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Chemistry 342

ANSWERS to Final Exam
May 3, 2005
1:00-3:00 PM in 308 BH

Write all work you want graded in the spaces provided. Both the logical solution to the
problem and the answer to the question are required. What is required is an answer in terms
of the original numerical data, including all numerical values and units of conversion factors.
Use no intermediate calculated numbers, except where such numbers arise from answers to
previous parts. The solution has to be worked out in the form of complete equations, with
justification or basis for the use in the specific problem. Final numerical values must include
the correct units.

In other words, the instructions are the same as for Exam 1.

POSSIBLY USEFUL INFO: 1J=1Kkg m?2s? 1atm=101325 Pa
(p +n%a/V ?)(V-nb) = nRT
For water: AssH = 6003 J mol™ or 80 cal g*; heat capacities liquid, solid: 1 and 0.5 cal g™* K™
R =8.31441 J mol™* K™ =1.98718 cal mol* K™ = 0.082057 L atm mol™ K™
(OUIoV)T =T(0OpldT)y —p (GH/op)r = -T(@V/OT)p +V  wr=(0T/op)y (oH/Op)T = ‘CpIJ.JT
Cp - Cy = {p + (8U/aV)r }OVIaT),
[T:/Ti®R = [Vi/Vs] only for ideal gas undergoing reversible adiabatic process
(8SIaV)r = (8plaT)y
(8S/p)r = - (BVIAT),
Cp - Cy={p + (BU/AV)r XV /3T),
The limiting Debye-Hiickel egn: In v, = - z.2.1*? (€%/10eks T)*? {2 pN avog}?
for water at 25°C as the solvent, In y. = - z.z.1¥? (1.17223)
ionic strength = 4> m; zi%
Inaa=AwsaHR [ -1+1 |
L T 1]
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1. A cylinder which is closed at both ends has within it a frictionless piston head. Both the piston and
the walls of the cylinder are of insulating materials so that no heat can pass through them. Initially the
left side of the cylinder contains one mole of gas at 10 atm while the right side contains one mole of
gas at 0.2 atm, as illustrated in the accompanying diagram.
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Both sides are initially at the same temperature, 25°C, and the gas is ideal and monatomic. The catch
holding the piston in place is released and the piston moves to its equilibrium position. Calculate the
final temperature and pressure on each side and AU, AH, and AS for the overall process.

N

O Outer walls are rigid, ... dV=0,w =0

O Insulated, .. g = 0. Since piston is insulated ... ¢er=0, Oright=0. Also, frictionless, .. Wiet = -Wiight
AU=q+W=0+0. Ver=(298R/10) = 2.445 L, V,ignh=(298R/0.2) = 122.265 L, V 1011 =124.71 L
dU = CdT + (6U/6V)dV , O ideal gas , (8U/3V)r =0; .. AU = [CydT

S AUjert + AUright = Cyv [T1e=298]+ Cy [Tt,right=298] =AUt = 0; 5 Tijerrt Thrign= 596 (1)

Answer: AU = ‘ 0

At equilibrium, pressure is the same on both sides, call it ps
Vs . total = 124.7 L = (RTfJeft/pf) + (RTf,right/pf) = R[Tf,|eft+ Tf,right]/pf = 0.082057(596)/pf. Solve for Pt .
pr= 0.392 atm. Since n and ps are the same for both sides, [V jeft/Virignt] = [Tt et/ Tirignd (2)

Answer: p; left side =, p;right side = \ same, 0.392 atm

adiabatic ideal gas reversible: dU=CydT +0 =0+dw =-RT/VdV; Cv=(3/2)R .. [Ti/Ti¥* = Vi/V;
Left: [Tren/298]%2 = [2.445/Vyjer |; Right: [Trign/298]%2 = [122.265/V; ign |; Divide left eq by right,
[Trien/ Trrightl > 2 = [2.445/122.265 |[Visign! Viserd] (3) Using eq. (2) in eq (3) we get,

[Trien/ Trrightl > > = [2.445/122.2651; or [Tjerd Trrignd = [2.445/122.2651%° = 0.02091

Tf’right /Tf’|eﬁ =4.782 (4); Substituting (l) into (4), Tf’right /(596‘Tf’right) =4.782; Solve for Tf’right
Tf’right = 492.92 K; Tf’|eﬂ =103.08 K

Answer: T; = left side =, T;right side = ‘ 103.08 K, 492.92 K

dH = C,dT + (6H/op)rdp , O ideal gas , ... (6H/op)r =0,
and O ATiert + ATrigne = O from above, ..AH =0

Answer: AHio = ‘ 0

dS = (C,/T)dT + (8S/ap): dp ; where (8S/dp): = - (VIeT), = -(RIp)
AS = °LLR{[ dT/Tier + JdT/Trigne} - R{ Jdp/pier + JAp/Prignt }
= -5/,R{ In(103.08/298) + In(492.92/298)} -R{In(0.392/10) + In(0.392/0.2)} = -11.605 -21.3
=+9.69 J K™

Answer: AS = | 9.69 J K™




2. One mole of an ideal gas of Cy = 5.0 cal mol™ K™ | initially at 0°C and 1 atm is put through the
following reversible cycle: A: State 1 to state 2, heated at constant volume to twice the initial
temperature. B: State 2 to state 3, expanded adiabatically until it is back to the initial temperature. C:
State 3 to state 1, compressed isothermally back to state 1.
Find the p,T,V for each state. Calculate g, w, AU, and AH in cal for steps A and B, and for the cycle.
Use the space below to draw your diagram(s):
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pop = Pgas

= -pdVv
(©UlIoV)r =0

and (6H/op)r =0

adiabatic, reversible, ideal gas :

dU = dq + dw leads to

<t T35 nCydT = -pdV = -nRT/VdV
= (CV/IR)T/T = - dV/V
integrates to [T;/T;]°R =[Vi/Vi]
State p, atm T, K one mole V, L
1 p1=1 T, =273 V1 =nRT/p
= 0.08205x273/1
solve for V1,V1=22.4 L
2 P2 = nRT, /Vl T, =2x273 V1
= 0.08205x546/V
solve for p2
3 ps=NRT3 V3 Ty =273 [Ta/To]""R = [V2/Vs]
= 0.08205x273/V3 for idc.-':al gas.unde.rgoing
solve for ps reverzsslble adiabatic process
[1/2]7° = [V1/Vs]
solve for V3,V3=126.7 L
4=1 P1= 1 T, =273 V1

Show your equations and calculations in this space: (but write your final answers in the tables on the

next page)
A constant V B adiabatic C isothermal overall
q AU=q+w g = 0 adiabatic q=-w 1365-940
g=AU-w=AU-0 process (from AU = 0 below) = +425 cal
1365 cal from AU below -940 cal from w below
w dv =0 w = AU W = -[popdV=)-nRT/VAV |  -1365+940
W = -[pepdV = 0 -1365 cal from AU below = -RTIn(V1/Vs) =-425 cal
=-1.987x273x2.5In(1/2)
= +940 cal




AU | dU=CydT+(oU/oV)rdV AU = [ C\ydT +0 isothermal process, O for any cycle
AU=[CydT +0 = 5[T5-T] dU = CydT +0
= 5[T2-T4] = 5x-273 =-1365 cal dT=0
= 5x273 =+1365 cal AU =0
AH | dH =C,dT+(oH/op)+dp AH =] CpdT +0 dH = C,dT +0 O for any cycle
(oHlop)r =0 = T7[T2-T4] dT=0
AH =] C,dT = 7x-273=-1911 cal AH =0
= 7[T2-T4]
= 7x273=+1911 cal
Write your final numerical answers in the tables below:
Changes q w AU AH
step A +1365 cal 0 +1365 cal +1911 cal
step B 0 -1365 cal -1365 cal -1911 cal
step C -940 cal +940 cal 0 0
overall +425 cal -425 cal 0 0

3. One mole of liquid water is allowed to expand into an evacuated flask of volume such that the final
pressure is 0.3 atm. The bulb containing the liquid and the flask are thermostated so that a constant
temperature of 100°C is maintained. It is found that 11,000 cal of heat are absorbed when this process
occurs. Calculate the values for w, g, AU, AH, AS, AG, AA. Neglect pV quantities for liquid

water.

CA
Ua\_/\/\//
Use these boxes to write your equations and calculations, but p_lace the numerical answers in the
table on page 6.

w

no work is done in an expansion into a vacuum (pop =0) : w =0




q

g = +11,000 cal (given) = grrev  €Xpansion into vacuum is always irreversible

AU
AU= g+w = = Qirrev + Wirrev = +11,000 cal + 0

AH

H= U+pV; 4H = AU + pVs— piVi= 11,000 cal + nRT — negligible pV for liquid
nRT = 1 molx1.987 cal K* mol*x373 K = 741 cal
AH = 11,000 cal +741 cal =11,740 cal

AS
Process was irreversible, so cannot use q = 11,000 directly to obtain AS. Instead, set up
reversible steps:
(a) H20(lig, 100°C, 1 atm) —» H,O(gas, 100°C, 1 atm) Orev = Qp = 4H =11,740 cal
to reversibly carry out the conversion from liquid to gas in a piston arrangement at 1 atm.
(b) H2O(gas, 100°C, 1 atm) —» H,O(gas, 100°C, 0.3 atm) reversible expansion of the gas
at contant temperature
AS(a) = Oreu/T = 11,740/373 =31.5 cal K*
Using (0S/op)r = - (6VIOT), For an ideal gas, pV/INnRT, V=nRT/p, - (6V/oT),=-nR/p
AS(b) = [(Cy/T)dT + J-(nR/p)dp = 0 — nRIn(pt/p)
= -1 molx1.987 cal mol™ K*xIn(0.3/1) = + 2.39 cal K*
AS = 31.5+ 2.39 cal K™*

= 33.89 cal K*

AG
dG = Vdp -SdT
For the reversible steps set up above, we can calculate AG
AG(a) = 0 since this is an equilibrium at a constant T and p, between the two phases
AG(b) = [vdp + J-SdT = [vdp = [(nRT/p)dp = nRT In(p:/p;)
= 1 molx1.987 cal mol™* K*xIn(0.3/1) x373 = - 893 cal
AG =0-893 cal




AA

A=U-TS, atconstantT : dA;1=dU - TdS

AA = AU -TAS = 11,000 cal — 373 Kx33.89 cal K* = -1640 cal
AA =-1640 cal

Write the numerical answers and units in this table:

W q AU AH AS AG AA

0 11,000 cal | 11,000 cal | 11,740 cal | 33.9 cal K* -893 cal -1640 cal

4. 100 g of ice at 0°C and 90 g of a metal at -2°C are dropped into an insulated beaker containing 150
g of water at 100°C. Calculate AS for the system for the process that then occurs. Data for water are
given on the first page of the exam. The heat capacity of the metal is 2.0 cal g* K™

It is first necessary to set up a heat balance in order to determine the final temperature.
Inspection of the data suggests that all of the ice will melt, so the overall process can be
written as a sum of the following steps:
(a) 100 g(ice, 0°C, 1 atm) — 100 g(ligw, 0°C, 1 atm)
(b) 100 g(ligw, 0°C, 1 atm) — 100 g(ligw, t°C, 1 atm)
(c) 150 g(ligw, 100°C, 1 atm) — 150 g(liqw, t°C, 1 atm)
(d) 90 g(metal, -2°C, 1 atm) — 90 g(metal, t°C, 1 atm)
Since the beaker is insulated, g =0. ..q=q(a) +qg(b)+q(c) +q(d)=0
100 gx80 cal g* + 100 gx1 cal g* K'x(t-0) + 150 gx1 cal g™* K™*(t-100)
+90 gx1cal gt K!x(t--2)=0

Solve fort: 8000 + 100t -15000 + 150t + 90t + 180 =0 ;

340t = 15000-8000-180 ; t=20.0°CorT=293K
The entropy change: AS = AS(a) + AS(b) +AS(c) +AS(d)
AS(a) = grev/T = 8000/273 = 29.3 cal K™
AS(b) = [(Cy/T)dT + [(8S/op)r dp = 100 gx1 cal g™* K*x In (293/273) = 7.07 cal K* ; Odp = 0
AS(c) = [(Cp/T)dT + [(6S/op)rdp = 150 gx1 cal g™ K™'x In (293/373) = -36.2 cal K™
AS(d) = [(Co/T)dT + J(8S/ap)r dp = 90 gx2 cal g* K'%x In (293/271) = 14.05 cal K™
5 AS=29.3+7.07-36.2 + 14.05 = 14.22 cal K™

Answer 14.22 cal K*
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5. On ideal solutions:

(a) Liquids A and B form an ideal solution. At 50°C, the total vapor pressure of a solution consisting of
one mole of A and 2 moles of B is 250 mm Hg; on addition of one more mole of A to the solution, the
vapor pressure increases to 300 mm Hg. Calculate the vapor pressures of pure A and of pure B.

p = pa + ps ; Raoult’s law holds: p = xap*a+(1-Xa)p*s
Two solutions, vapor pressures in mm Hg:

250 = (1/3)p*a +(2/3)p*s

300 = (1/2)p*a +(1/2)p*s

Solve the simultaneous equations for p*a and p*s

Answers, mm Hg | A: 450 B: 150

(b) Liquids A and B form an ideal solution. At 80°C, the pressure-composition diagram of a solution
consisting of A and B is shown below:

first experiment: second experiment:
500 } 500
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400 -] 400 [F g e
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2 Py = L i 200 ' - I I
200 ; .’_/ o — = ; /’:/' . l 1
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| ‘ y any
¥ Y : , v : : :
¢ 02 . 0.4){8 0.6 o & 03 Lo A - °0.45 ;; " 008045

In one experiment, a liquid solution containing 60 mole % of A is placed in a previously evacuated
container of such size that at 80°C, one-third of the liquid vaporizes. Calculate the compositions of
the final liquid and vapor phases.

Since 1/3 of the liquid vaporizes, look for a tie line which will, by conservation of number of
moles of A and B(the lever rule ), predict nyo:nvap = 2/3:1/3 (see graph). The ends of this tie
line provide the liquid and vapor compositions. We read liquid composition is xg = 0.26 and
vapor composition is yg = 0.68. That is, xa=0.74 and y, = 0.32

Answers, mole % A | liquid: 74% | vapor: 32%




In a second experiment, 2 moles of a liquid solution of xa = 0.4 is evaporated in an open container at a
constant temperature of 80°C until the total vapor pressure falls to 80% of its initial value. What is the
final liquid composition, and roughly how many moles of liquid remain after the evaporation to this
point?

Initial vapor pressure would have been 400 mm Hg (read off the graph), 80% of this is 320
mm Hg which corresponds to xg = 0.45 (read off the graph). Thus, xa = 0.55. Initial vapor
composition corresp. to 400 mm Hg is yg = 0.94, while final vapor compaosition corrresp. to
320 mm Hg is yg = 0.88, giving an average value of about yg = 0.92 or y, =0.08. Apply the
conservation of number of moles of A:

total moles A = 2.00XA,0veraII = NpigeXa + NyapoR®YA ; where NuQ + NvaPor = 2.0

2.000.40= n|_|Q00.55 +(2.0-n|_|Q) ¢0.08 Solve for NLIo

NuLig = 1.36

Answers, liquid: | xa= 0.55 | moles=1.36

(c) Two moles of a 50 mole % solution of propyl alcohol in ethyl alcohol is distilled until the normal
boiling point of the solution rises to 90°C. The condensate is allowed to accumulate in a cooled
receiver and, after being mixed to insure uniformity, its vapor pressure is found to be 1,066 mm Hg
when measured at 90°C. The vapor pressures of pure ethyl and propyl alcohols are 1,190 and 574 mm
Hg, respectively. Assuming that the solutions and vapors are ideal, calculate (1) the mole fraction of
ethyl alcohol in the 90°C-boiling liquid in the distilling flask, (2) the mole fraction of ethyl alcohol in
the distillate, and (c) the number of moles of ethyl alcohol that were distilled.

At the normal boiling point,

Peth + Pprop = 760 mm Hg

The liquid solution in the flask: 760 mm Hg = Xen®1190 + Xprop®574 = Xetn®1190 + (1- Xetn) 574
Solve for Xeth ; Xeth = 0.30 This is the Xetn in the flask.

The distillate: 1,066 mm HQ = Xeth®1190 + Xprop®574 = Xeth®1190 + (1- Xetn) ©574
Solve for Xeth ; Xeth = 0.80 This is the Xetn in the distillate.

Conservation of number of moles of ethyl alcohol:

total moles eth = 2.0eXx,eth = Nask®Xeth flask + Ndistillate®Xeth,distillate ; WNEI€ Neask + Nistillate = 2.00
0.5002.0 = (2.0 - Ngistillate) ®Xeth, flaskT Ndistillate®Xeth distilate = (2.0 - Ngistillate) ®0.30+ Ngistilate®0.80

Solve for ngistiate - Ndistilate= 0.80.

Neth distilled = Ngisiilae®0.80 = 0.64 moles

Answers: | Xetn in flask = 0.30 Xeth IN distillate =0.80 | neyy distilled = 0.64




6. It takes a three dimensional plot of p versus V versus T to show the complete behavior of a
substance. If one of these three variables is kept constant, a plot of the other two is possible. One thus
has isotherms (p versus V or V versus p, with T constant), isobars (T versus V or V versus T, with p
constant) or isochors (p versus T or T versus p, with V constant). The three diagrams (a), (b), (c)
shown below give an isotherm, an isochor, and an isobar for water. State which diagram is which (i.e.,
label each diagram with the proper term: iso ) and also write the proper labels (p,V, T) for the
ordinate and abscissa of each diagram.

\u

@ Y —> ®) T—> o V—>
\Solar \SDUAG T \Sotherm

Write the explanation for your choices here:

The most obvious clues are the plateaus, which must correspond to phase change.
(c) is the easiest to recognize, and is clearly an isotherm involving the region of condensation
seen as a plateau in the plot where y=p, x=V. At a fixed temperature, starting at large V and
low p, the gas decreases its volume as pressure is increased, then the liquid starts to form
and is in equilibrium with the gas, with no change in pressure until all the gas is turned into
liquid, then the volume hardly changes even as the pressure is greatly increased since the
liquid is not very compressible.

(b) must be a plot of y=p, Xx=T, hence is an isochor. The first portion is a curve which shows
an increase in liquid vapor pressure with increasing T until the break in the curve (a
temperature is reached at which all the liquid has been converted to vapor) and the
subsequent linear portion is simply Charles’ law for the all-gas system.

(a) by elimination, must be an isobar with y=T and x=V. At a given fixed pressure, the flat
region corresponds to the volume increasing at a fixed temperature (the boiling temperature
at the given pressure) while liquid is being converted to vapor.




7. (a) Suppose that a piece of metal with a volume of 0.1 liter at 1 atm is compressed adiabatically by a
shock wave of 10° atm to a volume of 0.090 liter. Calculate the AU and AH of metal in kJ. (Assume
the compression occurs at a constant pressure of 10° atm.)

initial ( 0.1L, 1atm) — final (0.090 L, 10° atm)
Pop = 10° atm

AU=q+W q=0 (adiabatic)
dW = - popdV Pop = CONstant = 10° atm
W = -10° atm Jo10>%°dV = 10° L atm

= 10% L atm x (8.3144/0.082057) = 101.3x10° J

Numerical Answer: AU = [ 101.3 kJ

AH = AU + (pVi— piVi)
(pVi— piVi) = [10°(0.090) - 1(0.1)] 8.3144/0.082057 = 9.119x10° J
AH= 101.3+911.9=1013.2 kJ

Numerical Answer: AH = | 1013.2 kJ

(b) For the phase diagram below for the Fe Au system, write the description of the phases present in
each region in the diagram. You may use symbols but define them completely below the diagram. And
write the number of degrees of freedom (in addition to pressure) in each region, line, intersection
point in the diagram.

153508

°C

1170

Fe % Au Au

where L = homogeneous liquid solution of Fe and Au

o = a solid solution of Fe and Au containing 30% Au or less

= a solid solution of Fe and Au containing 65% Au or more, minimum amount of Au in this
phase is 65% at 1170°C, up to 68% at 890°C.
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8. For each of the following processes, state which of the quantities AT, AU, AH, AS, AG, g, w are
equal to zero for the system specified. For those which are not zero, state whether the value is positive
or negative. If information is not available to determine the sign of a non-zero value, use NA. [Hint:
Only 4-5 NA]

(a) A non-ideal gas is taken around an irreversible cycle.

(b) At 25°C a solution is formed by mixing 0.3 mol of liquid CgH14 with 0.5 mol of liquid C;H3s,
forming an ideal solution.

(c) Hz and O; react to form H,0 inside an insulated bomb calorimeter.

(d) One mole of liquid benzene is vaporized at 80°C (its normal boiling point) and 1 atm in a canister
fitted with a frictionless weightless piston and immersed in a heat reservoir that is maintained at 80°C.
(e) CzHg is burned with excess oxygen inside an insulated canister fitted with a frictionless weightless
piston.

(f) A reaction occurs in an electrochemical cell that has E = + 0.50 volt at constant T and p. In another
experiment, E of this cell is found to have a negative temperature coefficient. No gases are involved at
either electrode of this cell.

(9) Heat is withdrawn slowly at a uniform rate from a liquid-solid system at 1 atm at its eutectic
temperature without any work being done.

(h) A non-ideal gas [having negative values for both (0U/6V)t and (6H/op)r ] originally at V3
expands isothermally into an evacuated volume so as to make its final volume equal to 3V;.

(i) Two ideal gases A and B each at 0.5 atm and 300 K separately occupy two glass bulbs joined by a
stopcock. The stopcock is opened and all thermometer and pressure gauge readings are unchanged.

() Reactants in dilute aqueous solutions are combined in a open flask immersed in a thermostated bath,
and an exothermic reaction occurs until chemical equilibrium is achieved. No gases are involved in this
reaction.

Enter O, +, -, or NA into the appropriate box in the table

(a) (b) (© (d) (e) ) (9) (h) (i) ()
AT 0 0 + 0 + 0 0 0 0 0
AU 0 0 0 NA - - - - 0 -
AH 0 0 NA + 0 - - + 0 -
AS 0 + + + + - - + + NA
AG 0 - - 0 - - 0 - - -
q NA 0 0 + 0 - - - 0 -
w NA 0 0 - - - 0 0 0 0

and on the next page, provide a brief explanation by enumerating the key concepts that apply to each
case and how you used themto arrive at O, +, -, NA
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The key concepts that apply to
each case

Using these key points, choose 0, +, or — using this
reasoning:

(@)

cycle makes all
A(state function) =0

g and W opposite signs but NA

(b)

dT =0, ideal liquid solution
means (AV, AH, q) =0 upon
mixing.

AT=0, AH=0, q=0, AV=0gives W =0,

AU = gq+W = 0, ASnmixing > O since greater disorder
in the mixture than in separate pure liquids,

AG =AH-TAS =0 - [+] =[]

()

g =0, dV =0, isolated system,
spontaneous reaction,
Angas = ‘1

AT > 0 since adiabatic combustion,

W=0, AU = qv = 0,

spontaneous, .. ASisoisys > 0 and AynG <0
AH = AU + A(nNgasRT) = 0 +R(T¢-1.5T;) = NA

(d)

dT =0,dp =0, dV +, two phases
are at equilibrium during the
lig—gas transformn

AG = 0 at equilibrium, AS>0 since Sgas>Siiq ,
AU =(, -pAV = NA

(e)

g =0, dp =0, Angas=+%2, dV +,
spontaneous reaction

AT > 0 since adiabatic combustion, g = 0,
AH = qp=0, W =-pAV< 0, AU=0+W <0
spontaneous, ..AG <0,

AH -TAS < 0 leads to AS > 0

(f) [dT =0, dp =0, Angss =0, From the given signs: E >0, (JE /0T)y< 0, we get
ArxnG = - VF E = Wejec, from which:  (Weiec < 0, AxnG <0, AnS< 0, AxnH <0
VF (CE 10T)p = AxnS, 0o =AH <0, AU =0 + Welec <0
ArxnH = -vF { E - T(GE /0T)p }

(9) dT=0,dp=0,W=0,qg<0, AG = 0 at equilibrium, AU=q+W <0
3 phases remain at equilibrium at [AH = 0p<0, AH-TAS =0 leadstoAS <0
Teutectic,

(h) |[dT =0, dV > 0, pep= 0, spontaneous |dU = CydT + (6U/0V)7 dV= 0+(-)(+)= []
(0UloV)r <0, (6HIop)r <0 dH = CpdT + (6H/0p)r dp = 0+(-)(-) = [+]
ideal gas dS = CydT + nRdV/V W =0, q=AU-W=[]-0= []

AST = nR [ dV/V spontaneous, thus AG <0
ASt > 0 (also greater space disorder)

(I) dT = O’ dp = 0’ dvtot: O’ thot =0 W= O, dT=0 ..AU =AH =0
spontaneous mixing, ideal: q =AU-W =0, no g and W .. an isolated system,
U=U(T), H=H(T) which has AS > 0 for spontaneous change,

spontaneous, .. AGy, <0

() [dT=0,dp=0,9<0, Angas=0 ANgas =0 .. W=0, AU=q+W =[-]+0

spontaneous reaction

AH = AU +A(pV) = [-] +0
spontaneous, .. AnnGTp <0

AG = AH - TAS leads to [-] =[-] -TAS ..AS = NA
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9. These are about one-component phase diagrams:
(a) Starting from dG = Vdp — SdT derive the Clapeyron equation for a pure substance in phase o and
phase 3 coexisting in equilibrium.

dG, = V.dp — S.dT for phase a dGg = Vpdp - SgdT for phase o

Subtract the two equations: dG, - dGg = (Vo— Vp) dp -(Sa— Sp) dT

For a pure substance in phase a and phase B coexisting in equilibrium, dG, = dGg
(Va~Vp) dp =(So— Sp) dT

dp/dT =(Su— Sp)/(Va— Vp)

(b) The vapor pressure of acetonitrile is changing at the rate of 0.030 atm/deg in the vicinity of its
normal boiling point, which is 80°C. Calculate the enthalpy of vaporization of acetonitrile.

dp/dT =(Sq— Siig)/(Vq— Viig) . For the change (definition of normal boiling point):
CH3CN(lig,353K, 1 atm)— CH3CN(gas, 353K, 1 atm),

dp/dT = AHvap/T = AHyap P Thus, 0.030 atm/deg = AHyapx1 atm
RT/p RT? 1.987 cal mol™ K™* 3532

Solve for AHyap
AHyap = 0.030 atm K™ x1.987 cal mol™* K*x353*K? /1 atm
= 7400 cal mol™

Answer: 7400 cal mol

(c) Explain whether the melting point of a solid substance A will be raised or lowered by pressure,
given that solid A does not float on liquid A. lllustrate your explanation by suitable equations.

dp/dT = (Siig— Ssotia)/(Viig— Vsolid)

Siiqg > Ssolig always. Thus, (Siiq— Ssolid) > 0 (a positive number)

Solid A does not float on liquid A means that the density of solid A is greater than the density
of liquid A at the same temperature, density=mass/volume, thus, V mjiquid > Vm,solid

Thus, (V m,iquid - Vm,soiid ) > 0(a positive number)

Therefore, dp/dT = (+)/(+) = (+)

S0 applying increasing pressure increases the melting point of the solid.
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(d) For substance B the change of entropy on melting is 3 cal K™ per mL of solid that melts. The
melting point under 1 atm pressure is 6°C, and densities of solid and liquid are 0.90 and 0.85 g mL™
respectively. Calculate the melting point under 10* atm pressure.

dp/dT =(Siig— Ssolid)/(Viig— Vsolid)
density=mass/volume.
Consider 1 mL of solid B: mggig =0.90 g .
This melts to a volume V3 =0.90g/0.85¢g mL™*=1.06 mL
For every mL of solid that melts, (Viig— Vsoiig) = (1.06 -1) mL =0.06 mL
(Stiq— Ssotid)/(Viig— Vsoiid) = (3 cal K/0.06 mL)x(1 L /10° mL) x(1.987 cal/0.082057 L atm)
= 2050 atm K™
10* atm/2050 atm K™ = 4.9 K. This is the change in the melting point compared to the normal
melting point at 1 atm. Melting point at 10* atm is thus, 279+4.9 = 283.9 K.

Answer: melting point = 283.9 K

10. These questions are about non-ideal behavior.

(a) A particular non-ideal solution of A and B has a normal boiling point at 60°C. For this solution, at
this temperature, the activity coefficients of A and B are 1.3 and 1.6 respectively, with activity
definition chosen to be that of the rational system. The activity of A is 0.6 and the vapor pressure of
pure liquid A is 400 mm Hg. Calculate for the liquid solution and the vapor phase which is in
equilibrium with the liquid solution at 60°C the following: and place the final answers into the table

actual vapor pressure of A above the solution 240 mm Hg
mole fraction of A in the liquid solution 0.46
activity of B in the liquid solution 0.86
actual vapor pressure of B above the solution 520 mm Hg
mole fraction of A in the vapor 0.31
vapor pressure of pure liquid B 610 mm Hg

Place your calculations and reasoning in this space:

The actual vapor pressure of A above the solution is apep*a =0.6e400 mm Hg = 240 mm Hg

Since activity = activity coefficient x mole fraction, as = yaeXa, then 0.6 = 1.3eXa ; gives xa = 0.46

This means xg = (1-Xa) = 0.54; ag=ygexg= 1.6 ¢0.54 = 0.86

Since the solution boils (reaches a vapor pressure of 760 mm Hg) at 60°C, then
760 mm Hg = 240 + pg, which gives pg =520 mm Hg .

Thus we find 520 = agep*s= 0.86ep*s ; Solving for p*s we get 610 mm Hg.

The mole fraction of A in the vapor is thus 240/760 = 0.31
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(b) The thermodynamic solubility product for PbF, is 4x10°°. Including activity coefficient effects
where they are not negligible, calculate the solubility (call it S) of PbF, in (1) water, (2) 0.1 M NaF,
(3) 0.1 M HCI [You may neglect activity coefficient effects in this last case, but recognize that HF is a
weak acid and is only 1% dissociated at a pH of 1.]

(1) In water: PbFz(s) = Pb2+(aq) + 2F (ag)

If at first we neglect any activity coefficient effects: If S is the solubility of PbF, in mol L™, then
Ksp = 4x107° =~ (S)(2S)? leads to S ~ 1x107®, just like you did in Freshman Chemistry.

The Debye-Huckel limiting value for the mean ionic activity coefficient for water at 25°C as
the solvent, Iny: =-z.zI"?(1.17223)  where ionic strength | = 23> m; z*

Here, | = 1Y m;z? = ¥4[( 1x107)(2%) +(2x107)(1%)] = 3x10°

In y: = -z,z.1¥% (1.17223) = -(2)(1)( 3x10°%)* (1.17223) ;  solve fory.; v = 0.88 for Pb**, F
Since the solution is sufficiently dilute in the ions, we can use just this limiting value for our
calculation in water: 4x107° = Ky x Ky = (0.88)°(S)(2S)? Solve for S; gives S = 1.3x10° mol L™.

Answer: S = 1.3x10°mol L*

(2) In 0.1 M NaF, the ionic strength is dominated by the ions from the completely
soluble and completely dissociated NaF: | =%Ym;z%= %[( 0.1)(1%) +(0.1)(1%)] = 0.1,
compared to which, the miniscule amount provided by the dissolving PbF;, can be neglected.
In v =- z,z1*?(1.17223) = -(2)(1)(0.1)"?(1.17223) ;  solvefory.;  vy.=0.479 for Pb*, F

In 4x107 = Ky x Ky = (0.479)*(S)(0.1+2S)? we can neglect 2S compared to 0.1  solve for S;
gives S = 3.64x10° mol L™,

Answer: S = 3.64x10°%mol L™

(3) In 0.1 M HCI, the protons from the complete dissociation of HCI captures 0.1 M of F ions
forming molecular HF, a weak acid, which then dissociates only to the extent of 1%. Thus, of
the 2S F ions resulting from solubility of PbF2, only 1% remain in the form of free F ions,
that is, only 0.02S. We were told to neglect activity coefficient effects in this case. The
solubility is now given by

4x107~ (S)(0.02S)? leads to S ~ 0.0216 mol L™

Answer: S = 0.0216 mol L?
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