62 (a) Generd: =@ N,q where g =(119/TN,); , . and

dg=Q qdN;+§ Ndq, @)

However, we also have that

19 g o (Mg
dq=|— dT+| — dv+ —_— dN; 2
: (ﬂT)V,ﬂ (ﬂV]Tﬂ a [ﬂNijT,V,lei l @

Subtracting (2) from (1) yields

ﬂqj ('ﬂqj o |= ('ﬂqj T
o:-(_ dr-| — dv+alq - | — dN; +a N,dq;
ﬂT V.N ﬂV TN ﬂNi T,V,Nj,,.
At constant T and
o [— 19 o —
0-aa-(19) o+t ved
{ TN Jry x
(general equation)
For q=4, g,=4, and (Mj :(Mj =G. Thus,
v; T.V.N iv; TV.Np,;
a-[q] =7 G=- 7 and
TN; TV .Na;
a N,-dZ|T , = P§ I7ZdN|T , specific equation for q = 4

(b) Following the analysis above, we also get
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0=- (ﬂqj du - (ﬂqj v + 8
W V.N mw UN

and, at constant U and V'

— qu ) ° —
q- (— AN, + @ Ndo
N UVN g,

o |— 119 o) —
0= dN,+8Q N.dq,
a[ (ﬂN jUVN ] ravda

N|Q|

Now, choosing g =S, and using that [ﬁj = , which is easily
I JUV.Nj

Vg

derived, yields

(c) Following asimilar analysisto those above, we obtain

_ 'nqj ('ﬂqj o | = ('ﬂqj o =
0—-(— ds- ar+al|g-|—— dN; +a N;dq;
1s V.N mw S,N MN; SV N
which, at constant J and S, reduces to
o [— b|[e] o —
0=a Q'(_j dN; +a Ndq
[ TN SV N

Findly, usnggq=U,and (TU/M N.)g, v =G, yields
R
é- ]Vidﬁi|SV =8 { 71+TS}dN|SV
6.3 (@) Atconstant Uand ¥V, S = maximum at equilibrium
C C
Ss=5"+g" = é Nilg.il +6°1 Ni”‘§i”
i=1 i=1

but

I
dS=0= ('"S J du' +(ﬂ—5|) +a ('" j dN!
' V.N Wy N '”N: UV.N
I 1 I
+(£“) au" +(‘H_SHJ +3 (ﬂS ) dNi”
L V.N mw UN ﬂNi UV Ny

SinceU =U' +U" = constant, du" =- qu'
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Since V' =¥" +¥"" = constant, dV" =-dv’
andsince N, = N' + N!' = constant, dN,' = - dN.

Also,
(‘ITS) _l_('ﬂS) P ('ﬂsj _ G
- =—; | — - and - = . —L
v VN ro\mw U,N r i UV Np; T

(see previous problem)

Thus

for equilibrium in a closed system at constant U and V.
(b) For aclosed system at constant S and ¥, U has an extremum. Thus

| | |
dU =0 = (ﬂ—Ulj ds' + (‘”Llj ar'+@ (ﬂ—Ulj dN|
s V,.N mw SN i VT SV Ny

1 1 1
+(_'”U”j ds" +(_'"U”j ar'+ 3 [_'"U“j dN!"
s V.N w SN i \TN; UV N

butS,Vand N;, j=1,---, C areconstant. Thus

l 1

dau =0=(r"- ")as' +(P' - P")arv' +4 (G' - G")an;
pr'=r"pP=PadG =G"
for equilibrium in a closed system at constant.S and V.

6.4 (@) For aclosed system at constant T'and V, 4 is a minimum at equilibrium; thus
d4, ;=0. FromEgn. (6.2-5)

dA=- PdV - SdT +@ GdN; or dd|, , = @ GdN,

But, N;=N, o+n,X. ThusdN, =ndX and

dd), ;= (@ nG,)dx =0 or ('”—A) =4 nG =0.
' ﬂX V.T i

(b) For aclosed system at constant U and ¥, S = maximum, or dS| vy =0. From

1 P 1o —
Eon. (6.2-4) dS = —dU +—-dV - Fé GdN, ; thus
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1o — 1 —
sy, =- 751 G.dN; or dS|;, =- 7(5. Gn,)dx
and
11s 1 _
ax :'7601 nG; =0
ﬂ U,V i

6.5 Let m, = molecular weight of species i. Multiplying Eqgn. (6.3-2a) by m, and
summing over all species; yields, for aclosed system

o . o o

a m;N; =total massinsystem= g m;N;o + Xa nm,
total massin
system initialy

However, since the total massis a conserved quantity,
é m;N, = é mN;o P Xé n,m =0, where X can take on any value.

Conseguently, if this equation is to be satisfied for al values of X, then

a n;m =0!
o
Similarly, inthe multi-reaction case, starting from N, = N, + @ n, X, , we get
j=1
g g s ¥ s 8 g &
i=1 i=1 =1 j=1 =1 j=1 j=1 =l

Sincethe X;’sarenot, in general, equal to zero, we have

$
anm =0
i=1
In particular, for thereaction H,O = H, +(1/2)0,, or H, +(1/2)0,- H,0=0, we

have
& = (02 +( 232 +(- 28 =o.

6.6 From Egns. (6.6-4) we have

TI(DKmix)

=V, +DV . +x,
y,+br T,

@

T,P

and
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_mix) (2)

I72 :KZ +DZmix *Xq

Now since 7, P and X, are the independent variables, we have that

0 since pure component volume is a function of

T and P only
— M€(Dv__.
dv1|T, P = %{P + d(Derx )|T P + d[xz(ﬂ%jm)}
T, P
2
- ﬂ(DV_m\x) + 1T(D\/_m\x) T[X_de 1 + Xzﬂ (DLZmix ) dx .
T e LLEST S | E T T, P

S
_ ﬂz(DV_m‘x) J ) EP .
- X X since -
SR A M T,
Similarly
~ (DY i)
dValr, p = 1 ﬂxfmlx dx;
T,P
Thus
T(DV T(DV
a xia?i|T,P = xXp (ﬂ;fmlx) dx, - xle—( ;fm'x) dx ° 0
T,P T,P

Thus, ¥, and ¥, given by equations (1) and (2) identicaly satisfy the Gibbs-
Duhem equation § xdd,| , =0.
A similar argument applies for the partial molar enthal pies of Eqn. (6.6-9).

6.7 (also available as a Mathcad worksheet)

The students can solve this problem by drawing tangent lines to the DV ..

curves. Polak and Lu smoothed their data using the Redhich-Kister equation (see
Eqgn. (6.6-53)). That is, they fitted their datato

DV ix = xlxzé. Cj(x2 - xl)j_l =x,(1- xl)é. C,(1- 2x)/"*

j=1
Now
MO i) - (1. )8 €1~ 229"
1Tx,
- xlé Cj(l' le)j-l - 2x(1- xl)é Cj(j' (- le)j- ?
TR = (O 5 T = 0 ) 208) w
X1

and
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NOLyy) x7{A+2x,B} @
ﬂxl

Vo-Vy=(DV i) - %1
where

A4=3 C(1-2x)) e B=3 C,(j- DA- 2x))?
j=1 j=1
Taking species 1 to be methyl formate, Polak and Lu found

(e G, G, c,
methyl formate- Methanol - 033259 - 010154 - 00516 00264
methyl formate- Ethanol ~ 081374 -0.00786 00846 00448

[units are cc/mol; multiply by 103 to get m3/kmol]

| have used the equations above and the constants given to find 171 ¥, and

v, - V, , sincethis|eads to more accurate results than the graphical method.

Theresults are tabulated and plotted below.
Methyl formate - M ethanol

- 0 01 02 03 04 05

DV,  (cc/mol) 0 0039 -0065 -0080 -0085 -0083

-V, 0459 -0329 -0225 0148 -0093 -0058

-V, 0  -0007 0025 -0051 -0080 -0.109
X 06 07 08 09 10

DV,  (cc/mol) -0075 -0063 -0047 -0027 O

-V, 0035 -0021 -0011 -0004 O

-V, 013 -0162 -0192 -0236 -0309

Thus Ve = 6278+(7; - V) cc/mol or 10" n/kmol .
Vi =4073+(V,- V).

Methyl formate - Ethanol

X 0 01 02 03 04 05
DV,  (cc/mol) 0 0080 0136 0174 019% 0203
-V, 0935 0682 0507 038l 0285 0205
-7, 0 0013 0043 0085 0137 0201

X 06 07 08 09 10
DV,  (cc/mol) 019 0174 0134 0077 0
iV, 0133 008l 0037 0010 0

v, - v, 0.284 0.390 0.522 0.680 0.861
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Thus Ve = 6278+(7; - V) cc/mol. Multiply by 10°2 for mi*/kmol .

Ve =5868+(7,- V)

o

6.8 This problem is similar to the last one, and will be treated in a similar fashion.
Fenby and Ruenkrairergasa give their datain the form

DﬂmiX(J/mOI) = x2(1- xz)é Cj(l' sz)j-l W

where component 2 is the fluorobenzene.

The constants given in the

aforementioned reference and Fenby and Scott J. Phys. Chem 71, 4103 (1967) are

given below

System (o c,
CsHg - CRCI —2683 929
CeHg- CiRBr -3087 356
CsHg - CiR —4322 -161
CeHg - CiF;s —1984 +1483

CeHy- CoRH 230 +578

G C,
970 0
696 0
324 0

+1169 0
+409 +168

~
L]

;g0
a%%
:
X

FORMATE =

MMETHAY oL
M TLTE

METHYL
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If wereplace x, with 1- x; in Eqgn. (1), we regain the equation of the previous

illustration, except for afactor of (- 1) 1 in the sum and the corresponding places
in the other equations.

XCohs Dy (H-H),  (H-H o  Ycsa
0 0 —2642 0 10
01 252 27 392 09
02 463 ~1790 130 08
03 —609 —1466 242 0.7
04 —679 —1175 -349 0.6
05 -671 —-903 —439 05
0.6 -590 —646 -506 04
0.7 -453 —409 -555 03
08 —284 —205 —601 0.2
09 -119 —57.8 —666 01
10 0 0 —784 0
[Note: Jmal]
CeHg- C4RBr CeHg - CoR
Yoty PHwy (H-H) (H-H) DHy (H-H) (H-H) Xcgy
CeHs  CeRBr CeHs  CoRl
0 0 2747 0 0 -3837 0 10
01  -263 2248 429  -359 3119 521 09
0.2 —488 —1829 —153 —657 —2489 —200 08
0.3 —654 —1469 -306 -883 —1937 —431 0.7
04 —751 —1149 —486 —-1026 1456 —740 06
05 772 -8l 683 1081 1040 1121 05
0.6 —717 —600 -893 —1042 —689 -1572 04
0.7 -595 -370 -1120 -910 —402 —2095 03
08 420 -181 1374 688  -187 2695 02
09 212 500 1671  -382 489 3379 01

10 0 0 —2035 0 0 —4159 0
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XCeHg

01
0.2
03
04
05
0.6
0.7
0.8
0.9
10

DH i (H - H) (H - H)

CeHe - CoFs
CeHe CeFs
—2298 0
-1899 312
-1590 -93.0
-1332 146
-1097  -162
-867 -125
—637 -28.9
413 +121
-212 +308
-60.9 +503
0 +688

0

22
-39
135
314
575
86.9
110
116
85.9

0

CHg- CRH
DHix (H-H) (H- H)

CG H 6
610
36.2
-28

423

-723

-87.0

-845

—66.7

-394

-126

0

CeRH
0
-11
+6.8
+374
+100
+202
344
524
+737
+973
1217

Note: Changesinsignin column

Chapter 6

XCohsx

10
0.9
08
0.7
0.6
05
04
03
0.2
01
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6.10 (9

(b)

(©

6.11 (a)

(b)

6.12 (9

Relations among the unknowns 78=7, P°P=PY, no phase equilibrium
relations, but 3 chemical equilibrium relations of theform § n;G =0.

8 unknowns- 5 eqgns.= 3 unspecified unknowns or
3 degrees of freedom

Ingeneral, for abinary, two-phase mixture (C =2, M =0, P =2)

F=C- M- P+2=2- 0- 2+2=2 degrees of freedom.

However, for an azeotrope there is the additional restriction x; = y,, which
eliminates one degree of freedom. Thus, thereisonly 1 degree of freedom for a
binary, azeotropic system.

Inosmoticequilibrium P' 1 P" | since the membrane is capable of supporting
a pressure difference, and G, * G,' , where 2 is the species which does not

pass through the membrane. Therefore, the independent unknowns are T,

P',x, T, P" and x;'. [Note, x, and x) are not independent unknowns

since xy=1- x; and x) =1- x']. There are two equilibrium relations

between these six unknowns: viz. 7' =7" and G, =G,". Consequently,

there are four degrees of freedom % that is, aswe shall seein Sec. 8.7, if T, P,
P" and x| arespecified, x;' will befixed.

Casel: M=0,C=2,P=2b F=2-0-2+2=2

Caell: M=0,C=2, P=3b F=2-0-3+2=1

GibbsPhaseRule: F=C- M- P+2

C=2, M=0b F=2-0- P+2=4- P degreesof freedom.

Therefore, a maximum of 4 phases can exist at equilibrium (for example a solid,
two liquids and avapor, or two solids, aliquid and avapor, etc.)

GibbsPhaseRule: F=C- M- P+2

C=2, M=1b F=2-1- P+2=3- P degreesof freedom.

Therefore, a maximum of e phases can exist at equilibrium (for example a two
liquids and avapor, or asolid, aliquid and a vapor, etc.)

le. . .

dt :Ni+Ni,r><n

dU o . 0 dVv
—=a NH +Q- -P—
dt a Nif; +0 yfs dt
dS o .= O
E:aNi‘S‘z‘"'?*'Sgen

ds

TE' TéNiEi'TSgen:Q
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d—U—éNﬁ+T£ TA NS.- TS P

dt [ ] dt i~ gen dt

dUu dv as _o /= .= .

—+P—-T—=q N.(H - TS, )- TS

dt dt dt a z( i z) gen

dUu dv dS _ o . — . o (dN, dX \— .
—+P—-T—=q Nm-T§, . = —-nNn—Mm- TS
df dt dt a. i1 gen a( dt ldtj 1 gen
General expression

Now

System is only permeable to species 1

d—U+Pd—V- Tﬁ- (le -n d—Xjn'l]:' TSgenEO

dt dt dt
When 7T and P constant

dt Y

d d
—WU+PV-TS)- —l(Ni- mX)m]£0
o )+ (N - ]

d
E[G' (N- nX)m]£ 0

P G- (N;- nyX)m = minimum at equilibrium
(b) When T and ¥ are constant

d d
E(U- 75)- Z[(Nl- n.X)m] £0

P A- (N, - niX)m = minimum at equilibrium

6.13 () 2N® N,
20® O,

2N+0® N,O N2+é02® N,O

2N +20® 2NO N, +O, ® 2NO

2N +40® N,O, N,+20,® N,O,

2N +40® 2NO, N, +20, ® 2NO,

2N+50® N,O, N2+goz® N,O

P 5 independent reactions
(b) F=C- M- P+2=7-5-1+2=9-6=3
F = 3 degrees of freedom
(c) 1degreeof freedomusedin O,:N, ratiob 2 degresof freedom

6.14 Massbalance: M+ M, = M, Molecular weight H,0 =1802 g/mol
Energy balance: M,U,+ MU, = M, U,
In each case the system is A kg of solution 1+ M, kg of solution 2.
Since 0 =0, W, =0 (adiabatic mixing)
For liquids U° H . Thuswe have
i = MyHy+ MyH,
VYY)
1 2
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when M, = M,; H, :%(fllﬁflz).

(@)

(b)

6.15 (a)

(b)

Read from Figure 6.1-1
H,=69" 10° Jkg
H,=-61"10° J/kg
Thus H, :%(5.410' 10*) =2705" 10* J/kg
To find the composition, so asulfuric acid balance
FMy+ro,My=r M, P r, :%(rl+ ry) sme M;= M,

where r, = weight percent of ith flow stream.

1
Thus r, :5(10+90) =50 wt % sulfuricacid. From Figure 6.1-1
50 wt % H,SO,

AR b T, ~110°C
H=U=2705"10* J/kg

Here H, =69 10° J/kg,

H,=-3186" 10° Jkgb H, :%(6.9- 3186)" 10° =- 156" 10° J/kg and
r,=10wt%, r,=60wt%pP r ,=35wt%. Using

Figure 6.1-1, 7, ~22°C.

Notice that there is a balance between the energy released in mixing, Dﬁmix ,
and the energy absorbed in heating the mixture, C,DI" . In case (a), DJLAImiX is
very large, and 7, >7; or T,, while in case (b) DI:ImiX is smaller, so that
Ty ~ 4.

MW H,O = 1802 g/mol ; MW H,SO, = 9808 g/mol

100 g H,0 =555 moal
100 g H ,S0O, =102 mol

Note: When these are mixed, a solution containing
5.44mol H,0 /mol acid is formed. DH, for such a solution is 58,390 Jmol

acid. Thus,

total heat released =102 mol acid” (- 58,390 J/mol acid) = - 59,558 J

(Negative sign means that heat isreleased!)
Adding another 100 grams of water produces a solution which contains 10.88
mol H,O /mol acid. From the graph DH = - 64,850 J/mol acid . However, —

58,390 Jmol of acid were released in preparing the first solution, so that only —
6,460 Jmol acid, or 6,590 J, are released on this further dilution.
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401802
60/9808
DH = -52,300 Jmol acid, and

(c) 60 wt % H,S0, b = 3629 molesH,0/molesacid for which

| aci
60 mol acid - 319907
98.08

Note: Enthalpy of 60 WT% solution is —31,990 J relative to pure components
a the same temperature. Similarly
25wt % H ,S0, P 1627 mol H,O/mol acid,  DH  ~ - 68830 J/mol acid

and

DHj = - 52,300 J/mol acid

25" 7
DH = - 68,830 J/mol acid * 025 5_. 13160J
98.08
Fina solution =175 grams; 78.75 grams acid =0803 mol,
96.25 gramswater =5347 mol b 6.66 mol H,O/mol acid . So that
DH =-60,670 J/mol acid
DH, = - 48,720 J
Thus, enthalpy change on mixing, DH ., is
DH,,, =-48,720- (-31990- 13160) = - 3570 J

Thus, 3570J =357 kJ must be removed to keep solution isothermal!

(d) For 1 mole of solute: (1+ N,)H

mix

N.
=H, + N,H, + >-DH 3(72] (argument of
1

DH,) andfor N, moles of solute and N, moles of solvent.

N
(N1+N2)H :Nlﬂ1+N2E2+N1DﬂS[Tz):HmiX

==mix
1
Now

ﬁl:(&) = ﬂl*’Dﬁs(&)*‘Nl (DH,) | yﬂ(Nz/N1)|
1-[Nl T,P Nl TI(NZ/NI)|T,P 1TNl |T,P
or

73 (&)_ &{ﬂDES(NZ/Nl)} e TN2/NY) _ Np

H,- H =DH =
b Ny ) Ni[ T(N,/Ny) N, N?

Similarly, starting from H, :(Mj we obtain
2 T,P
7 — ﬂDﬁs(]vZ/]vl)
2" EZ T QN I
T(N,/Ny)

T,P
50/1802
50/9808
DH ((5443) = - 58,370 J/mol and, from the accompanying graph

(e) 50wt % acid b

=5443 mol H,0/mol acid

DL (N2/N,) _ (-91630)- (-48030) _ _; o5 J/mol
ﬂ(NZ/Nl) at N, /N;=5443 20

sothat H,- H,=-2280 Jmol and
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H,- H, = (-58370) - 544(- 2,280) = - 45967 Jmol

SO0 =

kT wa ad b
ey Mete: vaelue af A TA)
Bied abave wWwas Fraluated
io Ff'am @ jtﬂﬂgr ﬂl""F“-
o 2 4 ' 4 o 2 Iy 6 o ro

el lderec /..mra{ At



o dARka - - = - =

6.20 Note: Sorry about 1 set of data being given in alcohol wt% and other in water

mole %, but this is the way the data appeared in the International Critical Tables.
(a) First will convert the data to mole fractions.

Wi A — kg A x100 . kg A/MW,
kg A+kgW kg A/MW, +kg W/MW,,
B wt% A
wt% A + (100 — wt% A)MW, /MW,,

= Xp

Also, V . = W/ Pmix Where p.. = mixture density and MW is the mole
fraction averaged molecular weight of mixture (i.e., MW = ZXiW; )

Also, V , = MW, /p(100 wt% alcohol) and

V. = MWy, /p(0% alcohol).
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wt% Xa MW Vi — 25V, AV .. (cc/mol)
alcohol . 3
[multiply by 10~ for
m3/kmol ]
0 0 18 18.083-18.033 0
5 0.0202 18.566  18.765-18.846 —0.081
10 0.0417 19.168  19.521-19.711 —0.190
15 0.0464 19.809  20.315-20.633 -0.318
20 0.0891 20.495  21.159-21.690 —-0.531
25 0.1151 21.231  22.077-22.678 —0.601
30 0.1436 22.021  23.088-23.813 —-0.725
35 0.1740 22.872  24.091-25.036 —0.945
40 0.2069 22.793  25.442-26.360 -0.918
45 0.2425 24.790  26.809-27.793 —0.984
50 0.2813 25.876  28.317-29.355 -1.038
55 0.3235 27.058  29.978-31.053 -1.075
60 0.3699 28.357  31.823-32.920 -1.097
65 0.4209 29.785  33.865-34.973 -1.108
70 0.4773 31.364  36.147-37.243 -1.096
75 0.5440 33.120  38.710-39.766 -1.056
80 0.6102 35.038  41.600-42.592 —0.992
85 0.6892 37.298  44.883-45.771 —0.888
90 0.7788 39.806  48.663-49.377 —0.714
95 0.8814 42.679  53.070-53.507 —0.437
100 1.0 46. 58.280-52.280 0

The AV .. data are plotted, and the graphical procedure of Sec. 6.6 used to
find (V, -V ,) and (Vi —V,). Results are given in the following table.

o
=L
r
- = Va -V,
o W =W &= 1A
{ CEF wards )
&
o L i % r L
X

Next note that
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per mole Heat evolved ~ Mole fraction 1)
. . = X X —_
M\ mixture per mole ethanol  of ethanol Since heat is
evolved, AH .
is negative.

Once AH ..
(Hy—H,,). Table below gives (V, -V,), ("w-Vy), (Hy—H,) and

is computed, graphical procedure is used to get (17 W —H A) and

(Hy, — H,,) as a function of the water mole fraction.

Xy V-V V-V, AH.. ~ Hy-H, H,-H,

cc/mol kJ/mol
0 -4.5 0 0. -0.85 0
0.05 -0.0400 -0.099 +0.015
0.1 -5.0 —0.05 —0.0828 -1.15 +0.039
0.15 -0.142
0.2 -3.43 -0.42 -0.201 -1.13 +0.038
0.25 -0.251
0.3 -2.5 -0.78 -0.296 —-0.85 —-0.055
0.35 -0.337
0.4 -1.22 -1.04 -0.382 —-0.88 -0.03
0.45 -0.416
0.5 —0.82 -1.37 -0.473 -1.02 +0.087
0.55 —-0.541
0.6 -0.58 -1.67 -0.603 -1.13 +0.183
0.65 -0.674
0.7 -0.42 -2.0 -0.743 -1.175 +0.388
0.75 -0.805
0.8 -0.17 -2.86 -0.854 -1.02 -0.26
0.85 -0.873 -0.79 -1.36
0.9 -0.025 -3.50 —-0.780 -0.30 -5.0
0.95 -0.491
1.0 0 -3.88 0. 0. ?
) )
o
=L
-y
&






