer wnit to the other) in equilibsium with the non-polar dimer,
This self-ionised model of the dimer has vecently (10) been used in a
dielectric study of the carboxylic acid dimers to account for larger
dielectric constants of pure carboxylic acids than can be explained on
the bagis of a symmetric dimer and also to account for the significant
increase in the dielectric constants with rising temperature. In any
event, if the proposed zwitterion structure exists in the homo-dimer,
then as suggested by Kohler (15) the zwitterion structure would be muci1
more important in the hetero-dimer, In fact, the formation of a switter-
ion structure may be one of the factors indueing ’ohe ‘oreferential forme
ation of hetero-dimers,

The calorimetric investigations described here were undertaken
‘to provide additional information on the associative behaviour of acetic
acid and trifluoroacetic acid. Systems to be investigated were binary
and ternary mixtures (in the CCly - rich regions) containing trifluoro-
acetic acid, acetic acid and CC:L;. For the three binary syétems to be
investigated, the only calorima’ofic data which have been reported are
heats of dilution of acetic acid in CCl, (9),

Since, in the present study sufficient quantities of all chem~
icals were available, it was not necessary to measure small heat effects
with high precision in a simple calorimeter. Instead, it was proposed
that a method be devised in which heat effects of the same order of mag-
nitude would be measured in each experiment, so that errors due to heat
exchange with the surroundings would be minimized. Further, it was essent-

ial that falsification of results by corrosion of the calorimeter material
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or by the presence of moisture be carsfully avoided. In addition, it
was required that errors due to volatilization of components and incom-

plete mixing be minimized.



CHAPTER II
OBJECTIVES

The primary object-of this study was to determine heat of mixing
values éaloﬁmetzical‘_ly for binary and ternary mixtures involving the
tmé' compounds trifluoroacetic acid, acetic acid and CCl,, Specifically,
the following regions were to be imvestigated; a) all three binary sys-
tems over the entire concentration range; b) the ternary system obtained
by adding pure acetic acid to 1:9 molar mixtures of trifluorcacetic acid-
CCl,s ¢) the ternary system obbained by adding pure trifluoroacetic acid
to 139 molar mixtures of acetic acid - CClyy d) the ternary system
obtained by adding increasing quantities of 1:9 molar mixtures of tri-
fluorcacetic acid = CCl, to 1:9 moldr mixtures of acetic acid - CCl,,

The second major goal of the investigation was to interpret heat
data in terms of interactioné between functional groups present in the
molecules. Of particular iaterest was the relation between formation
of the hetero~dimer and the tendency toward exotheimic mixing.

A third objective was to construct a suitable calorimeter and
to develop an accurate method for investigating heat effects in the a-
bove systems, in which corrosive, hygroscopic and volatile mix’ourés

would be involved.



CHAPTER ITI
EXPERIMENTAL

Materials

Except for the Iqomponen'bs of two test systems, distillation of
all compounds was carried out in a l foot long vacuum-jackéted column,
built heve, packed with glass beads and employing a Whitmore-Iux type
head., The middle fractions pn]y of small samples of each component were
collected in dry flasks and used as soon as possible after distillatvion.
The distilled mate:t:ials were stored away from light in small glass stop-
pered flasks over anhydrous calcium chloride in desiccators. Dioxan and
chloroform were stored in flasks provided with a long capillary (to keep
out moisture) and topped with standard glass stoppers.

Since the refractive indices of small batches of each material
were measured at slightly differing temperatures, these were checked
with the interpolated or extrapolated values, between two or more temp-
eratures, of the best recently published data. The determined refractive
indices (reduced o a single temperature for each component) and freez-
ing points, together with the literature values are given in Table 1%

Technical grade m-cresol and quinoline were each distilled once
under reduced pressure. Dioxan (1:l dioxan) and chloroform (both techni-
cal grades) were purified according to the method of Vogel (16), Analar

6
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Table 1. Refractive Indices (seé text) and Freezing Points

component Refractive Index FoP, (oC)
determined literature determined literature
quinoline - - =21,6 20,2  ~19.5

m-cresol (18°C) 1.5425 20,0002  1.5425 -

dioxan (23°C)  l.jye22 v 1.h22) -
CHCLs (23°C) Lol Lalldl | -
CH3C00H (2006) 1,375 M 1.3715 ¢+ #416.6 zo.é" #1646 |
ccL, (20%) Loy " 1.1;60&- : -
CF4COCH * - - =154 20,2 =15.25

Table 2. Comparision of experimental and interpolated literature (21)
Q values fc© heats of solution of XC1 ab 25°C

H,0 KCL h Q
(moles) (moles) HpO(moles)/KCl(moles)  (calories) (calorles )
(experimental Nliterature)

5 .6656 0 125,1515 +191..6 +189 .1y
5.8735 0 11244751 +223,5 +218.0
5.7241  0,05653 50,6379 423242 +227.0
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potassium chloride which had been dried for 48 hours at 150°C and had
been stored over anhydrous calcium chloride in a desiccator and double
distilled water were used in the heats of solution studies of KCl.
Analar glacial acetic acid was dried by refluxing over P05 (17) and
fractionally distilled once over P,0z., Trifluorcacetic acid, from Mathe-
son Coleman and Bell Co., was first rapidl& distilled to remove suspen-
ded impurities, and after drying over P,0y (18) was fractionally distil-
led once over P,0;, Carbon tetrachloride (Analar) was purified by the
method of Williams and Krchma (19) and thén fractionally distilled once
in a diy atmosphere. |

Calorimeter

A cross section of the calorimeter , Figure 1, and a cross sec-
tion of the mixing vessel, cover and its accessories, at right angles
to Figure 1, is shown in Figure 2. The round bottom mixing vessel H,
made of monel mstal (0,05 cm thickness) has an effective volume of app-
roximately 129 ml. Since the volume of the liquid in the mixing vessel
has been slightly over 100 ml (see page 15) a vapor space of less than
30 ml existed in each set of experiments.

A carefully machined molded polyethylene stopper Q, permanently
screwed to a wooden cover, fits both the mixing vessel and the comer-
cial Dewar vessel M. To prevent accidental glipping of the mixing vessel,
in the course of an experiment, small removable pins are inserted through
holes drilled near its rim. Through the polyethylene stopper passes a
monel metal shaft, fitted with two four-bladed coaxial monel metal stir-
rerg. A constant speed electric motor, coupled to a long flexible drive

staft, rotates the stirrer at a moderate speed. The direction of rotat-
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ion is arranged to induce a dowrward flow of liquid. The stirrer shaft,
which rides on two narrow teflon bearings R, has a machined constrict-
ion N to reduce heat flow along the stirrer shaft, either into or out
of the mixing vessel. |

On a‘serrated and grooved teflon brace V, Figure 2, held up by
two teflon posts T, is wound hon-inductivgly No. 2 B and S gage constan-
tan wire having a resistance of approximately 0.5 ohms. This constitutes
the calorimeter heater. Enamelled copper wires (No, 16 B and S) were
silver soldered to the ends of the calcrimeter heater and acted as cur-
rent and voltage leads. The leads pass out bf the calorimeter through
the center of. the teflon posts., '

Sealed glass ampoules, ‘I, containing 3 to 15 ml of accurately
weighed liquid samples, were stored in dérkness. While filling ampoules,
using a hypodermic syringe and needle, the air space in the ampoule was
kept to a minimum (15). A1l £illing operations were conducted in the
dry box, The loaded glass ampoules, in an experimemtal determination,
are held in position in the calorineter by the small anount of friction
between the smooth polyethylene sleeve D (placed along the length of
the alumimun tube C) and the glass rod fused to the ampoule. To mix the

- 1iquids the ampoule is crushed against the bottom of the mixing vessel

by pushing down on the glass rod,

Auwxrillary Apparatus
In the electrical diagram, Figure 3, S; is-a specially made
gpring loaded mercury-pool type switch. This switch, in addition to
being rapid, also ensures good electrical contacts, The‘ sodium silicate

coated resistors, Ry, Ry and Ry (each of No, 2l B ahd S gage constantan)
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ey
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Fige 3. The electrical circuit
P, Potentiometer; R, auxillary resistor; R;, standard resistor; Rs,
ballast resistor; Ry, calorimeter heater; S;, switch; S;, mercury
pool switeh; Sz, spring loaded mercury pool siwitch
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are wound non-inductively on short length glass tubings and immersed in
an oil-bath, whose temperature is maintained as élose as possible to that
existing in the mixing vessel. B; is the auxillary resistor (approximately
1 ohm), R, the standard resistor (approx:'matelyr 0.5 ohm) and Ry the ballast
resistor (approximately 0,5 ohm). No. 16 B and S gage enamelled copper
wires silver soldered to the ends of the resistors serves gs current and
voltage leads. Current is prpvided by two 6-volt accumulators connected
in parallel and operating at about 70% efficiency. The accumulators are
digseharged for nearly an hour through the ballast resistor before switching
on to the calorimeter hegter ., The voltage in the potentiometer circuit
is provided by two 2-volt accumulators comnected in parallel. Potential
and resistance standards consist of a Weston cell and a Gray Institute
and Co. 10 ohm resistor, respectively. |

A Leeds and Northrup K; Type Potentiometer is used to measure the
potential to %£0,0001 v, across the two approximately 0,5 ohm resistors,
R, and B,, during the he?a’oing period, The mean of periodically checked
resistances of Ry was, 0,168 £0,0008 ohm. With the calculated resistance
(see equation 8) of Ry, the electrical energy passed during the heabing
period, for a specific length of time (determined by a calibrated stop-
watch) is readily calculated. Correctién for dissipation of electrical -
energy in the leads of R, and R, is negiigible since the leads had approx-
imately equal lengths. Temperatures are read to 10.00200 with a 22-33%

calorimetric thermometer graduated o 0,01°C,



ik
-Procedures for Measurement and for Preparing
Mixtures for the Various Systems

Since the volume of the ampoule was restricted, and since the
heat effect should not exceed a certain limit, the content of the amp-
oule was added either to a pure component or to a mixture of suitable
concentration. For binary systems, measurements were begun at one end
of the mole fraction scale and were carried out to about 0.5 mole fract~-
ion, Between two and five replicate determinations were made when add-
itlons to a pure component were imvolved, Measurements were then made
(i.e., when adding to mixtures) so that in a given determination the con-
centration before mixing was within, and then outside of, the final con-
centration range of the preceding determination. Similar measurements
were repeated starting from the other end of the mole fraction acale.
Several determinations were made around the mid-point of the mole fract-
ion scale. For two ternary systems, where the mole ratio of two compon-
ents was kept constant, measurements were made by adding a pure compon-
ent initially to the standard binary mixture and subsequently to ternary
mixtures consisting of the standard binary mixture and increasing amounts
of the component contained in the ampoule. At least two measurements
were made when two components only were pfeserrb. Measurements were then
made so that in a determination, the concentration before mixing was
within, and then outside of, the final concentration range of the prece-
dihg measurement. The heats of mixing and derived heat values were plot-
ted against the mole fraction of the component contained in the ampoule,

For one ternary system, system 8, (see Appendix I) where the

mole fraction of one the components was kept constant, measurements were
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made starting from one end of the mole fraction scale of the deficient
component, (trifluoroacetic acid), by adding one standard binary mixture
initially to the other standard binary mixture, and subsequently to mix-
#ures of varying quantities of the two standard binary mixtures. Measure-
ments were repeated starting from the other end of the same iole fract-
ion scale.

Liguid mixtures were prepared by weight, to within +0,0002 g,
in 100 ml volumetric flasks whose standard ground glass stoppers and -
sockets were replaced by § 15/35 ground glass stoppers and sockets. Each
rﬁi:cture was prepared with a minimum of vapor space in the volumetric
flask, immediately prior to an actual measurement. The very small:quant-
ity of liquid remaining in the volumetric flask, after being emptied as
quickly as possible into the calorimeter, was always weighed. Stock sol-
utions of standard binary mixtures (for ternary systems) were preparéd
by weight. A1l mixture preparations and pouring operations were conduct-

ed in a dry box.

Actual Measurement
After loading the calorimeter, having ascertained that no liquid

adhered in the capillary part of the ampoule, the mixing vessel and its
contents were cooled below room temperature and assembled in the cooled
and dried Dewar vessel (see Figure 1), The temperature of the contents
in the _m:ixing vessel waé adjusted so'thét, in exothemic reactions aft-
er mixing and inAendothemic reactions before mixing, the temperature
would always be a few degrees (3-8°C) below room temperature yet in the
vieinity of 25%. |

After a themal equilibrium period lasting one to one and one-



16

half hours, time emperature readings were made every half mimte for 5
mimites, and during the mixing period every 15 seconds for 1 mimite and
then at 1/2 mimte intervals for about 10 mimites. Stirring was continous,
starting from the beginning of the thermal equilibrium period and ending
with the last temperature of the after period. In the calibration experi-
ment, which immediately followed, the entire procedure followed in the mix-
ing period was repeated, except that the mixing period was replaced by the
electrical heating period. The length of the heating period was adjusted
wo that the absolute magnitude of the temperature change and the tempera-
ture range closely approximated conditions in the mixing experiment. The
time of the heating period and the potentials across R; and R, were méas-

ured.

Treaﬁnent of Temperature- Time Readings

In two of the test systems investigated, the temperature differen-
ces were obtained from time- temperature plots by extrapolation of the aft-
‘er period temperatures to the time of mixing; while fof the remaining systems
sthe temperature differences were calculated by the Roth (20) method, The
theory of the method is given in Chapter IV and a sample calculation (i‘or
exothermic mixing) in Appendix III,

The difficulty of graphical extrapolation ig that the exact time
to which the extrapolation should be carried out depends on the "conver-
gence temperature" in a complicated way. On the other hand, the Roth meth-
od avoids the necessity of selecting arbitrarily a time to which tempera=
ture-time curves must be extrapolated. Thus in the graphical extrapolation
an unknown error is introduced; the relative importance of which varies

with the magnitude of the correction for heat leakage.
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The smaller the heat effect, the smaller the specific heat of the cal-
orimeter and the poorer the insulation of the calorimeter the more sig-

nificant this error becomes. .



CHAPTER IV
CALCULATION PROCEDURES

Caleulation of Temperature Changes by Roth (20) Method
The theory of the Roth method for calculating the magnitude of
the temperature change in a calorimetric _expem'ment is given below. (4n
example of the application of the method appears in Appendix III),
According to Newton, the rate of cooling (best for 1/2 mimte
temperature intervals) is given by
d8/dt = k(0 - o) (1)
where k is designated as "cooling constant" of the calorimeter and 6ee
the "comvergence temperature" i.e., the temperature the calorimeter would
attain at infinite time, If 51 and 52 represent mean temperatures and Gy
and Gy the rates of cooling for the fore and after periods, respectively,
‘then,
6, = k(6 = 609)
G = k(6, - 6e0)
and ui)on eli;nirfa‘oing 600 from the two equations, one obtains
. G - Gy = k(B - 8,;)
- a G - Gy

k = —— | (
eJ.-ea

o,
~r

Substituting Oeo = 51 - Gy/k and for k, equation 1 becomes
18
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Gy = Gy -
40/dt = ———m—(0=~8) + G (3)
6 -0 '
For the sake of clarity, Kohler (15 ) has suggested the following two
steps: according to the heat exchange with the surroundings, the tempera-

ture at the end of the reaction period appears to be

6 / where Gt is the(hypothe-
0
tical) tempera’oure if no heat exchange would occur and + is the interval

of the reaction period. Therefore,
S %
) =8 q- / de
true en A dt
0 4 - gﬁcce - B)+ 6 (1)

where the swmation extends over all time steps of the reaction penod,
and where © is the mean temperature during each temperature interval.

G, and G, are taken as properly weighted averages of the tempera-
ture differences per time imterval. If n (n being an even integer) temp-
erature readings are made, then

(n=1)(4=1) # (n=3)(Ap7 = 4;) + ....[n-(n-]}(ﬂn/zﬂ = 4/2)

do/dt = Gy = =
/ ' (n=1)2 + (n-3)° + .................Ez-(n—lﬂ2

(12) by Jone3) &yl e (A .
n(n+1)(n-1)/1.2.3

(s)

where A; and A are the first and last temperature readings respectively.
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Determination of Integral Molar Fsats of Mixing
For binary systems, for the first points, the Ay (see Appendix
II for symbols used) values were obtained by using the expression
Q = Al 5 (which 35 inserted in the plot ab x;, final)x(nyin,) (6)
where Q is given by
Vst Ay B (1)
‘ rq L1840 AT,
Here, V4(volts) is the potential across Ry, t (seconds) is the electrical
heating time and r4 (ohms) is the resistance of R, and is calculated by
ry = V, 0,4267/V, (8)
For the next points |
Qo+ a5 (read from a plot at x;, initial) x (ny + nj) = a4 (which
is inserted in the plot at xy, final) x (ni+ni'mj) (9)
Thus a plot of AHij versus (xi)ij s starting from (xi)i j" 0, is construct-
ed. An identical procedure gives a plot of AHij versus (xi)ij’ starting
from (xi)ij = 1,
For ternary systems 6 and 7 (see Appendix I for abbreviations
used) the expression
Q+ Ml g (which is read off the plot at %;, initial) x (nimjmk)
= 8 5 (which is inserted in the plot at x;,final) x (nytmyingmy)  (10)
has been used to determine the ternary integral molar heaf;s of mixing.
An identical procedure as that followed for systems 6 and 7 has been
applied to system 8 for determining Af;5,035(0,0) and Mfyz,03.
An indeperdent calculation has been made which involves the exp-
erimental quantities in each measurement and tﬁe partial molar heats of

the corresponding binary systems, for each system 6 and 7. For system 8,
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the integral molar heats of m;ixing were similarly obtained, due account
being taken of the partial molar heats of the components in the ampoule
(15). The results obtained bty this method, for the three ternary systems,
are in substantial agreement with the results obtained by the above graphi-
cal method.



CHAPTER ¥
RESULTS ON TESF SYSTEMS

Table 2 lists results of test determinations of the heat of sol-
ution of KC1 in H,0 at 25°C, The observed experimental Q values (obtain-
ed using Roth (20) method to calculate tempersture changes) are all
wibhin 3% of the interpolated literature values (21). The reaction and
heating periods in each experiment were arranged to be the longest poss~
ible. Calcwlations indicated that corrections for enmthalpy effects (22)
in the vapor on mixing and for reducing the‘ experimental Q values to
a standard temperature (25°C) were negligible.

In Table 3 are represented the experimental heats of mixing valme-
s for the quinoline -~ m-cresol system, the first system investigated, and
in Figure lj, the experimental and literature values of the heat of mix-
ing have been plotted., The deviation from literature values is explained
by the fact that in this test system each successive measurement, start- .
ing from either end of the mole fraction scale, was made by adding a pure
component to the mixture of the preceding experiment. In all subsequent:
experiments the method was modified (see page i) so that fresh mixtures
were prepared for each measﬁrement. In this way several independent det-
erminations could be carried out for each concentration interval. The
method of measuring potentials in the calibration experiments gave

22
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Table 3. Experimental integral molar heats of mixing for system
quinoline - m-cresol

ql(lﬁ?s?e mfﬁii::% xquinoline (calogies) (ca?/I:ole)
. - 0 - 0

0 0.9356 0,0201  -108,3L -113.5
0,0192 n 0,042  -118.87 -232.6
0,012 u 0,0636  -118.55 =346.1
0.063h n 0.0848  -118.29 ~1i53.9
0,0867 " 0.1051 -117.01 ~555.8
0,1100 f 0.12)43 -108.96 ~6445 .8
0.1328 u 03 ~112.11 ~73h.4
0.9092 0,1756 0.8187 - 88.52 ~675.5
u 0.1507 0,831 - 88.35  -610,0

" 0.1265 0.8579 = 85.36 ~511.0
0.9748 01101 0,882 - 69.67 ~bi.7
" 0,0867 0,8985 - 84,28 ~385.6
" 0,063 0,9183 - 83.48 ~31h4.7
" 0,0400 0,9385 - 88454 -211.2
" 0,0177 0.9606 - 81,46 ~159.6
L 0 0,9822 - 80,55 - 81,1
- - 1.0000 - 0o
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Table L, Experimental integral molar heats of mixing for system dicxan-
chloroform

((iigﬁg) ch%;g;ﬁgx)‘m "o (cal%ries) (cal/mole)
- - 0 - 0
0 153704 0,0271  =109.,78 = 6965
0 1.2272L 0,0281 - 93.46 =~ ThO
0 0.92209 0.,0371 - 86,79 = 9046
0.07995 1.14273 0,090 - 72,81  -2169
0,21280 099627 0,1986 - 56,09  =375.8
0,32318 0,88149 0.291_8 - 11,03 -Li6ls.3
0.46288 0.73137 0,4037 - 18.39 =199 .6
0,74368 0.43211 0,6048 - L7.77  ~he.7
0,93650 0,23}28 0,7717 - 47,38  ~272.8
0.99697 0,1286 0.8532 - 499k ~178.6
1.16263 0 09670 - 189k - LO.T
1.16209 0 09737 -3l - 3L3

- - 1,0000 - 0
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slightly low values for the electrical energy This small source of
error was remedied (see equation 8), | |
Use of equations 6 and 9 for determining graphically the heat of
mixing - composition curves have been demonstrated for system dioxan -
chloroform, As Figure 5 shows, the general agreement between experiment
(Table ) and literature (2}) is satisfactory, except for some details

in the concentration interval between Xdioxan = 0,6 and X3ioxan = 0.8,



CHAPTER VI
RESULTS

The results of the heat of mixing experiments for each of the
binary systems trifluoroacetic acid - acetic acid, acetic acid - CCl,
and trifluoroacetic acid - CCl, are given in the respective Tables 5-7
and are plotted in the corresponding Figures 6=8., All the determined AHij
values, for each binary system, have been represented by the equation

B 5 = x5 (1xg ) (b By O 4Dcd) (12)

The constants (values given in Table 8) in equation 11 for the binary
gystems, computed by a least sqﬁare plot of AHij/xi(l-xi) versus x;,
were used to obtain the calculated AHij values,

The (AHi)ij values were calculated as follows:

differentiating equation 11 with respect to x;, the relation

A /s = x; (1-x; )(B+20x, +30x§) +(A+Bxi+0x52_*Dx,3‘)(l-2xi) (12)
is obtained, Substituting for l.\Hij and dAHij/dxi in the relation
(el ); 5 = oHy 5 + (Lo JOHy 5/cy (13)

and arranging in powers of x; finally yields
(6% )35 = & +2(B-)xy +(A-B430)3 +2(B-30+2D0c3 +(30-8D) +lD (1)
For the other component, j, substituting again for AHij and
for dAHij/dxi in the relation
(&y); g = gy = ;a0 /g (15)
28 | |
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and arranging in powers of #i one obtains
(1y)g5 = (4eB)s2 +2(B-c)x2 +3(C-D)xk +Ds3 | (16)

The calculated values, ab integral mole fractions, of A (equ~
ation 11), (APL_-L)ij (equation 1ht), (AHj)ij (equation 15) and of the funct-
ion AH:lj/x.j_xj (utilizing AH:i.j calculated from equation 11) for each binary
system are given in the respective Tables 9=11, and the plots of these
quantities, for each binary system, in the corresponding Figures 6-8. It
may be pointed out that from accurately known (AH;);; and (Mi;);; values
and by use of the relation

5 = g (8 )y 5 + (00 ) (ar)

AH:[;] values may be readily calculated.

The results for the two ternary systems 6 and 7 are given in the
respective Tables 9 and 10, The results for system 8 are given in Table

1 and plotted in Figure 11.



Table 5. Experimental AHay; and function AHy /xax; for system
trifluoroacetic acid - acetic acid

n n X Q. M3 /%%
| (moies,) (moles) > (calories) (cal/mole)(ca] /mole)

- 0 - 0 -
1,72080 0.0183 - 78.32 - L7 =292
107652h 00028)4 - 99018 - 5’406 "1978
1.73267 0,0316  -124;,05 - 69,3  -2267
1076106 0.0506 "15&032 - 8302 "1731
1.75243 0,0525 -228,90  -123.8  -2L,88

0,113k 1,57109 0.0848 - 68,88 -182,0  -23l)
0.07470 1,65568 0,0888 -187.69 -192.5  -2379
0,076148 1.6L017 0,0901 -182,11  -191.3  -2333
0,2261l 1.40590 0,154k - 55.61 -326.y  -2500
0,20857 1.146160 0,1772 =173.4k -351.2  -2409
0,35659 1.24025 0.2379 = L3.12 -461.0  -2542

0.32827 1.27700  0,2498 120,91  -L62.6  -2L69
047336 ,  1.06865  0,3L48 - 90,18  -566.2  -2506
0.57123 0,91936 0,1;068 - 56,52 -594.0.  ~2462
0,60527 0,90237 0.4360 - 62,22 -597.3  -2429
0.68371 0,8176L 0.4671 - 22,80 -601,6 =237
0.67049 0.82l)3 0.11696 - 37.00 -600,0  -2L09

0,73541 0071440 04902 - 314429 -594.9  -2381
0,754,862 0,70133 0915 - 51,21 -59h.5  =2379
0,69793 0,82031 0.4943 - 53.39 -593.7  =2375
0.81)410 0065806 0.5077 "102 .ha "‘59002 "2361
0,79541 0,63545 0,56398 - 3L4.62 -579.3  -2332
0,9033k 0,534h3 0.5772  =120,L7 -560,2  -2296

1.10604 0,25538 0,7473 -10.83 -361,0  -2018
1,06989 0,27827 0,7658 - 67.78 -388,2  -216L
1.21094 0,12092 0,830  -197.85 -292.7  ~2075
1,21122 0,14725 0.8351 =162,73 -300,0  -2175
1.2235L 0,08518 0.8716 -148,91 -22h,1  -2002

[eXoe NN ]

1,28753 .0 0.9269 189,18  -136.2  -2011
i
1,28817 0 0,9378 ~167.142 -121.,6  -2088
1.27h46 0 0,9710 - 73.54 - 56.C  -1991
1,278l 0 0.9717 - 58,38 - by -161
- - 1,0000 - 0 -
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Table 6, Experimental AH;, and function &le/xlxz for system
acetic acid - CCl,

ny - I X3 Q Aﬁlg / popie]
(moles) (mo:zles) (calories) (cal/mole) (cal/mole)
- - 0 - 0 -
0 1,02116  0,0626  +20.46 +18,78 +320

0 1.0193h  0,0668  +24.58 +22,50 361

0 1,0207h  0.073h  +27.68 +25.13 +370
0.05323  0.98958 0,120)  +17.37 #3168  +299
Q.1212h  0.95039  0,1783 +20,21 +51.76 *353
0.2500h  0.86881 0,2806  +10,5h - +61.58 305
0,80165  O.L7174 06016  + he77 - 459,07 +2h6
LIG6ET  0.3268L 052k +B.8L g7 s2le
LUS18  0,16715 0.8685  + 9429 27,12 +237
152691 0298 08927 4126 +23.08 sl
159482 0,08196  0,9249 | +10,19 #6,8, 22
L6655h 00084 09460  HILB6 #1209 27
170 0 - 09719 #1121 + 6436 +233
1.72664 0 0.9732 +11,75 + 6,60 - +25)
172525 O 09750 4 6.6k + 305 415k
1471841 0 09755  *+ 9.7 + 5451 +231
- - 1,0000 - 0 -
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Table 7. Experimental Al and function Apa/Xaxs for system
trifluoroacetic acid - CCl,

n n X  Q M M, 5 /%%
(molZs) (molzs) : (calories)(calfngle) (cal%oie
- - 0 - 0 -

1,05022 0 0.0557  + 824k + 741 110
1.02071 0 00828  +116.52 #1047~ 1379

0,9656} 0 - 0,0922  +118.31 +111,2  +1329
0.92717 0,0863 01447  + 63.59 +158.7  +1283
0.85297 0.15994 002178 - + 55,71 +207,2 #1216

0.,85259 0.22718 0.2590  + Lk.82 +229.1 ' +119)
0.79973  0.27545 0.3220  + J1.1 +243.8 41117
0.72773 0.36973 00,3621  + Lh,2k +280.1  +1186

0.66827  0.43379  O.Mk55  + 39.3L +286,1 41158
0.621435 0.50857 0,5046  + L41.61 +290,3  +1161
0,58665 0.54132 0,5237  + 30.18 +289,2 #1159

0,50428  O,6lh8l  0,5263  + 21,77 +289.7  +1162
0,40800  0,78238  0.617h  + 29,70 +284.8  +1206
0.35915 0.84311 0.6687  + 26,62 12725 +1230

0,29226 0.90966 0,7135  + 10,35 +263.3  +1288
0,22800 0,98538 0,7505  + 61,38 +28.2 #1325
0,14932 1,11276 0,8109  + 92,40 +200, 41307

0,07807 1.21765 0;88h5 + 98,22 +141.9  +1389
0 1,296l49 09198  +11,25 +100,2  +1358
- 100000 - -
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Table 8, Conctants for equgbions 11, 14 and 16

gystem A B C D
CF;CO0H = CH,COOH w2165 =271 44848 ~2321
CH,COOH - CCL, | +363 ~251 +168 58
CF,COO0H - CCL, 4816 w226 sl 1910

Table 9. Calculated integral and partial molar heats of mixing and
the funotion Ay, (caled)/xsx; for system trifluoroacetic acid - acetic

acid .

B e ke (e e o
0 .0 =2165 0 -
0.10 ~211,1 -2011 -11 ~2346
0,20 -391.0 _ =161 =19 =2l
0.30 =519.3 ~1211 ~22); ~2473
0,40 =587,0 - 699 -438 =2lih6
0.50 ~59k.8 - k9o =700 ~2379
060  =548.2 - 265 -972 ~228);
0,70 -456.8 - 125 ~1228 2175
0.80 -330,7 - h'8} , | -155 ~2067
0.90 17747 ~110 ~1665 ~197h

1,00 0 0 ~1909
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Table 10, Calculated integral and partial molar heats of mixing
and function AHy,(caled)/x1x, for system acetic acid - CCl,

Oy - N SR by - B ymer e
0 0 +363 ; 0 -
0,10 +30,5 +257 ] +339
0,20 +51,0 +180 19 +319
0,30 +63.2 123 +38 4301
0,40 +68.5 +82 +60 +285
0.50 +68,0 +52 +8ly +272
0,60 +62,5 +31 +110 +260
0,70 +52,5 +16 +138 - +250
0,80 438 o7 4166 +2l0
0,90 20,8 2 +194 +231

1,00 0 0 ’ 4299 ; -
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Table 1l., Calculated integral and partial molar heats of mixing and
the function AHp,(caled)/xaxs for system trifluorcacetic acid -~ CClg

S Oy PN ey 1o Sy S poty 1
0 0 0 +1516 -
0,10 +119.6 +27 +956 1329
0.20 +193.9 11 +666 +1212
0,30 +241.7 +125 512 #1151
0.40 +273.1 . 4178 +H17 +1138
0.50 +289.5 +2l7 +333 +1158
0.60 +288.4 +359 +éh2 1202
0,70 +26l3.2 +531 +151 +1258
0.80 +210,2 +773 +69 +1314
0,90 +122.3 41072 +18 #1359

1.00 0 +13061 0 -
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Table 12. AH;55(0,0) and MHyp5 along np/ng = 0.10321 for system

acetic acid - CCly - trifluoroacetic acid (system 6

¥

(moi%s) (mlc:ies) & (calogies) (cﬁ}ﬁgégjm (cﬁ{};gle)

- - 0 - 0 +116,5

0 0,05091  0,0468  =5Lcl2 =472 + 6348
0.03563  0.05029  0.0775  -ho3  -68.2 + 31,7
0 00919 00882 80,91  -70.2 + 36

0 010109 - 0,0869  -8l.01 72,2 + 31,2
0.07389 0,06039 0,186  -23.13 -80.5 ¥ 21,0
0,07562 0.10707 O ltk7  -26.62 -80.8 + 17,4
0,11089 0,10085  0,178¢  -14,03 86,0 + 5
0.156l5 0,10826 0,218} - 7.51 -82.7 + 11,5
0,22377 0,1208k  0,2739 - L85 ~8L. + 7.2
0434782 0,11081  0.3472 -6 + 5.1

- 1067 f
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Table 13, Experimental m;m(o,o) and Ally;, along n/np = 0,11317
for gystem trifluoroacetic acid - acutic acid - CCl, %system 7)

(moil:s) (mgls.les) * (calgrles) (Sgi zigge())) (cﬁlHZtgle)
- - 0 - 0 + 33,1
0 0,04029 000359  -10,00 -8.9 + 23,0
0 0,059  0.0507 ~11,29 ~10,0 + 2Ll
0 0.10335 0,087k - 2,13 ~1.8 + 284y
0,04078  0,07711  0,1021  +17.17 6,5 + 3509
0.09938  0.0972  0,1664  +57.86  +9.0 + 76,9
0.26050  0,05978 0,271  +28.95 +106,5 +131.6
0,39480  0.08873  0,3940 | +31.88 +158,2 +175.1
0,5126  0,07840  O,4909  +22.39 +185.0 +194.8

0,83008 0,1034  0,7150 +11.90 +175.0 +189.0
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Table 1h. IExperimental MHy5,,3(0,0) and AHyz,q5 aiong ny/ng = 0,107551
and along ng/np = 0,10111 for system acetic acid = CCl, - trifluoroacstic
acid (system 8

(mgies) (mo%s) w (calgries) (g{i n,lgié())’O) (ﬁl%gie)
- - 0 - 0 + 32.8
0 0,10582  0,0036 =619 =545 + 30,5
0 0,1032)  0,0047 =775 =649 + 30,1

0,0053L 0,09625  0,0100 -1.98 -1.1 + 27.6

0,080 0,08l26 0,0218 -6.85 -27.4 +25.5

0,06351 0,034l  0,0565 =Tk -35.3 + 19,0

0,07613. 0,012k  C,067k -6.69 =205 + 68,

0,08732 0,00942 0,0782 1.2k =15.4 + 87,3

0.08246 O 008k - ~7.27 -75 +0L7

0,00487 0 0,0862 =7.05 - 6.l +103.5

- - 00018 - 0 #115.,0




0 Y
0
o}
28
M2 423(0,0)
cal/mole
50
=75
0,000

Figu 119 Exper:'lmen'bal Ale ’23(0
calculated Mz ,,5(0,0) (dotted line

+150

4 +100

Mo 423

cal/mole

-1 +50

0

0,100

0) (circles with dots) and
; experimental M;,,,5 (squares

with dots) and caleulated A, n5 (solid line) for system acetic
acid - CCl, = trifluoroacetic acid, along ny/ny = 0,10755 and along

ns/n, = 0,10111, (system 8),



CHAPTER VIT
DESCUSSIQN

The positive and slightly asymmetric heat of mixing - composition
curves for systems acetic acid -~ 601; and trifluorocacetic acid - CCl, are
ageribed in part to the breaking of hydrogen bonds between the self-associa-
ted acetic acid and trifluoroacetic acid molecules. The more positive heat
of mixing values for system trifluorcacetic acid - 0Cly, as compared to
the system acetic acid - CCl, (at idertical mole fractions of CCl,) is
in accord with the fact that perfluoroalkane - alkane liquid mixtures show
large deviations from ideality. It may be poirted out that the thermodyna-
nmic quantities of perfluoroalkanes - alkanes can be obtiained with remar-
kable accuracy if the interaction energy between unlike molecules is cal~
culated (not by the gecmetric mean law, but) by a suitable approximation
to the London theory of dispersion energy (25) and (26;.

For the system trifluoroacetic acid - acebic acid, the rather
large negative heat effects and the nearly symmetrical heet of mixing =
composition curve suggest the formation of a 1:L hydrogen bonded comple;
and indicate that the interaction energy between trifluoroacetic acid =~

. acetic acid is the dominating factor. The phenomenon of yreferential
hetero-dimerization (6), (7) and (8) may be due in part tc the formation

of a zwitterion structure (15)

5
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0;3-;/ O - CH,
o 07
(see pages 2 and 3).

That the exothermic interaction energy between trifluorocacetic
acid and acetic acid predominates even in dilute solutions of either acid
in CCl4 may be noted from the initial portions of the heat of mixing -
composition curves {(Figures 9 and 10) for the respective systems 6 and 7.
dome support for the 1:1 hydrogen bonded corplex is given by the marked
change of slope of these curves in the regions where the concentrations
of the two acids (in each of the two systems 6 and 7) are approximately
equal.,

The exothermic intercation between trifluoroacetic acid and acetic
acid is more pronounced even in very dilute solutions of the two acids in
CCl, (system 8) as has been shmm;grom calculations of the partial molar
heats in the ternary systems from: the known partial molar heats of the
corresponding binary systems (27). The calculations are based on Kohler s
assumption that the 1-2 interactions do not depend on the mumber of 3-mol=-
ecules in the surrounding of the contact. These calculations reveal that
the presence of the third component makes the contacts more exothermic 3
more precisely, the AHijk values are more exothermic ( or less endother-
mic than the experimentally determined ones. Two possible reasons have
been offered for this behaviour. First - due to cross-dimerization. For
if one adds a very small quantity of trifluorcacetic acid to the 1:9
molar standard binary mixture acetic acid - CCly, most of the CF3C00H would

go into the energetically favoured cross-dimers and one would not have to
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furnish the heat of dissociation for the homo-dimers as one would have
%o furnish when trifluoroacetic acid is mixed with pure CCl,;. The second,
possibility is the formation of some zwitterions which could polarize the
F-atoms very effectively and prcwide by this inductive energy and exother-
mic contribution to the overall inveraction energy (15).

An alternate method of treaving heat of mixing data in the CCl4 -
rich regions is to interpret heat effects in terms of the hetero- and
homo-dimerization reactions of the acids. Although polymers higher than
the dimer may form, it is assumed that the data in the ternary system 8
can be explained in terms of the reaction

(CF4C00H), + (CHyCOOH), = 2(CF;CO0H,CH,CO0H)
in CCl,. Changes in solvation of the individual dimers resulting from
variations in thd relative amounts of trifluorcacetic acid and acetic acid
are neglected.

For system 8, let x = total mole fraction of acetic acid, a-x =
total mole fraction of trifluoroacetic acid and 1-a = mole fraction of
(Cly, where a = 0,09 and y = mole fraction of cross-dimers formed. Then,

substituting in the expression for the equilibrium constant; K, for the

above reaction one obtains

= K (18)
(x=y )(a=x-y) ‘
2 2
Also, Ml3,23(0,0) = y(adp) : (19)
2

where Afly is the enthalpy change for the above reaction. Eliminating y

in equations 18 and 19 and substitubing z = AH1z,23(0,0)/(AHp) yields
2

U(z)?
X-2 Za--x—z§ = K (20)
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Rearranging and substituting for z, finally yields

x(a-x) - = (L/8=1)(1/08p) M¥2,25(0,0) (21)
Ale:za(z,O) Ale’:s(o,O) _2__;D 12523

The intercept of a plot of x(a-x)/AHyz,03(0,0) versus Al ,s3(0,0)

gives AHD and from the slope and the known value of éﬁn, K nay be cal-
- culated. ‘

Equation 21 has been applied to the data in Figure 11, yielding
M = 2,5 keal/mole and K = 164 It is observed (Figure 11) that the cal-
culated Ath,,5(0,0) curve, from these values of My and X, and experim-
ental values are in good agreement.,

In Figures 9=11 are calculated values of A5, MMy and Ayp,n5
for each of the respective systems 6,7 and 8, in which the mole fraction
of CCl, is greater than 0,5, There is excellent agreement betwezen the
predicted and experimental integral molar heats of mixing in the regions
where x; is greater than 0,9, Ab values of x; less than 0,9, systematic
deviations between theory and experiment occur. It is interesting to note
that in system 6 a value of Alp 25% graater than the value chosen would
bring the calculated and observed curves into close agrecment at the higher
values of X3+ On the other hand, a greater value of the parameter Afp
would lead to poorer agreement between the caleulated and experimental
curves for system 7.

If it is assumed that the reaction

(CP;C00H), + (CH,CO0H), =z 2(CF,COOH,CH,CO0H)
adequately accounts for the heat effects in the two limiting regions of
the binary system CF,COOH ~ CH,COOH, values of AHp may be caleulated

from the limiting values of the partial molar enthalpies of the respect-



L9

ive species present as the minor component. In the trifluorcacetic acid -
rich region the value A = 3800 cal/mole has been obtained and in the
acetic acid - rich region the values calculated has been Afly = 4350 cal/
mole, Thus the interaction between CF;C00H and CH3COOH appears to be more
exothermic when the pure acids are mixed than when the mixing occurs in
the CCl, - rich region.

Errors in reported values of integral molar heats of mixing are
believed not to exceed 3% excépt in mixtures where the integral heats
are very small. In systems where heat effects were small it is believed
that the absolute error in the integral heat of mixing did not exceed
L cal/mole. These estimates are based on a) a comparision of literature
and present results b) and examination of the discrepancies between exp-
erimehtal integral molar heé.ts of mixing and valueé calculated from the
computed least square polynomials representing heat data and ¢) ar error
analysis introduced in the calculation of temperature differences from
temperature - time data. An internal check on the consistency of the pre-
sent results is provided by the valnes of integral heat of mixing obbained
independently from data for the ternary systems 6 and 7 at the point wheré
the two acids are present in equal concentration. From the data for systém
6 the calculated integral heat of mixing for mixture at x; = 0.09, x5 =
0,82 and x3 = 0,09 is 31 cal/mole; from the data for system 7, the exp-
erimental integral molar heat of mixing at identical concentrations as in
system 6, is 31.7 cal/mole.

Results of the present investigation, in addition to providing
quantative heat data for the binary and ternary systems, indicate the imp-

ortance of hetero-dimerization in determining the conditions under which
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exothermic mixing occurs. In the binary system, trifluorocacetic acid -
acetic acid, the tendency toward formation of hetero-aggregates is greab
enough to overcome the expected endothermic interaction between GF;: and
CH3- groups. For ternary solutions in which CCl, is the major component,
the preferential formation of complexes between trifluoroacetic acid and
acetic acid partially obscures the tendency toward endothermic mixing exp-
ected for contacts between CCly and the individual acids. It is hoped that
in the near future further studies will be made of the heat effects and
equilibrium properties relating to hetero-association reactions of carboxy-

lic acids.



CHAPTER VIIX
SUMMARY

The heats of mixing at approximately 25°C have been determined
for binary systems and for some concentration lines in the CCly - rich
regions of the ternary systems, formed by mixtures of trifluorcacetic acid,
acetic acid and CCl,, Small heat effects, of nearly the same order of mag-
nitude, have been measured for each gystem so as to minimizs errors due to
heat exchange with the surroundings. Furthermore, errors arising from cor-
rosion of the calorimeter material and from the presence of moisture have
been very carefully avoided, Roth’s (20) method has been employed to cal-
culate the magnitudes of the temperatire changes.

The integral molar heats of mixing values have been obtained graph-
ically and the partial molar heats (foi'“the three binary systems) have
been calculated by an expression derived from an analytical equation rep-
resenting the integral molar heats of mixing. The ternary integral molar
heats of mixing have also been calculated uwtilizing the kmown partial
molar heats of the corresponding binary systems (15). The results are in
sub.%tantial agreement with those dstermined graphically,

The maximum value of the heat of mixing - composition curve for
gystem trifluoroacetic acid - CCl, has been found to be more endothermic
than that for the system acetic acid - CCl,. The heat effects for system

trifluorcacetic acid - acetic acid have been found to be strongly exother-

51
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mic. Calculations of the ternary integral molar heats of mixing (based
on Kohler’s assumpbion that the strength of the interaction along a 1-2
contact is independent of the rmmber of 3-molecules (27) have been made,
From a comparison of the calculated with the experimentally determined
ternary heats it follows that the exothermic interaction energy between
trifiuoroacetic acid and acetic acid predominates even in CCl, - rich
solutiong and that the exothermic interaction energy between the two acids
is even more exothermic in the presence of lagre excesses of CCl, than if
part of the CCly were absent (15),

Predicted values of the ternary integral molar heats of mixing
have been obtained by assuming that the reaction

| (CF3CO0H), + (CH,COOH), 2 2(CF5C00H,CH,CO0H)

predominates, injofar as the acid species are concerned, in the CCl, -
rich regions of the ternary systems. The ternary integral heats of mixing
caleulated by this approach are in good agreement with the experimentally

determined values.,
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APPENDIX I

ABEREVIATIONS FOR SYSIEMS:

System _ Abbreviation
quinoline = M=CYESOL veveecscsonsacanssosasvecrcavenrsss 1
. dioxen = ChLOTOLfOYM teeeveveuereronrrense senseesavonass 2
trifluoroacetic acid - acetic acid .eevivvevivennncncne,

acetic aCid - Ccl4 R R I R N I I R N N A I N N N R R W N )

vt & W

trifluoroacetic aCid - Ccl4 Sees s Rensststseneson s

acetic acid - OCl, - trifluoroacetic acid along
na/nz = 0010321 WO LI eV R IPIIPrIEERECRIREROBENIUVTEDYLLSL ses s re e

O

trifluoroacetic acid - acetic acid - CCl, along
nl/hz = 0011317 Secosevoceracs S0coserss e tesesne e 7

acetic acid - CCl, - trifluoroacetic acid along
ni/hz = 0010755 and along n3/h2 = 0.10111 .;no-aooooo.-. 8

heatl of 801u'bion Of Kcl 002 00800 R 00N RONITINIOEIRIGEG, 9
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Ny,
N3,

(Ili'l‘nj))

(3 )33

APPENDIX IX
LIST OF SYMBOLS

moles of acetic acid
moles of CCl,
moles of trifluworcacetic acid

standard binary mixture i.e., ni/nj = constant (for
ternary systems)

moles of comporent 1 in the mixing vessel

moles of component i .in the ampoule

mole fraction of component i in the binary system i-j
temperature change in the mixing experiment

temperature change in the calibration experiment
measured heat change

partial molar heat of mixing of component i in the binary
system i-jo (Afy = Hy - H,q, where Hjo = enthalpy content

of pure component i)

integral molar heat of mixing, defined as cal/mole of
mixture, when pure components are mixed

My a5 less Ay at (x5)s3 = 0,0936
integral molar heat of mixing along nz/n; = 0,10321
Mgy, less Mjp atb (x:,)la = 0,1017

integral molar heat of mixing slong ny/ny = 0,11317
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My5422(0,0), AMHyp,05 less the additive value of the binary integral
molar heats of mixiung in the corresponding binary systems
at (x3)12 = 0,097 and (x3)55 = 0.0918

Mipy3y integral molar heat of mixing along my/np = 0.10755
‘and along ng/ny = 0,10111

AHD heat of hetero-dimerization

(+) signs represent endothermic and (~) signs exothermic quantities



APPENDIX III

An Example of the Application of the Roth (20) Method
The following is a sample calculation of temperature change
(for exothermic mixing) by the Roth method, (For the theowy of the

method see Chapter IV),

Fore period

temperatures (°C)

2l..349

2&0365 2’-[-0’.[56 - 2h03h9 e+ 0.107 0.107 X 7 L] 007)4,9
21,380 2llh0 - 24,365 = + 0,075 0,075 x 5 = 0,375
2L, 394 2l 1i26 - 24,380 = + 0,046 0,046 x 3 = 0,138
2l 120 2l 120 - 244,394 = + 0,016 0,016 x 1 = 0,016
2l 1126 Sum =_1,278
2l ko

2k 56

Since n = 8, n(n+1)(n=1)/1.2.3 = 84

Hence from equation 5, C; = 1.278/8 = 40,0152

Multiplying Gy by 7 and adding to 24.349%; G, by 6 and adding to 24.3650
and so forth, one gets

24,349 24,365 24,380 24,394  24.420 2h.426  2h.lhO  2k.456
+0,106ly +0,0912 +0,076 +0,0608 +0,0456 +0,030] +0,0152 +0,000
2l.h55 2hlse ohhse 2455 ohlse oLuis6 ohlss 2h.L5E

The corrected last temperature and the mean temperature of the fore

period are €; = 2L,456°C and 6, = 24,.4,039C, respectively.

58



59

After period

temperatures (°C)

2,693 :

24,710 2l 787 - 244693 = +0,09h 0,09k x 7 = 0,656
2,720 . 24,773 - 24,710 = 40,063 0,063 x 5 = 0,315
2l.732 24,760 - 24,720 = +0,040 0,040 x 3 = 0,120
2l 76 2l Th6 - 24,732 = +0,01 0,0l x 1 = 0,01
21‘.0760 Sum = 1.107
24,773

2k.787

Since n= 8, from equation 5, G = 1,107/8) = +0.,0132

Multiplying G, by O and subtracting from 24.693°C; G, by 1 and subbract-
ing from 2l4,7109C and so forth, ome gets

2693 2,710 2L.720 24,732 2h.Th6 24760 2L.773 - 2L.767

=0,000 =0,0132 =0,026 ~0,0396 -0,0528 -0,0660 ~0,0792 =0,092L
20,693 2,897 2469k 2h.692 2L.693 2L.67h 2L.69L 2L.695

The corrected first temperature and the mean temperature of the after
period are 8, = 24.694°C and 8, = 24.740°C, respectively.
From equation 2, k = =0,0059

Reaction period
temperatures (°C)

e - (6-6,) k(6-6) k6-6)+0
. 2h.hs56 . .
24,570 24,513 +0,110 -0,0007 +0,01)5
2l 596 . 24,583 +0,180 -0,0011 +0,0141,
24,612 2k 604 +0,2 -0,0012 +0,0140
2L.630 2h.621 +0,21 -0,0013 +0,0139
2l 640 24,635 +0,232 - -0,0014 +0,0138
21,656 2,648 +0,2l5 ~0,0015 +0,0137
2L 670 214,663 +0,260 -0,0015 +0,0137
21,680 24675 +0,272 -0,0016 +0,0136
2l 693 2l 687 +0,28 ~0,0017 +0,0135_
\

Sum = +0,125

or, E(e - -é:l.) + GJ = 0,125°
Substituting for 6,4 = 6, - & = +0,238% and for }E(e -6,) + G;J

=+0,125 in equation b, the value of Oy, or AT = 0,113 is obtained.



