NORTH CAROLINA STATE UNIVERSITY
Department of Chemistry
Take-home Quiz 5
CH 431
Physical Chemistry |

Solutions

1. Calculate atwo-component composition/ pressure phase diagram for methanol and
ethanol at 300 K. The enthalpy of vaporization of metharol is DyaH° = 35.3 kI/mol
and the enthalpy of vaporization of ethanol is DyapH°® = 43.5 kJ/mol. The boiling
points of methanol and ethanol are 337.2 K and 352 K, respectively. Assuming
component 1 is ethanol and component 2 is methanal,

a. Calculate the vapor pressure of each liquid at 300 K.
Solution: Use the Clausius-Clapeyron equation.
For ethanol the vapor pressure at 300 K is:

D_H
P, = Plexp{ 0 (i—i)

R \T, T,

8.31 J/mol-K {352 = 300

=0.0759 bar =58 torr
For methanol the vapor pressure at 300K is:

D._.H
Pz = Ple(p{ = (i_i)

=[1bar]e(p{43500 Jmol 1 1 )}

R \T, T,

_ 35300 J/mol {1 1
= (L bar)e{ 31 Simolaic |\ 3872 - 300)

= 0.209 bar = 159 torr
S0 Prethano™ = 159 torr and Pethano* = 58 torr



b. Caculate the total vapor pressure of a methanol/ethanol mixture at
X2 = Xmethanol = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.

Protal = X1P1* + X2P2* = XethanolPethanol™ + XmethanolPmethanol™

= Pethanol™ + Xmethanol(Pmethanol™ - Pethanol™)
= 58 + 101 Xmethanol

Xmethanol Ptota
1.0 159
0.8 139
0.6 118.6
04 98.4
0.2 78.2
0.0 58

c. Cadculate the total vapor pressure of a methanol/ethanol mixture at
Y> = Ymethanol = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0.

Solution:

From Dalton’s law: P, = Y, Pota
SO Protal = XoPo* 1y

Potal = (1 —X2)P1* + x2P2*

So

X, = Ptoia] — F:1
P2 - Pl

and therefore

P, PP,
total( P2 P ) Ptotal(T) = _( 1y22 ]

Py, P, s PP,
Ptotal(%_Tz_Pl):_( §/22

PP

I:)total = . R
(Pl Yo — P, (Y2 - 1))
Ymethanol I:)total
10 159
0.8 118
0.6 94
0.4 78
0.2 66
0.0 58




d. Draw the two-component composition (Znethanol)/pressure diagram. Label the
number of phases (p) and degrees of freedom (f) from the Gibbs phase rulein each
region of the diagram.
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e. For z = 0.5 calculate the vapor pressure above the solution when it begins to boil.

Solution:
When the solution begins to bail it is still essentially al in the liquid phase. Thus,

Protal = X1P1* + XoP2* = XethanolPethano™ + XmethanolPmethanol™
= 0.5(58 torr) + 0.5(159 torr) = 108.5 torr

f. For z = 0.5 calculate the vapor pressure above the solution when the last drop of
solution is vaporized.

Solution:
PP,
I:)total - N - N 2
(Pl Yo — Pz(Yz - 1))
58(159)

) [58(0.5) - 159(0.5)) o

=90.3 torr



g. Using the lever rule determine the composition and the relative amount of both
liquid and vapor when the vapor pressure is the average of the vapor pressurein
partse. and f.. In other words determine X%, Y», and '®“Yn'®°" \when the vapor
pressure is halfway between the pressure in parts e. and f.

Solution: the average vapor pressure is 99.4 torr. Assuming z = 0.5 we can determine x
and y» at this vapor pressure and apply the lever rule.
Ptotal — Pl — 99.4_58 — 0.41

X, = " = =
> B-P 159 — 58

and .

y, = P, _ %P, _ 0.41(159)
2 I:)total I:)total 994

Using the lever rule:

nvapor - zZ— X2 ~05-041 _
Miqua ~ ¥2—2 065 —-05 0.73

=0.6%4

2.Given the following data construct a phase diagram for HO.

Trs = 273.15K DrusH = 6.0 kI/mol
Tvap =373.15K DyvapH = 40.65 kJ/mol
lice= 0.917 gm/cnt r waer = 1.000 gm/cn®

Cp(water) = 75.3 Jmol-K Cp(vapor) = 33.6 Jmol-K
Triplepoint T =273.16 K P=0.006 bar
Critical point T, =647.3K P; =218 bar

a Inredity DyapH isafunction of temperature. Therefore, the Clapeyron equation is
not accurate over a wide temperature range. To illustrate this point we consider
the critical point. We know that DyapH should approach zero as we approach the
critical point. Using the temperature dependence of DyaH estimate the critical
temperature based on the known DyaH at the normal boiling point of water. How
large is the error? Now using the experimental critical temperature and DyapH at
373.15 K estimate the critical pressure. Is your estimate better or worse than your
estimate of the critical temperature?

Solution: estimate of the critical temperature.



DvapH (T ) vapH (Tbon) + DvapC (T TboH]
whereD,,,C = C [vapor) — C (water)

vap~ p
(33.6 —75.3)J/moI—K

= —41.7 J/mol-K
At thecritical point D, H(T) =0

_ DvapH (Tboil)
Te=Toi — D c

vap p

40,650 J/mol
41.7 J / mol — K

=373K +

=1347 K

The calculated value is ~ 700 K too high since the true critical temperature is given as
647.3 K.
The critical pressure can be estimated using the Clausius-Clapeyron equation.

D1 1) 0[R2
R \T, T, P

or

D, H
ool (1))

:(1bar)exp{40,650..]/mol {1 1 )}

831 Jimol—K \373 ~ 674

= 349 bar
This value can be compared with the experimental value of 218 bar. Thisvaluetoois

an overestimate (because we have not taken into account the fact that DyapH is
temperature dependent and is decreasing with temperature).

b. Starting with the experimental triple point temperature ard pressure calcul ate the
temperature of fusion at 1 bar. How large is the error compared to experiment?

Solution: To calculate the temperature of fusion at 1 bar of pressure we use the
Clapeyron equation.



D

H (T,
fus n22)l=p, —
o, In(Tl) P,—-P,

T, = Tie { DPLY }

fus

(1 bar —0.006 bar)(—0.0016 L / mol)
60 L—bar/mol

= (273.16 KJexp

= 273.15 K (exact agreement)

Calculate the solid- liquid coexistence curve by calculating the pressure at the
following temperatures 273.14, 273, and 272.3 using the normal melting point as
areference point.

Solution:
For the solid liquid line we use

P=p

+ DrysH/DrysV IN(T/T*)

Weneed DV = V' - VS =M/r' - MIr =M (Ur' - 1r 9

DrusV =

18 gm/mole(1/1.00 - 1/0.917)cnt/gm(1L/1000cnt) = - 0.0016 L/mole

In order to obtain units of bar for the second term we must convert Dr,sH to L bar/mole.

DrusH =

6,000 Jmol = 60 L bar/mol

DrusH/DrysV = 60 L bar/mol/(-0.0016 L/mol) = 37,500 bar
Starting at the triple point

P=0.006 - 37,500 In(T/273.16)

P=1.0- 37,500 In(T/273.15)

T P
273.16 0.006
273.15 1.0
273.14 2.37
273.13 3.74
273.12 511
273.11 6.5
273.10 7.8
273.05 14.7
273.0 215
272.9 35.3
2728 49.0
272.7 62.8
272.6 765
2725 90.4
272.4 104.0
2723 117.8




d. Cadculate the solid-vapor coexistence curve by calculating the pressure at the
following temperatures 270, 260, and 240 K using triple point data as a reference
point.

Solution:
The solid-vapor coexistence curve

P = P* exp{ DyapH/R[UT* - 1/T]}

P = 0.006 exp {46,650 Jmol/8.314 Jmol-K [1/273.16 - 1/T]|}
P =0.006 exp {5,610 K [1/273.16 - U/T]}

T P
273.16 0.006

270.0 0.0047
260.0 0.0021
240.0 2.26-4
220.0 4.1e-5

e. Cadculate the liquid-vapor coexistence curve by calculating the pressure at the
following temperatures 280, 310, 340, 373.15, 450, 600, 647.3. The reference
point and magnitude of DyapH depends on temperature. The critical point
temperature and pressure and DyapH estimated at the critical temperature are to be
used to the 600 K and T¢ points. The DyaH calculated at the freezing point of
water and triple point data are to be used below 340 K. From 340 K to 450 K use
the data from the normal boiling point of water as the reference.

Solution:

The liquid vapor phase curve is given by
But in reality DyapH is afunction of temperature so let's calculate DyapH at 273 K

DuapH(273.15) = Dy4pH(373.15) + DC,(273.15 - 373.15)
DuapH(273.15) = 40,650 Jmol + (-42.1 Jmol-K)(-100 K)
DvepH(273.15) = 44,860 Jmol

P=P* exp{ DyapH/R[UT* - 1/T]}

P = 0.006 exp { 44,860 Jmol/8.314 Jmol-K [1/273.16 - UT]}
P = 0.006 exp {5,390 [1/273.16 - UT]}

Up to about 330 K
Above 330 K we used

P = 1.0 exp {40,650 Jmol/8.314 Jmol-K [1/373.15 - 1/T]}
P =1.0 exp {4,900 K [1/373.15 - 1/T]}



Above 500 K we used

DuapH(500.0) = Dy4pH(373.15) + DC,(500.0 - 373.15)
DvepH(500.0) = 40,650 Jmol + (-42.1 Jmol-K)(500.0 - 373.15)K
DvepH(500.0) = 35,300 J/mol

P=1.0 exp {35,300 Jmol/8.314 Jmol-K [1/373.15 - 1/T]|}
P=10exp {4,250 K [1/373.15 - UT]}

Above 600 K we used

DuapH(600.0) = Dy4pH(373.15) + DC,(600.0 - 373.15)
DyepH(600.0) = 40,650 Jmol + (-42.1 Jmol-K)(600.0 - 373.15)K
DuapH(500.0) = 31,100 J/mol

P = 1.0 exp {31,100 Jmol/8.314 Jmol-K [1/373.15 - 1/T]}
P =218 exp {3,740 K [1/647.3 - 1/T]}

T P
273.16 0.006
280.0 0.01
290.0 0.019
300.0 0.035
310.0 0.062
320.0 0.107
330.0 0.180
340.0 0.277
350.0 0.419
360.0 0.618
370.0 0.849
373.15 1.0
380.0 1.26
400.0 2.41
450.0 9.4
500.0 39.7
600.0 138.0
647.3 218.0

f. Plot thethree curvesonaPvs. T plot and on alog(P) vs. log(T) plot. Include the
triple point on the plot.
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