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ABSTRACT

Thermodynamic properties of chloroform have been evaluated up to a
temperature of 750°K and a pressure of 200 atmospheres, using Martin and
Hou equation of state. Tables of thermodynamic properties and a temperature
entropy diagram are presented.

LITERATURE SURVEY
(1) Molecular Weight and Crisical Constants :

The data on the critical constants of chloroform determined bv various
investigators are presented in Table-1.

TabLE 1

Molecular weight and critical constants o f chioroforim
Molecular weight of chloroform==119.39

Year Investigator Te, K P, atm. gm'.d/cc,c Method Rcference
1878 Sajotchewsky 533.16 54.9 v 3 20
1895 Pictet and Altschul 531.96 - o a 17
1902 Kuenen and Robson 335.06 538 e a 12
1923  Herz and Neukirch 535.66 . 0.496 a,b 10
1934  Harand 536.66 — a 9

) 1943 Fischer and Reichel 516.76 . [\ &

Values selected 536 74 54.0 0.50

a = disappearance of the meniscus.
b = law of rectilinear diameter.
¢ = disappearance of the droplets after the meniscus has breadened.

In the above iable, the data prior to 1900 are included for bistorical
completencss only. Chloroform used by Kuenen and Robson' was prepared
from chlorol and was carefully dried with caleium chioride.
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Herz and Neukirch!® have not stated the purity of chloroform used in
their investigation, However,the accuracy of the temperature dzterminations
is stated to be £0.2°C.

Though Harand®, and Fischer and Reichei® did not state the purity of
the sampie, they have done careful work. The value for the critical tempera-
ture determined by Harand, anrd Fischer and Reichel agree very closely,
Hence the valuss are averaged and this value has been used for the present
investigation.

The critical pressure and density are not known to a great degree of
accuracy. Hence the values were rounded off to two significant digits und
were used for this work.

2. Vapour Pressure:

The vapour pressure of chloroform has been determined by various
investigators like Beckmann and Liesche!, Drucker et al®, Herz and Rathmaan',
Scatchard and Raymonds™, Kuenen and Robson', Rex!™. and Schmid® ™,
Stull’’ has made a critical compilation of the vapour pressure of chloroform
up to the critical point. Data up 10 a temperature of 433°K are available in
the International Critical Tables®. The available vapour pressure data along
with the range of availability are presented in Table-2.

Kuenen and Robson'? dried chicroform carefolly with calcium chloride,
but they were unable to reduce the action of chloroform on mercury (which
takes place at high temperatures). They did not mention the accuracy of the
vapour pressure data. Beckmann and Liesche! have not entioned the

method of prepsration of chieroform and the accuracy of their vapour
pressure determinations.

TABLE 2

Vapour pressure of chlore form o
Year Investigator tcm[;carrilﬁfnf:’f K prgs?;\s :tfm. Reference
1902 Kusnen and Robson 5177~ 5362 4275346 12
1912 Herz and Rathmann 3002 - 324.2 0.29 - 1.0 11
1914 Beckmann and Liesche 291.2 — 343.2 02— 1.4 1
1915  Drucker et al. 209.0 2629 0.0-0.04 5
1916 TRex 273.2-303.2 0.08 ~ 0.32 19
1921 Schmidt 2032-3732 0.22.. 3.2 22
1926  Schmidt 273.2 - 303.2 0.08 - 3.2 23
1928 International Critical

Tables 213.2 4332 0.0-11.6 33
1938  Scatchard and Raymonds 308.2~— 333.2 0.3-096 21
1947  Stull 215.0 —536.2 0.0 - 54 L
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The vapour pressure data of chloroform determined by Drucker es al®,
weetain to pressures up to 0.04 atm.  Though the purity of the sampie used is
:qgt reported, the errors in the pressure measurements are stated 1o be around
5,001 mm. However, as this work does not encompass such a low pressure,
she data of Drucker et 4l. have not been used for this investigation.

Rex® used the Merck A. R. quality chloroform. The sample was
carefully fractionated, then shaken with concentrated sulfuric acid, and finally
with distilled water, and dried. The accuracy of the vapour pressure data is
ot presented.

Schmidi™ 2* also did not state the purity of the chioroform used except
1o state that the sample was subjected to careful drying and fractional distiila-
tion. The accuracy of the data is not mentioned.

Scatchard and Raymonds?' did not mention the purity of the sample
used. The errors in the measarement of pressure are stated to be less than
¢ 05 mm,

For thiz investigation all the available vapour pressure data were
combined and smoothened. The smoothened vapour pressure data have been
used for this investigation,

The vapour pressure data over a temperature range of 275°K to 340°K,
which covers a pressure range up fto 1.2 atmospheres, were fitted by the
method of least squares, to the equation:

log P=A+B/T+Clog T+ DT i1

where A= - 29.583966

B e - 1025.8452

C=14.881037

D~ - 1.4702661 % 1077,
This equation was found to predict vazpour pressures with average absclute
and maximum deviaiions of 0.75% and 1.43% respectively.

The vapour pressure data over the temperature range of 340°K 1o the

critical point which covers 2 range of pressure of 1.2 atmospheres to
34 atmospheres was fitted to the equation :

log P=A; + BT+ Cilog T+ DT

oo
[X)
it

where A4 = 14 0280803
By = - 19358.5807
C; = — 3.3974131
Dy = 106028811 x 1072
The average absolute and maximum deviations of vapour presseres
evajuated vsing this equation are 0.58% and 1.52% respectively,
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3, Sagurated Liguid and Vapour Densities:

The densxt] of saturated liguid has been determwed by Morgan ard
Lowry'®, Schulze® Smyth and Morgan®, Coop®, Thorpe™, and by Herz and
Neukirch?®. The range of available lxqusd densities of various investiiato
is presenied in Table-3.

TasLE 3

Saturared lignid densities of chioroform

Year Iavestigator Range of temperature, °K Reference
1880 Thorpe 273 — 334 28
1921 Schulze 278 — 299 34
1923 Herz and Neokirch 506 — 535 10
1928 Morgan and Lowry 213 == 333 16
1928 Srayth and Morgan 203 - 333 i35
1937 Coop 193 ~ 183 3

Thorpaw determined the density of saturated liquid up to the beili
peint.  Though the accuracy of the data is not mentioned his data agree
vory closely with those of Smyth and Morgan and Morgan and Lowry, who
claim their volumes to be determined with a precision of 1 part in (€£6.000,

Pamsay and As'un % have presented some datz on the hiquid density of
ehloroform. These values are stated to be those of Thorpe.

Coop® did rot mention the purity of the sample and the accuracy of
the data. .

qu"ld density at high temperatures have been determined by Herz acd
WNeukireh®,  The samgple of chloroform used by these investigators was from
Kablbaum and we.s prrified by drying over calcium chloride avnd carefully
fraciionated The accuracy of the density data has not been mentioned.

Hearz and Neakireh'® have also determined saturated wvapour densities of
chioroform over o temperaturs range of 482 to 536°K.

The vapour densitics over a temperature ramgs of 285 K to 480°K wer
evaluated using Martin and Hou equation {Equation 5). For this investigation
the saturated liquid densities of Thorpe, Herz and Neukirch, Morgan and Lowsy
and Smyth and Morgan, the vapour densities of Herz and Neukirch and the
calculared vapour densities were combined and a smooth curve was drown.
The densites of saturated liguid wherever not available {over the temperature
range of 330°K to 500°K) were evaluated from the smooth curve taking into
considerztion the observance of the law of rectilinear diameters.
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{4} Heat Capacity of the Saturated Liquid :

The heat capacity of saturated liquid has been determined by Wiiliams
and Danjels’ over a large of temperature of 295 - 319°K, by Dolezalek and
Schulze® over a temperature range of 223 - 293°K and by Staveley 2 a.*® over
4 temperature range of 284 — 3:29°K. The extent of purity of the samples used
is pot reported by these investigators. However Stavely ef al.® elaim their
data to be accurate to+ 1%

For this invesiigation the heat capacity data of all the investigators were
combined, smoothened, and were used, The smoothened daia agree with the
actual values within 1%.

(5} Heat of Vaporization:

Latent heat of vaporization of chloroform has been experimentally
dctermmed by the calorimetric method over a range of temperature of
173~ 314°K by Fletcher and Tyrer The values are clzimed to be accurate to
v.xzhm +0.1 cal Jgm  Heats of vaporization at the boiling point have also
been detsrmined by Marshali®, Mathews™, Writ2? and by Tyrer® The data
f Mathews'® is in very good agrcement with that of Fletcher and Tyrer’.
The samples used by Mathews®™ were checked for purity against density and
refractive index at 20° C ana by determining the normal boiling point. The
samples used by Tyrer™” and Marshall’® were fractionated and the purity of
the sample was checked by the density and the boiling point  The data of
Fletcher and Tyrer’ at the normal boiling point is about 1% higher than that
of Tyrer and 2% higher than those of Marshall and Mathews. The smootbened

data of all the investigators were used for this work.
Heat of vaporization calculated by Clausius-Clapeyron equation namely,

dP/IdT [3]

AH,=—
TV, ~¥1)

agrees with the smoothened date with maximum and average absclute
deviations of 1.5% and 0.5% respectively.

Heat of vaporization above a temperature of 330°K was evaluated using
the Clausius-Clapeyron equation.

{8} Heat Capacity of the Ideal Gas:

Heat capacity of ideal gas have been evaluated by Vold® up to s
temperzture of 500°K and by Gelles and Pitzer® up to a temperature of 1500 K.
The data of Vold™ are stated to be accurate to 97%. The data of Gelles and
Piizer® are mmore recent and extend to a large temperature range. Hence,
the data of Gelles and Pitzer were used for this work. The data of Gelles
and Pitzer were fitted by the method of least squares to the equation,

Ch wa+bT+cT? +dT? [4



184 Sesmaprl, DL M., Viswaxats, D, 8. s Kuioor, N. R,

where a = 7.1083
b= 3,6969 3 107°
£= —2,9613 % 1077
d=84214%10"°
over a temperature range of 250 — 1500°K,
Equation [4] fits the data with maximam and average absolute deviations

of 1.1% and 0.43% respectively. For this work Equation [4] with the constan
28 given above is used,

Y

CALCULATION OF THERMODYNAMIC PROPERTIES

For the caleulation eof thermodynnmic properties Martin and Ho
zquation of state, namely,

P RT ‘}“iwbj.BzT'l»C«E‘(p( KTiT.5 A3+B~T Cyexp { ~ - KT/T)

{¥ - b} T (F—b) v by

oo As_ BsT+ Csexp (- K7/T.) I3
T r—&) -

with & = 5.475 has been used.

The constants evaluated by the method outlined by the autbors™ are:
by =  6.054802 x 107°
Ay ou — 215847139
By = 131856963 ¥ 1077
Cp v 30306821
Ay = 317370469
By e - 14828215 % 1573
Cy = - 34014024
Ay =~ 1LHI6ZLT4E w107
By 1.19430307 » 1070

In the rangs of availzble data Eguation [5] was found foc predic

pressures with average absolute and maximum deviations of 1.27% and 2.70%
respectively,

Specific volumes of saturated and superheated vapour were calculated
using Bquation {5} by making use of Mewton-Raphson iterative method on an
1BM 1620 digitel compurer, for varicus temperatures and pressures,

Entropy and Enthalpy of the Supcrhected Vapour :

Coneidering the entropy and e¢nthalpy to be funcioss of volume asd

temaperaiure, we have,
d48=(8fa Ty dT+ S5 Ve d v {6}
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sing Maxwell’s relations, we obtain,
d8={C [T)YdT+(PI5T)dy 7

Using dH = TdS + VdP in Equation [7] we obtain
dH = Co dT + T(> Plo T)y v + vdp
- Cr AT +d{PV} - PAV + T{(3P[5T), dVv 3

From Equation [5] we have
R B —(X/T) Cyexp. (- KT/T,)

(dPfdT)y =

(-t (¥ boy?
JB- (K/T.) Csexp { - KT/T,) | LBt Cs (KT exp. ( — KT7TS 75
¥V~ b)) {V — boy*
Using Equations [7] and [8],
s f(CH]TYar+ [ (Pl T)yaV {16]
and )
H=flC)Yar- [ TR PHT)dV- [ PiV+ PY f11}

Using Bquations [4] and [9] in the above equations and carrying out the
integration, we obtain expressions for entropy and enthalpy as:

Se{a=R)In T+ 6T+ ([T + (d/3)T*+ R In (V- by)

B B B
(V—bs) 2(F-b) 4{F—bhy)*

[(Vc‘b Z(chbn)z +4€VC b )4] (&/Tj exp. (- KT/T) + Cs {12]
5 -
and

Hal{a-RyT+ (3/2) T +{c/3) 7% + (d/4) T*

4+ (U + KT/T) Gexp. (= KT/TY | A5+ (4 RTITY Crexp, (- KT/T)
(V- &) (f ~ boj*

A ’.{{+I\T/7\C<exp 4( A!"/TF)J_PV_RT_?CH {13]
3(V bo)® 4 {¥—bo)

where Cy and Cp are the constunts of infegration.
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Reference State :

The choice of the referémce state depends on the convenience and the
information available.  The values of the constants of integration are
depeadent on the reference state chosen. Further, the reference state chosep
should facilitate easy comiparison and utilization of the tabulated data.

As has been pointed out by Canjar and Manniugz, the choice of the
reference state as =0 asd S+ R Iln P=0 for elenients at absolute zero
of temperaturs and at zero pressure would be applicable not oniy for pure
subétances but also for a mixture of pure sustances that undergo a chemical
ceaction. But it is necessary to have a knowledge of the heat of formation
of the compound. In the present work as the heats of formation were
available, the refsrence staie H=~0 and S+ R In P=0 for clements at
absolute zero of temperature and af zero pressure has been used,

Entropy value at the normal boiling point was evaluated using the ideal
gas thermodynemic properties and the Berthelot correction. Enthalpy at the
normal boiling point was evaluated by making use of the value of —228
X cal.{mole for A HJ, the heat of formation at 0°K, the ideal gas thermo-
dynamic properties and the Berthelot correction for enthelpy. The integration
constants Cy and Cg were evaluated using the values of entropy and enthalpy
at the normal boiling point. The values thus evaluated are:

Cs = 25.30 cal.fmole “K.
Cy = — 22915 cal./mole.

Entropy and enthalpy of the superheated vapour were evaluated by making
use of the calrulated specific volume in Equation {1.] and [13].

Batropy and eathalpy of saturated vapour were evaluated by using the
the experimental specific volumes in Bquations {12} and [13]. Wherever the

experimental data wete not available these were calculated using Equation [5]
and were used.

Entropy and Eathalpy of the Saturated Liguid :
The entropy of vaporization is related to the heat of vaporization by the
relation

AH,=TAS, M4

The entropy and enthalpy of the saturated liguid were calculated using the
squations

S =8, ~ AS, 1]
Hy = H,~ AH, 1]

. The properties of saturated and superheated chloroform are presented
in Tables 5 and 6 and in graphical form as Figure. 1.



746.0

l [ [

4.0

TEMPERATURE - ENTROPY
DIAGHAM FOR

CHLOROFORM
PREPARED BY SESNADRI D N, VISWANATH 05
ANBD KULQOR NR

P:PRESSURE, ATMOSPHERES —
H:=ENTHALPY, CALORIE S/GRAM MOLL —- -

V: VOLUME, LITRES/ GRAM MOLE R

K= WEIGHT PERCENT o
REFERENCE STATE
C(GRAPHRE), Clg(GAS) AND Hy(CAS)

AT 0K AND ZERO PRESSURE
Hz0 AND SeRlnP:0

300.0

200:0

458

500 350 we 680 700 750 800

& H3-12000
4

213000

F
-, .
ole
[P

”

<
|
U S S

A7

/
L/ Me-7000

=416040

= -18000

ENTROPY, CALORIES/GRAM MOLE “K

850

90.0

1



18¢% SrsHabRrI, I N, Vigwanats, B 8. axp KuLcor, N R,

INTERNAL CONSISTENCY OF THE TABULATED RPSULTS

The relation dH = T74S + VdP may be used to check the internal consis.
tency of the entropy and enthalpy values.

At constant pressure,
AH = TdS [17]

Hence, dH = d (TS) — SdT from which

2
H)} =T3Sy - T;5; ~ if S4T 18]

Tnternal consistency checks were made for superheated region by using
Bquation [I8]. The definite integral in Equation [18] was evaluated by
Simpson’s rule. Table 4 gives the comparison of calculated and tabulated
values of changes of enthalpy A H for 6 isobars.

TanLE 4
Comparison of the values of & &
Isa?;ar Rangeqo{f temp. A ke AH Tosles o, Deviation
0.1 270~ 750 9:i360 2147 0120
i 30 - 750 8:19.7 8217 0033
1690 430 ~ 740 6602.2 8606 0.058
30.0 $30 ~ 750 6518.2 6515 0049
100.0 610750 4147.2 4149 0043
200.0 670 — 750 22480 2254 0.266
NOMENCLATURE
4,B,C. D, - Constants in Equation [1].
4y, By, Cy, Dy — Constants in Equation [2].
a, b, ¢ d, ~ Constants in Equation [4].

bo, da, By, Gy,
Az, By Cs. 4, ~ Constants in Equation [5]

B, Cs, K

C, ~ Heat capacity at constant pressure, ¢al /gm. mole °K.
C, —~ Heat capacity at constant volume, cal./gm mole °K.
Cs, Cy

— Conmsiants of imtegration in Equations [12] and [13]
respectively.
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— Enthalpy, cal /gm. mole.

;
; _ Pressure, atmosphercs.

& — Gus constant. liter atm/gm. mole °i.

Ky — Entropy, cal./gm. mole “K.

T ~ Temperature, K.

14 — Specific volume, iitr'es/gm. mole.

Y1 — Heat of formation at 0°K, cals./gm. mole;

AH — Eathalpy of vaporization, cals./gm mole.

AS, — Entropy of vaporization, cals /gm. mols K.
Superscript &

* — Properties at zero ptessure or ideal gaseous states
Subscripts

¢ — Critical point:

2 — Gas or vapour.

i ~ Liguid

p - Pressure

T — Temperature

¥ — Volume,
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