ChemE 2200 — Chemical Thermodynamics Lecture 4

Today:
Calculating Enthalpy for Pure Substances.
Calculating Enthalpy Changes for Chemical Reactions.
Entropy, S, State Function for Spontaneous Change.
Calculating Entropy Changes for Isothermal, Isobaric,
Isochoric, and Adiabatic Changes.

Defining Question:
Why Is 8¢ not a state function but dq,,,/T IS a state function?

Reading for Today’s Lecture:
McQuarrie & Simon, Chapter 19.9-19.12, 20.1-20.3

Reading for Thermodynamics Lecture 5:
McQuarrie & Simon, Chapter 20.4-20.6



Engineering Peer Advisor Job Openings
The paid position offers a chance to grow in professional competencies such as
teamwork, oral and written communication, service orientation, reliability,
adaptability, and more by:
. Co-planning an ENGRG 1050 seminar
Co-presenting and facilitating class discussions with Engineering Faculty
Assisting students transitioning from high school to college by sharing your
Cornell experiences
Communicating academic opportunities and co-curricular activities to students
Referring students to appropriate academic, personal, and campus resources

Visit Applications due Wednesday February 26.
Questions emalil .

| will work with Engineering Advising to
pair ChemE-affiliated Peer Advisors
with ChemE faculty members.



Recap

Relation between Internal Energy, U, and Enthalpy, H, both state functions:

H=U+PV

For changes at constant volume, use Internal Energy, U.

AU =q for AV=0

For changes at constant pressure, use Enthalpy, H.

AH=q for AP=0



Calculating the Enthalpy for a Pure Substance: Benzene

__ H, T,
(2—?) =C, = AH = IdH = J. CodT for no phase change at constant P
P Hy h
- =
heat capacity, C, liquid T
i | area = AH = ICPdT
A T
solid | ;
I slope = (a—Hj = Cp
i | oT Jp
enthalpy, AH IiICIUId} AHvaporization
solid

'} AH_,,  Note: McQuarrie & Simon use A.H

Figures 19.6 & 19.7 from McQuarrie & Simon



Calculating the Enthalpy for Pure Substances
Calculate AH for H,O from 50°C to 150°C at 1 atm.

Break into steps delineated by phase.

water 4+ | water — steam | _ steam
50°C — 100°C 100°C 100°C — 150°C
100°C 150°C
AH = j CP,quui ,dT + AH 4 + J‘CP,VapordT

50°C 100°C



Calculating the Enthalpy Change of Chemical Reaction

std state: 25°C, 1 bar H, + 20, —> HZO("q)

AF@ = H ~H H of an element in std state is defined to be 0.

rxn products reactants

(~286 kJ/mol) — ‘ 1%0) = (=286 ki/mol

exothermic reaction
Instead of the above calculation, find “Heat of Reaction” in a data table.

Or —in this case — find “Heat of Formation” in a data table.

Data Tables of “Heat of Combustion” are for complete oxidation of a compound.

CH,=CH, + 20, — 2CO, + 2H,0  AHZ .\ ion = —1411kJ/mol

Note: Heat of Combustion is the change in enthalpy for pure separated reactants
In their standard state to pure separated products in their standard state.



Calculating the Enthalpy Change of Chemical Reaction
What if you cannot find AH,,, in a data table?

example: HC=CH + H, » CH,=CH, AH,,=7?

Use Hess’s Law (1840) The enthalpy change in a chemical reaction is independent
of the path from the initial state to the final state.

Use reactions for which AH,,, is known. Add chemical equations like adding algebraic equations.

reaction with reactant: HC=CH + 250, — 28Q, + ThQ AHC . = —1300.kJ/mol
1/ B
reaction with product: Z'SQZ + 8H,0 - CH,=CH, + 30, —AH - ion = +1411kJ/mol

sum: HC=CH + thQ — CH,=CH, + %€, AH? = +111kJ/mol
H, + 20, —> H’ZQ(qu) AIqc?ombustion = —286 kd/mol
sum: HC=CH + H, —» CH,=CH, AHD = =175 kJ/mol

Note: The enthalpy of a chemical reaction is the change in enthalpy for pure separated
reactants in their standard state to pure separated products in their standard state.



Calculating the Enthalpy Change of Chemical Reaction
example: HC=CH + H, -» CH,=CH, AH,,=7?

rxn

Use Hess’s Law with Heats of Formation

HC=CH: -1x(2C(s) + H, - HC=CH)  AH. . = +227 kl/mol

CH,=CH,: 2C(s) + 2H, - CH,=CH,  AHpmation = +52 kd/mol

sum: HC=CH + H, - CH,=CH, |AH,,, = 52-227 = —175kJ/mol

same result.

see Heats of Formation, Table 19.2, p. 795 of McQuarrie & Simon.



Calculating the Enthalpy Change of Chemical Reaction

Reactions at temperatures other than 25°C

AH, ="
N02 + SOZ > NO + 803
500°C 500°C
A
25°C 500°C
AH = J‘(CP,NOZ +Cps0,)dT AH = J‘(CP,NO +Cps0,)dT
500°C 25°C
Y
NO, + SO, NO + SO,
25°C 25°C
W iq0 iq0 iq iq0 iq0
AH = _(AHformation,NOZ + AHformation,SOZ) AH = AI_Iformation,NO + AHformation,SO3
1N, + 20, + S

25°C




Spontaneous Processes

McQuarrie & Simon demonstrate spontaneous processes with closed systems: ‘before’ and “after.’

Consider here spontaneous processes with flow systems: ‘in” and “out’

air air
0°C 100°C
ﬁ b
air
50°C

thermal mixing is spontaneous

He N,
b

lHe+N2

chemical mixing is spontaneous

air air
0°C 100°C
«— —
T air
50°C

thermal unmixing is not spontaneous

He N,
—_—

THe+N2

chemical separation is not spontaneous

We need a state function to indicate which processes are spontaneous.

We expect systems tend to increasing disorder. How to quantify disorder?



Aside: State Functions
The state of a system is described by n, P, V, T, and chemical identity.

A state function depends only on the state of the system.

The integral of the state function from state 1 to state 2 depends only state 1 and state 2
and not the path from state 1 to state 2.

Consider a quantity h that is a function of two independent variables, x and y.
That is, h = h(x,y).
The differential dh = f(x,y)dx + g(x,y)dy is an exact differential if

5.~ ()

Note that dh = (G_hj dx + (%) dy Isan exact differential
y X

OX

because Euler's theorem requires that g(a—h) _ 9 a—h
| Oy\ox/Jy  OX\0y ),

A state function can be expressed as an exact differential.



Spontaneous Processes

Classical thermodynamics is based on postulates.

But consider a rationalization of a new state function, which we later show to be entropy.

path functions
du @@
Important

60, = dU —dw,

& Peytemal = Pgas fOr a reversible process
00y, = CydT + -‘( Not an exact differential.

: N oCy\ ? (0P
For 54, to be an exact differential, it must be true that | —~| = | —
oV )r \oT ),
Test the relation for an ideal gas: P = (BjT — (6_Pj 0 (nRjT _ R
V oT oT\ V Y

Euler’s Relation

/\
(é?C_Vj 0 (@Uj _ 0 (GUj _ i(O) _0
oV oV \ oT or [\oV )y}, T

Thus (6(3 j # (a—Pj g IS not a state function.
oV ); oT J




A New State Function

80, = dU —dw,

ev

The differential can be rendered exact by dividing by T. % IS an integrating factor

Sqrev — dU _8Wr

ev

T T T
8w _ Cv gr , o gy
T T T

0 (Pyas /T) _i(@j_o
ot ), ot\v )

(G(CV/T)) _ i(m_vj _ i(o) =0
SoTlev LT

) An exact differential!
V

oV

(a(Cv/T)) _ (a(P/T)
oV - oT
Define ey =S

T

Entropy, a state function




Calculating Entropy Changes — Isothermal Expansion

Recall previous reversible paths:
P]_ e

Isothermal (path A) 1

_ _ for an ideal gas: P = (nRT)—
Adiabatic (path B) —| V

R ——

o v, v,
- NRT.
Path A: AT =0s0 AU =0 for an ideal gas.  6Q,, = —0W,, = P,dV = v Ldv
Integrate from state 1 tostate 2:  Qoy = —Wey = nRTlln\%
1

2 v,
ASpath A = ISQreV = 1 nRTy dv. = nRjd—V = nRIn\Q

4 Ty VTl V vV V
1

AS = nRIn\% for reversible, isothermal expansion of an ideal gas
1

Vo>V = ASpna>0



Calculating Entropy Changes — Adiabatic Expansion, Isochoric Heating

p, State 1 Isothermal (path A)

_ _ for an ideal gas: P = (nRT)1
Adiabatic (path B) —| V

P2'

Paths B + C:{ G = 0 (adiabatic)] Wiy = 0 (AV=0) Wiy =~y = - j C,dT

ASpang = 0 for reversible, adiabatic expansion of an ideal gas R

1
ASanc = jaqrev = J'C_Vd'r How to evaluate? Use AU to derive a relation.
T

CV dT

V2

AUpathB_ AUpathC separate ‘n’ Integrate ASpathC — j—dV = nRIn

—PdV = —chT/ Vi V1
”\;ﬂdv = C,dT AS = nRIn2

2 for reversible, isochoric heating of an ideal gas

Vi




Calculating Entropy Changes — Isochoric Heating

p, State 1 Isothermal (path A) 1

_ _ for an ideal gas: P = (nRT)—
Adiabatic (path B) —| V

P2'

- ———Isochoric (path C)

AS = nRIn\% for reversible, isochoric heating of an ideal gas
1

But an isochoric process is at constant volume. In this case, a path at volume V..

So what is V, for an isochoric process at V, ?

V, Is the volume at the intersection
of an isothermal path from state 2
and an adiabatic path from state 3.

If your task is to calculate the entropy change for an isochoric path,
you must find V, at the intersection of an isothermal path from state 2
and an adiabatic path from state 3.



Calculating Entropy Changes — Adiabatic Expansion, Isochoric Heating

P,

Adiabatic (path B) —]

P2'

state 1

Isothermal (path A) 1
for an ideal gas: P = (nRT)\7

- ———Isochoric (path C)

— 2 _ 2
ASpansgsc = 0 + NRIn=== nRIn-—=

Vv
AS ana = NRIN=Z

Vi

Vi

Vv

Vi

Change in entropy is independent of path.
Entropy is a state function.



Calculating Entropy Changes — Isobaric Expansion, Isochoric Cooling

P, T Isothermal (path A) 1
o | for an ideal gas: P = (nRT)—
Adiabatic (path B) —| Vv
P, | ———Isochoric (path E)
[ ————Isochoric (path C)
0 V, V,
T, Ty
Recall AUpathD: Urev,D + Wrev,D = ICVdT + R(Vy-V1) | - R(V4-V1) = ICVdT
T, 7
0 T Ty 1
AUpathE - qreV,E +)'freyv,E = jCVdT - _jCVdT AUpathsD+E - O
Ty T
4 T, Vs T, A T,
AS pan o = j% - jC—VdT n jﬂdv - _[C—VdT ¥ jgﬁdv _ IC—VdT + nRInY2
T T T T E\% T A
1 T \ Ty \ T
2 T T
é‘qrev E \ C ¢ C
AS =j E j—VdT :—j—VdT
path E
4 T T4 T Ty T



Calculating Entropy Changes — Isobaric Expansion, Isochoric Cooling

state 1

state 4
_—
—

state 2

P, f Isothermal (path A) 1
1 for an ideal gas: P = (nRT)\7

Adiabatic (path B) —|

———Isochoric (path E)

P,
1 sate3 |  ——Isochoric (path C)
0 '
‘tc V, tC
AS ansD+E = j dT + nRIn-%2 — dT = nRIn-2
v, AT 1

V
AS = nRIn-2
path A V1

V
ASpathsB+C = NR InV—Z
1

Change in entropy is independent of path.
Entropy is a state function.



