Spontaneous Processes

Which of the following processes are spontaneous?

(a) Separating a mixture of N, and O, into two separate
samples Non spon taneown

(b) Alignment of iron filings in a magnetic field
SPOhWLU)
(c) Dissolution of HCI(g) in water to form HCl(aq)
Spenizunaous
(d) Sublimation of CO,(s) at -100°C, 1 atm (CO,
sublimation pointis -78°C, 1 atm)
—100°C £ =7F°C  NONSPONTINLILD
(e) Reaction of copper with oxygen to form CuO under

typical environmental conditions in RI.
Sponww




Predicting Entropy Changes

Indicate whether the following produces an increase or
decrease in the entropy of the system:

(a) Coz(;) 2 Coz(%) (N eeand e,n-lwra\/

(b) CaO(s) + COx(g) > CaCOs(s) deruoniny entopy

() NH4Cl(s) > HCI(g) + NH3(9) |noreose exndropy

| ro\ssale (o e ulon/
P m\hd&_z R me PWC@

H,O
(d) NaCl(s) > NaCl(@qg) inewass ertep
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Calculating Reaction Entropy from
Standard Entropies

1. What is the molar change in entropy for water freezing
at 25°C? A:-28.9)/mol K
Proas © k00 —> H,0(s)  AS=8 prod — I Swmact
L9.9 ’S/moltc 41 3fmol I AS= Y13 mol K = (69.97S gl K
= —2%.9 T mo| dfgcmme'm@
2. What is the standard entropy change for the following
reaction? A: 178.7 J/mol K
Al,O3 (s) + 3H»(g) = 2 Al(s) + 3H,0(qg)
S% 50.9% Vel K 3.0 mollc 333 motic (8. 7S Imal 1€
A= Zgopﬂod‘“ 5 SCneac
N [ 2283 Slmoie) + 5(18%-731m°l/<ﬂ - [1(z0:
--EJL,(, Slmell + 5. [ S ool K]f['gg.ﬂro( I moltc + 393.0 3/ mel I]
(6227 Slrolic = 443.99 S/mol K = 17571 I mol K

L 11%.17 I mol K
eﬂmptccull\, Qoad

9 O|moll) + 3 (ts!.@'[moucﬂ

LN 0NLOLY e,n{m@\j
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Calculating Entropy (S) from AH

The normal boiling point of ethanol (C,H;OH, 46.07g/mol)
is 78.3°C and its molar enthalpy of vaporization is 38.56
kJ/mol. What is the change in entropy in the system when
68.3g of gaseous ethanol at 1 atm condenses to liquid at

the normal boiling point? A: -163 J/K 'QOPPOW —
§ =484 1%.3°C +213.15= 35(.495K Stgn of At Changfd
7 DHeond * —3%.56 k—S/mo(
(J?.rb%(q't"%)%‘—%— = .4 %3S et (’iﬁ%gvz -850 1LL RS = AR
o = D 6,163 K % Loogs

= = 1L3S K
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Gibbs Free Energy & Spontaneity

1. A certain reaction has AH'=-19.5k] and AS’= 42.7]/K.
(a) Is the reaction exothermic or endothermic? A: exothermic

—AH = evothaemie

(b) Does the reaction lead to an increase or decrease in

the @W of the system? A: increase

eXV{TUP\) + AS = [NeALODO e,n'&*{'bp\l

(c) Calculate AG™ at 298K A: -32.2k]
NG = AR — TAS 42.93 i ( l'N\ 0. 64an kS«

T -19.5 kS — 29%(0.64a1 €5
=~ 5KS — 12746 RS T = 32,3340 kS —93R.A RS

(d) Is the reaction spontaneous at 298K under standard

conditions? A: yes

—22.2 kS ‘
+ NG hon spontane s Q roa AG - IS gporr\'armm
— AG spoyﬂur\ﬂfuao y




-6
2. |Is the following process spontaneous at 25°C? at 75°C?

Ca3(POy4),(s) —= 3Ca’*(aq) + 2P043(ag) A no
AH=HIA] SSfol $° 336 [melle OHO- 542 B mol A= =139 S|l
Step 1: Calculate AH = =55.2%mdk  §°4 222 molk

Albexn = Z8H prod — 5 AHreac

Blbeyn = [ 3(~ 54296 ot ) + 2(=1277 Blmai)} = £ 1 (~4121 o))
S LU AT 58 St + (- 2559 o) €04 12] Kl
= - H182,%% BShwel + 412] Flml = = (41,85 BS mol

Step 2: Calculate AS
ASrxn = Z’S‘i,_wod — 5 $%enc
ASexn= [ 3(=55.2 3 moll) + a(-2235mot1d) = [ 1 (336 S[mol 1))
2 = 5. b Tmol kK =994 ol K - 2303 [mol i€

= - %4 5.GT{molLL (10'0;25;\':.) = -—0.8"16(0h_5/m°\ i

Step 3: Calculate AG 4sx+amz.is=29%.15K 5% +273.15 = 34%1 K
@as°Cc NG=AH-TAS @ 159

.
AG= ~L1. 4% KSlmol - 298:15K (- 0.8456 ET) 1) DG ~Lol.85 Bl ~ 348152 (0. 5456 dlk
= ~4,188 Bhrol +253. 16 =T ol = =01 85 K8 ol + 294.3%6 hrol
z + 190, 3Y Emol v_\grspcsn’wmm = + 333 S la3|wol M‘. 25



3. At what temperature will the following process become
spontaneous?

Ca3(PO,),(s) ——= 3Ca?*(aq) + 2P0O43(aq)

me pre U Quashon’ + AG nonspmhmmm
At = —Wl§F kT [mol ~AG spordarnaowp
N — 6,54 ES moL i tHensrhon AG=0

NG = AH-TAS

O ISl = —GLES Kool — T (~0.8450 Smolic)
FOLEE D s+ U1 8 Do

LS W) g = (6. 5450 Fmol )
6. ¥4 %[)Am 0-?%50 S st K

T = 0318 I — 27315 = —199.9n °¢

A: -200°C 26



Free Energy & Equilibrium
1. Calculate AG’ for the following reaction at 25°C.
Fe(OH),(s) —— Fe?*(aq) + 20H(aq) Hi: s Al
Ksp for Fe(OH), is 1.6x10°'4 A: 79kJ/mol

AG® = = RTLnK
W B = $.3/4 X167 S [mol K

T‘Z"‘W mn K

K= eqolibricm constound

AG = —($314 16k mov) (298159 (&N 1l x10™)

NG € 2unss)(-31 70k
&3 o |

De= %792 k3 |mol — 1% |mol
L”r?q-mfmc)f
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A: (a) -5.41 kJ/mol

2. For the following reaction:
(b) 0.295 kJ/mol

2NO,(9) N>04(9)
(@) Using data from Appendix 2, calculate AG" at 298K
(b) Calculate AG at 298K if the partial pressure of NO,
and N,O, are 0.40atm and 1.60atm, respectively.

(@) NG, @ AU - 3355 Sl N0y a) M,l; = Ll &S el
$¢ = 24646 lmal i = 4. 3 Imol I

NG=AH-TAS
AHen= 966 Smo| — 2 (5385 &5 mol
6ol — (7.1 BSfmol = - 5%.04 &S /mo]

BSran= 504.3 Slmol K — 2 (A4O YT Jmolic) = -
304. 3 molk= 4 %0.92 5/ mollt = = 17063 S ol I¢ (‘&)'(L)? > - 0.,1766.3 " el €

DGO - ~5%.04 pp| — ng/k(-o.muu?_’zwﬁ _
2 ) - = {G° - 2.36%
5%.04 ol + 52,6363 [mo| == 541 K3 mol D (10
(B) AG= AG® + RTING = -5 Y1 kS [l + (8.314%10" “L"/mollc)(ﬂ%") OqO“B
AG= =S.Y4| Bmp| + 5.905 8 |yl

={0.295 kT (mol/




3. Compare the molar solubility of lead chloride at

25°Cand 90°C. | i3 From Table:
_ AH (kJ/mol)  S° (J/molK)
PbCly(s) == Pb?*(aq) + 2Cl@q) ppc), ) 350 PbCl,(s) = 136

Ksp for PbCl, is 1.6x10% at 25°C  Pb*(@a)=-1.7  Pb**(ag) = 10.5
Cl(ag) =-167.2 Cl(ag) = 56.5

e A5°L — regulor mola solubddy
. 4 a._ -5
Ksp= CP*If e = IXILaKY = [ xI0 - .
90+a173.19= 3635 U3 = Lax1073  X*=40x107° fx/=/.5q x(0™"M @asgl
@CIO"C AG"— "RT.O.J’)K AG.,-_- AH "TAS

AW=[-11ES[mo| +a(-167.2 ’“/mﬂ@sq BS )iy = 329 k3 [mol

A8 =1 16.6Tfmol Ik +2(86.5 Imolik)\ = 136 mol K ~ ~12.57 Imelll = =06, 6135 B [mol 1€
NG~ 329 KSlmol — (863 19()(~6.0(3% & o1 1) 305XI0TM
A4S o] + Y.5Y Bl = R24Y B[ LB X6~ s yx3 L saoTM
AG= —RT InK X®= 2.8% x/6™%
274y h'g!m[)l .—_(— 8,314 X103 leT/mD“Q(SI_;&ISI()@JOM) ‘ xX= 3.05XI07°M ¢ q()oc‘)
A0.4Y K[ ol = =303 ES ol % Anl g K= =9 081
302 )md —33 kSlmol K~ @ ~9080 = |, 2x10™ =Ky € 0%

A: solubility at 90°C about double the solubility at 25°C 31



