Chapter 19 Chemical Thermodynamics

Review

Spontaneous Processes

Second Law of Thermodynamics. Entropy
Gibbs Free Energy

Free Energy, Enthalpy, Entropy and Temperature
Free Energy and the Equilibrium Constant

|. Review from Chapter 5

A. Internal Energy (E), heat () and work (w)
1. The AE isthe changein the internal energy (energy inside the molecule which is translational,
vibrational and rotational of the molecule and energy in the bonds).

AE=q +w First Law of Thermodynamics
Energy can be transformed into heat, into work or some combination of both. 2.
Heat stored = (mass)(specific heat capacity)(change in temperature). Used to calcul ate the heat when something
iswarmed or cooled. g = mc(AT)

3. Workis w=-PAV = -P(VsV))
where the P is the opposing pressure.
4. Type of experimental processes.
a. At constant pressure (open container) the g = AH, the change in enthalpy.
b. At constant volume (closed container) the g = AE, the changein internal energy.

B. To calculate the heat associated (either released-exo or absorbed-endo) for a chemical reaction done at
constant pressure use Hess' Law.

1. Add or substract reactions (reverse-change sign, €tc)

2. Usethe equation:

AHo,, = Zn [AH(products)] - Zn [AH(reactants)]

The Z is the mathematical symbol telling us to sum up all the reactants or al the products and the “n” isthe
number of moles of each reactant or product. Learn thisvery important equation. Recall that Table 5.3 and
Appendix C hastabulated values for AHo.. Remember that the physical state (s, |, g, ag) isimportant and that

AHos(elements) = 0.

C. Thefirst law of thermodynamics tells us how the change in internal energy is divided between the
work and the heat associated with a process. Nature wants to minimize the energy of a system and will proceed
in that direction spontaneoudly.

1. If the processis spontaneous that meansit isirreversible.
2. If aprocessisat equilibrium it isreversible.
The tendency to minimize energy is only part of nature’ s desire.

1. Entropy.
A. A measure of the disorder in a system and nature wants to maximize the disorder, the entropy.
S=entropy
The next three slides show a change in disorder of the system, AS. Thefirst isthe expansion of agasinto a
vacuum, a process that is spontaneous and irreversible. Note the huge increase in disorder upon expansion.



We know the melting of iceis an endothermic process and nature wants to minimize energy so the
energy portion tends to keep water asice. But we also realize that asice meltsthereisalargeincrease in

disorder of the water molecules, large increase in entropy. Because the
entropy portion is dominant over the enthalpy portion the ice melts ol
spontaneously at temperatures above its melting point. Asit meltsAS> 0. i Skl
We know that many salts spontaneously dissolve at room gf?ge)s 130.7
temperature. In this case the water molecules become more ordered when N»(g) 1916
they solvate theions (AS < 0), but the salt becomes |ess ordered when the 3?(339) e
very ordered crystal structure islost asthe ions move into solution (AS > 0). NH;(g) 1925
B. Third Law of Thermodynamics: At OK asystemisusualy a gf(();(g) izgg
perfectly ordered as possible and the S=0. AsT increases above OK the quu”i i "
entropy will increase as the material becomes more disordered. H,0() 699
1. In general, gases are more disordered than liquids and gases g‘ﬁ%‘(” s
would have the higher entropy. (H-bonding) e '
2. Ingenera, liquids are more disordered than solids and liquids Li(s) 29.1
would have the higher entropy. i e
3. Ingenera, the more freedom of movement a molecule has the Fe(s) 223
greater the disorder. A molecule with more atoms would then have greater FeCly(s) 142.3

NaCl(s 72.3
disorder than a molecule with fewer atoms. (H-bonding) o

The freedom of movement is associated with translational (in three dimensions), rotational (in two or three
dimensions) and vibrational motion (three vibrational motions for water). Of course, water can form strong
intermolecular attractions (hydrogen-bonds) in the gas phase which will decrease the entropy compared to a
molecule (methane) that cannot form hydrogen bonds.
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C. Unitsfor entropy.

1. For acompound the units are J(mol-K) or cal/(mol-K) or e.u. (entropy units).

2. For achemical reaction the units will be JK.

3. If the entropy is measured at “ Standard State” conditions a superscript o isadded, Se. (Standard state is
pure solids, P =1 atm for gases, and 1.0M concentration for solutions). Standard state entropies are in the
Appendix.

D.Entropy change, ASe.

1. Ingeneral, AS® = S%ing state = Sinitial sate-

2. For achemical reaction: (learn this equation)
AP, = 2n [SP(products)] - Zn [Se(reactants)]

a. Calculate the change in entropy for the vaporization of 150.0g of bromineliquid. Bry(l) --> Br,(Q)
DO Look up the S for each of these:
Se(Bryl) =152.3)mol-K and Se(Br,g) = 245.3¥mol-K
APy, = 2n [Se(products)] - Zn [Se(reactants)]
= 1Imole[Se(Bryg)] - 1 mole[Se(Bral)]
=1 mole(245.3)mol-K) - 1 mole(152.3Fmol-K) =93.0 JK



and we can make unit factors
93.0 JK / Imole Bry(I) or 93.0 JK / Imole Bry(Q)

{93.0 JK/1mole Br,(I)}{ 1mole Br,(1)/159.8g Br,(1)}{ 150g Br,(1)} =87.3 JK.

The next dlide shows the ASe for several phase changes.

b. Calculate the entropy change for the production of ammonia gas from gaseous hydrogen and
nitrogen. Se(H,) =130.58 Jmol-K  SP(Ny) =191.50 Jmol-K  Se(NH3) =192.5 Jmol-K  Write the
balanced equation and DO
ANS: -198.24JK (adecreasein disorder) Isthisreasonable? Explain.

Make unit factors: -99.12JK /mole NH3 or -66.08JK/mole H,

E. Second Law of Thermodynamics (see# 2 and 3 below):
1. The entropy change is related to the amount of heat transferred and it also depends on the temperature.
For example, the transfer of a specific amount of heat alower T would lead to alarge increase of Sassolid is
converted into aliquid or even agas. At amuch higher T, where the substance is agas, the transfer of the same
amount of heat would lead to a small increasein S as the gas molecules only move faster. For areversible
process at constant T,
ASsystem = Qe /T
As an example, consider the vaporization of an ideal gas at its boiling point. This occurs at constant pressure
(the opposing pressure of the atmosphere is constant) and at constant P the heat associated with a processisthe
enthalpy change. Notice that the process also isisothermal, constant T, because it is occurring at the boiling
point temperature.
AS\/aporizaton = AHvaporization/ Tboiling temp-

In this case the “system” isthe liquid that is vaporizing and the heat comes from the surrounding (a Bunsen
burner or hot plate). The total change in entropy is the sum of the change in the system and in the surroundings
and is called the change in entropy in the universe.

ASiniverse = ASygem *+ ASgirroundings:

2. For areversible process. AS niverse =0

3. For airreversible process (spontaneous): AS;niverse > 0. 1n other words, the entropy of the universe
iscontinually increasing. These two statements are the Second Law of Thermodynamics.

[I1. GibbsFreeEnergy.
A. J. Willard Gibbs proposed that a reaction will be spontaneous only if itis
capable of doing useful work he defined the Gibbs Free Energy, G, as the following:
G=H-TS
1. We areinterested in the change in Gibbs Free Energy as a process occurs at
constant T,

Equilibrium
position in
valley

Potential energy—»

AG = AH - TAS-SAT but aconstant T the AT =0 so, Position
AG =AH - TAS @
2. Possibleresults for AG
a Negative, spontaneous process. Thisisadecrease in enthalpy frpctanes

Equilibrium
mixture

(minimize the energy and AH is negative, exothermic) and an increase in entropy
(maximize the disorder the AS is positive so that -TAS is negative).

b. Positive: Not spontaneous

C. Zero: equilibrium.
The following picture illustrates these ideas. As the reaction progresses from reactants
toward products,

Products

Free energy —»

Course of reaction

(b)



we seethefollowing: On the left-hand side the slope of G, AG is negative, so the reaction is spontaneous.
On the right-hand side the slope is positive, AG is positive, so the reaction is non-spontaneous.

At the bottom of the curve the AG = 0 so thisis equilibrium.

B. Both the enthalpy and entropy contribute to the Gibbs Free Energy,
AG = AH - TAS. Not necessarily standard state conditions.
A process can be endothermic (AH is positive) or exothermic (AH is negative) and the change in entropy can
result in an increase in disorder (ASis positive) or a decrease in the disorder (AS is negative). We also notice
that the temperature will influence whether the TAS is bigger than the AH term. Let us consider these four
possibilities in more detail.

C. Cdculate of the AG for areaction, there are two possible methods.
1. Calculate the enthal py and entropy change using
AHo,, = Zn [AH(products)] - Zn [AHo(reactants)]
ASe,,, = Zn [Se(products)] - Zn [Se(reactants)]

andthenuse AGo,,, = AHo,, - TAS?, .
2. Usethe Gibbs Free Energy of formation (Appendix) and use
AGo,,, = 2n [AGo(products)] - Zn [AGo(reactants)]

D. Sample Problems:
1. Isthe absorption of 1000kJ of heat and an increase in disorder of 5.00 kJK a spontaneous process at
300 K? The AH = + 1000 kJ and AS = + 5.00 kJK.
AG =AH - TAS = 1000 kJ - 300K (5.00 kJK) = - 500 kJ.

2. Can the following reaction be spontaneous at any temperature?
MgO(s) + CO,(g) ---> MgCOs(s) giventhefollowing: AHo,,= —-117.2 kJand ASo,,, = -174.9 JK
At some T the TASterm in the AG = AH - TAS equation will equal the value of the AH term and then AG will
be zero, equilibrium. At higher T the TAS term will be positive and larger then the value of the AH term and
the reaction will not be spontaneous. Let usfind the T when equilibrium exists.

AG=AH-TAS
0 =-117.2kJ- T(-174.9 JK)
T = 670K. T > 670K not spontaneous

T < 670K spontaneous
3. Natural gas, CH,4, can be produced by the gasification of coal.
2C(s) + 2 H0(g) ---> CO,(g) + CHy(Q)
a. Isthe reaction spontaneous at 298K ?

AGo(CH4(g)) = -50.75kJImol AGox(H,0(g)) = -228.6kJmol AGo(COy(g)) = -394.4kJmol
AGo(C(g)) =-0kImol because al elements have avalue of zero for AGe;. DO
ANS: 12.0kJ.

b. Could the reaction be spontaneous at any T? AHo,,, = 15.3 kJand AS,, = 0.0169 kJ/K
Yes, a highT.

c. Find that temperature when it could be spontaneous. DO
ANS:. T =905K (superheated steam)



V. The Equilibrium Constant and AGo,,, and AG;yp.
A. We have calculated the AGey,, at standard state conditions. What would happen at non-standard state

conditions.
1. Equation AG,,,=AGo,,+ RTInQ where Q is the reaction quotient,

same form as the K.
2. Would the above gasification of coal reaction be spontaneous at 298K if Pyger = 10.0atm, Prethane =
Pearbon dioxide = 0.01atm? Recall that AGOy, = 12kJmol and
2C(s) + 2 H0(g) ---> CO,(g) +CHy(g) DO
ANS: Yes, because the AG,,, = -22.2 kJJmol.
B. Atequilibrium the AG,,= 0 and the Q = K,
1. Thentheequationis
AGo,, = -RT In Kg
and this allows us to calculate the K, from thermodynamic data.
This shows the following:

AGo,,, = negative Keg >1
AGo,,, = zero Kg =1
AGo,,,, = positive Keg <1
2. Caculate the K¢ for the above reaction at 298K.
AGo,, = -RT InKg DO
12.0 k¥mol = -(8.314J/mol-K)(298K)(1.0kJ1000J) In Kgq
-4.84 = InKg N g = mangy
7.9x103=Kg

3. At 1000K the
AGoy, = -1.6kJmol and Ke = 1.91.

The slide on the right shows
this for the production of ammonia.

mixture
(Q =Ko AG = 0)



