ChemE 2200 — Chemical Thermodynamics Lecture 11

Today:
The Thermodynamics of Chemical Equilibrium:
Extent of Reaction, &
Reactant Quotient and Equilibrium Constant

Defining Question:
For pure H,O below its boiling point, AG4yration > 0;
and there Is exactly zero H,O vapor above the H,O liquid.
For N, + O, at STP, AG,,, > 0, but some NO forms.
Why?

rxn

Reading for Today’s Lecture:
McQuarrie & Simon, Chapter 26.1-26.7

Reading for Thermodynamics Lecture 12:
McQuarrie & Simon, Chapter 26.7






Recap: Fundamental Thermodynamics
dG(T,P) = —-SdT + VdP + 2 (T,P)dn.

w;(T,P) is the molar Gibbs energy at a given temperature and pressure.

Use data tables for the standard molar Gibbs energy at 1 bar (= P9).

G(T)

4 (T) = =G'(T)

How does ,;(T,P) vary with pressure?

Define the activity of substance I, a;, such that

. - exp(ﬂi(T’P)R - uP(T)J

or u&(T,P) = 4°(T) + RTIna



The Activity of a Substance

. - expﬁui .P) - uiO(T)}

or (T,P) = yiO(T) + RT Ing;

What is the activity of a substance?

“The activity of a substance is whatever is needed
to make (the above equations) correct.”

L. M. Raff, The Principles of Physical Chemistry (2001)

Approximations for ideal systems:

For a pure liquid or a pure solid, a; =1  Liquids and solids have small molar volumes.

(8_/1) = (@j =V Vig issmall.

For an ideal gas, a ilo such that P° =1 bar.
P

Q



Coal to Syngas to Methanol to Dimethylether to Olefins

Consider some industrially important reactions.

coal gasification: \C(graphite) + H,0(g) © GO(g) + Hz(g) The U.S. has coal

Y Y, to last 500 years.
coal steam synthesis gas,
aka syngas

methanol synthesis: CO(g) + 2H,(g) «» CH;OH(g)
dimethylether synthesis: 2CH;OH(g) <> CH,OCH,(g) + H,0(Qg)

olefin synthesis: nCH;OCH,(g) «» CH,=(CH,),, ;,=CH, + nH,0(q)

Plus various side reactions ...

Consider equilibrium of the methanol synthesis.



Chemical Equilibrium
methanol synthesis: CO(g) + 2H,(g) «» CH;OH(g)

Start with CO and 2H,. What is dG if an infinitesimal amount of methanol forms?

dG = -SdT + VdP + pcodngg + pypdny, + HepzondNenzon

Assume T and P are constant.

dG = peoldngo + HdNie + HenzondNcHsoH

Define £ = extent of reaction = number of moles produced.

& [=] moles & is pronounced ‘kah-sigh’

dNchzon @&
stoichiometric
dneo :@i coefficients
dn;, =@§

dG = (—pco — 2Huz + Henzon)ds
“ Wy
v




Chemical Equilibrium

methanol synthesis: CO(g) + 2H,(g) <> CH,;0H(qg)

dG = (Aw)dg
A = —Uco — 2Hy, + Hepson atPPandany T.

If Au<0, need d§ >0 forAG<0

If An <0, reaction goes forward.

If Au>0, need d§ <0 forAG<0

If Au > 0, reaction goes backward.

If Au=0, AG=0

If Au =0, reaction is at equilibrium.



Chemical Equilibrium

A = —Uco — 2Hy, + Hepson atPPandany T.

Express the chemical potentials in terms of the standard pressure, PP,

For example, pco(T,P) = uéo(T) + RTInacg ~ uio(T) + RTIn F‘jc?
Heo(= Ggo)at PP andany T

P, P
Ap = (—pco —2mp, +Menon) + RT|=In P;;‘O 2In—% +|nMj

PO
PCH3OH
0

Ap = Ap’ + RT|In P 5
Peo PHz
po | po

P P%)?

Ap = Ap® + RT| In C“SO“(Z )
Pc:oPH2

Pen,0H (P%)*

Define the Reaction Quotient = Q = >
PCOPH2

= Au = Ap’ + RTInQ



Chemical Equilibrium
dG = (AW)dE = dG = (Au® + RTInQ)d¢
dG = Apdé + (RTInQ)dE
note: dG° = (Ap%)d¢ = dG = dG° + (RTInQ)d¢ integrate from&=0to & = 1:

I dG° = AG.,(T) Standard Gibbs energy of reaction at temperature T.
Complete conversion of unmixed reactants — unmixed products.
AG = AG2.(T) + RTInQ
Set AG =0 (reaction at equilibrium)
0 = AG (T) + RTInKp(T)

AGn(T) = —RT InKp(T)

PCH OH(I:)O)2 ; THY ¢ ’
where K, (T) = 5 m Kp(T) is the equilibrium ‘constant

COTH2 Jequilibrium Ko(T) is constant with respect to pressure.
Ko(T) varies with temperature.

Ko(T) varies with reaction.



Chemical Equilibrium of Methanol Synthesis Reaction
methanol synthesis: CO(g) + 2H,(g) «» CH;OH(g)

AGY (T) = —RTInKp(T)

ul, = —137.163kd/mol
W =0 > from Table 26.1, p. 1057
2

Menon = —161.96 kl/mol

~ 0 0
AGpyn = — o — 245y, + Heron= —24.80 kI/mol

AGY,(T) = —RT InKp(T)

~0
Kp(T) = exp{_Aern (T)} _ exp{ ~ 24,800 J/mol

_ a+1001  _ 4
RT (8.314 J/(K - mol) x 298 K} ° 2:2x10

How to interpret?
High conversion?

Low conversion?



Chemical Equilibrium of Methanol Synthesis Reaction
methanol synthesis: CO(g) + 2H,(g) <> CH,;0H(qg)

AGY, = —24.80kdimol K, = 2.2 x 104

Assume a stoichiometric mixture initially: partial pressures
initial later Initial later
1 1-¢&
CO 1- =P —=P
1 mol g 3 32t
H, 2 2 — 28 ’p 20=5)p
2 3 3-2¢
CH,OH O g 0 _S P
3 3-2¢
total: 3 mol 3-2¢ P P
S p 2
042 _ —
Kpo(T) = Femon (P7)° - = 5-25 _ B2l 10

PeoP 1-¢ P(Z(l—a)jzpz 4L-g)° P°
2 3-2& | 3-2¢



Chemical Equilibrium of Methanol Synthesis Reaction
methanol synthesis: CO(g) + 2H,(g) «» CH;OH(g)

AGY. = —2480ki/mol K, = 2.2 x 10

_ B2 1 _ L, 0
Ko(T) = Wt P 2.2x10

Because A@&n Is large and negative, the conversion will be high. ¢=1

~ 1 ~ 1
S &
In the limit & — 1 (i(jfi))?;? - 2.2x10*
1 1 ,
= (1—
4x2.2x10* P? 4-9)
11x10°° . pressure &
5z~ (=%) lbar  0.977
0.023 2 bar 0.986
;m =176
P 10 bar 0.995
& = 1—0|'302/233 100 bar 0.999

1 bar =0.987 atm



Le Chatelier’s Principle
methanol synthesis: CO(g) + 2H,(g) «» CH;OH(g)

Assume reaction is at equilibriumatP=1atm. &£ =0.977

= ﬁp = 0.022 atm

Peo = 3_2¢
P, — 2(1_&‘)P = 0.044 atm
"e T 3-2¢
P PY)?
check: Kp = CH3OH(2 ) = 0.94 > = 2.2x 104
PeoPy, 0.022x0.044

If pressure increases, the reaction is no longer at equilibrium.
The reaction will respond to restore equilibrium by decreasing the number of gas molecules.
The reaction conversion will increase.

Although K, is independent of pressure, P, Py, and P30y depend on the total pressure.



Pressure Dependence of Chemical Reaction Equilibrium

How does AG,,,, depend on P?

rxn

Start with the fundamental equation: dG = -SdT + VdP

d(AG,) = —(AS,,)dT + (AV,,,)dP

At constant T, (a(%%fxn)j = AV,
T

: RT

Assume ideal gases: AV, = An,, 3
i reaction increases gas mols;
0(AG,,,) RT reaction AN, >0, AV, >0
P = An., ) favors
T reactants
P
RT
d(AGy,) = | ANy, P dpP AGy, reaction decreases gas mols;

An., <0, AV, <0

rxn rxn

AG,, = R(An,,)(INnP, — InP,) reaction

favors
at constant T products

InP



Spontaneity in Chemical Reactions

Consider the physical reaction H,O(s) <> H,O(l)  At263K, A(?&n = +0.21kJ/mol

AG,,, > 0 so the phase changeis not spontaneous. Exactly zero liquid forms.
highly toxic
Consider the chemical reaction N,(g) + O,(g) <> 2NO(g) At298K, AGY = +1731kJ/mol

The chemical reaction is not spontaneous, so exactly zero NO forms. Right?

Wrong! Some NO forms!
Key: must consider AG,,,, not AG >,

If Pyo =0, IN0 = —o0
AGan — AGr())(n + RT In = AG,,, = —©
N,' O,

Spontaneous!

. )
Ko(T) = exp —AGpn(T) | _ exp 173,100 J/mol _ o899 _ 454 103
RT (8.314 J/(K - mol)x 298 K
P2
Kp(T) = =N = 45x10* = P = 3.1x10™ ~1 billion NO molecules in 245 Olin

Ny " Oy



Aside: Should We Be Concerned About Toxic NO 1n the Classroom?

Nitric oxide is important for your cardiovascular system. NO is a vasodilator;
NO relaxes the inner muscles of your blood vessels, causing the vessels to widen.
In this way, nitric oxide increases blood flow and lowers blood pressure.
NO also inhibits the aggregation of platelets and prevents thrombotic events.

Nitric oxide iIs important for your nervous system. NO acts as a neurotransmitter,
Including in the autonomic nervous system. NO increases cerebral blood flow and

oxygenation to the brain.
Nitric oxide is important for your lungs. NO dilates pulmonary vessels.

Nitric oxide is important for your gastrointestinal tract. NO regulates the relaxation
of smooth muscles to control peristalsis and the function of the sphincter.

And more!
See “Role of Nitric Oxide in Biology and Physiology.” by the National Institutes of Health:

https://pubmed.ncbi.nlm.nih.gov/9622410/
Science magazine pronounced NO as the “Molecule of the Year” in 1992.

Research into the biological functions of NO
awarded the Nobel Prize in Physiology and Medicine in 1998



Why Are Phase Transitions Different From Chemical Transitions?

The entropy of mixing! Phases do not mix, but reactants and product mix!

Consider an isomerization reaction:

2-butene 1-butene
CH,—~CH=CH-CH, <> CH,=CH-CH,—CH, AG,, = +5.44kJ/mol
AGQo it +65.95 kJ/mol +71.39 kJ/mol
Recall Giying = RT (naIny, +nglinyg)
Na +Ng

at yo=Yg=0.5 G —1.7 kd/mol at 298K

mixing

G

mixing

~1.7—

extent of rxn, &



Equilibrium in 2-butene <> 1-butene

2-butene 1-butene
CH,—~CH=CH-CH, <> CH,=CH-CH,—CH, AG,, = +5.44 kl/mol
AGQo it +65.95 kJ/mol +71.39 kJ/mol
—_ _O —_
Kp(T) = exp AGon(T) | _ o 2,440 J/mol = e22 = 011
RT (8.314 J/(K - mol)x 298 K
Ko(T) = Phobutene At P, =1 atm, P, . = 0.1 atmand P, ... = 0.9 atm
2—butene
+71.39 kJ/mol
— —1.7 kJ/mol
(jrxn
+65.95—
|
|

|
minimum at & = 0.1 extent of rxn, §



Equilibriumin N, + O, <> 2NO
N,(g) + O,(g) <> 2NO(g) AG?. = +1731kJ/mol

rxn

A61"((;rmation . 0 0 +173.1

@

xn

Xn

extent of rxn, & £=85x1038 extent of rxn, &






