Pchem 365: Thermodynamics -SUMMARY - Uwe Burghaus, Fargo, 2005—V29

Minimum requirements for underneath of your pillow. However, write your own
summary! You need to know the story behind the equations...

T: Pressure 2° - standard value of a therm. function (1 bar, and
V: Volume typically at room temperature)

n: particle number

Tuip: temperature of triple point of water X: mole fraction

R: Gas constant P.: pressure at critical point

a: phase of a system Be aware of typos.

IDEAL GAS (no interactions no volume of the species)
(More realistic equations such as the van der Waals equation include the interaction of the particles and there volume.)

Boyl’s law V o} forn& T = constant
V ocTforn& P = constant

Gay-Lussac & Charles laws pocTforn& V = constant

Avogadro’s law VonforP& T = constant

Equal volumes of different gases have equal numbers of particles if T and p are constant. Or, p, V, T
= const (i.e. are the same for two different gases) than the number of particles n is the same.

General ideal gas equation PV =nRT
Dalton’s law P.=P+P +PF+..

A reversible process is
e one where a system is always infinitesimally close to equilibrium,
e and an infinitesimal change in conditions can reverse the process to
restore both system and surroundings to their initial states.

Extensive properties are equal to the sum of their values (e.g. volume, mass,
heat, ;). Intensive properties do not depend on the amount of matter (e.g.
temperature, density).




THERMODYNAMIC FUNCTIONS

mechanical work

pressure work

W,y =, j.dW= —Lj PdV
1 1

dg o -
heat capacities Cp = (d_T P=const» &v = (d_T V =const

oH oU
Cp = (a—_l_) P_const1 oy = (a_T)V:const
¢, —Cp =NR (ideal gas)

r

Enthalpy H:=U + PV

3 AH =q for P = constant

AU =q forV = constant
adiabatic expansion Tz V1 Rlcy . y 7. o
(Joule-Thomson, Linde apparatus for liquefying air, -~ = (_) ’Plvl - I:)2V2 ’ 7/ - %\,
fast expansion of a gas, open suddenly a gas cylinder Tl V2

without a regulator — don’t do that at home)

compare pV o const (Boyl's law) with pV ” o const (Poisson eq)

2
iga;e Smégogj/ | Jdb=Ab=b, ~by;fdb =0
I ' 1

Ab is independent of the way from initial (1) to
final (2) state

2
non state functions LJ-dq =0 (e.g. q, W)
1



d AH
dS = ?q,ds = (?)T&P:const

Entropy
(What is difference between dS and C,?)
k
Gibbs equation dG =VdP - 3dT + ZZ:Uiadnia
a i=1
Important definitions:
Enthalpy H=U+PV
Helmholz free energy A=U —TS
Gibbs energy G=H-TS
heat engine refrigerator & heat pump
T, T,
r Hot sink o,
ames . — 4
P ﬁ -
| / o 4
- / 9 u
g Cold source ¢
T,
q T Coefficient of performance
n — 1_|_ 12 _1_22
q, 1 refrigerator K = q/w

heat pump ¢ = - q,/wW



Carnot cycle

Cycles: 2x isothermal and 2x adiabatic

work output T
SO g
0 heat input q, )
ol
L heat work
- 1->2 01 =012 = W12 = -0
7 isothermal  -RTaIn(V2/V1)
D 2-->3 03 =0 Wa3 = -Cy(T2-Ty)
- Y
0 adiabatic
3-->4 02 =034 = W34 = -0
. isothermal -RT2In(Va4/Vs)
i 4-->1 Qa1 = 0 Wiy1 = 'CV(Tl'TZ)
adiabatic
|52 2-->3 =4 4 -->1
|R<R |
’ ; 3 3
<R _|B
; i _ f
T 2 4
o >R R
v, < || S | 4
2\|| R i F>k
| I T T T =5 1
|' v
NI L2
lar fheat 1)

s T BT

compres

Note that the equation w,3 = -cyAT for an adiabatic step is very useful for analyzing
these cycles (see above and try to remember that). (Why?: AU = cy AT for an ideal gas -
that is basically the definition of an ideal gas-, 1* law AU = w + g, adiabatic step q = 0).



MATERIAL EQUILIBRIUM

dS _dssystem ClSsurrounding -

=0 reversible

) ] process
> 0 Irreversible

A:=U-TS (Helmholts free energy)
cf., maximum work for V = const process
(Arbeitsfunktion = thermodynamic work
function)

dA =0 at equilibrium for T&V = constant

G:=H-TS (Gibbs free energy)

cf., maximum work for P = const process

dG = 0 at equilibrium for T&P = constant

o0G*

a —
chemical potential i =

on’”

)T=const
P=const

all mole numbers except n%i.j = const

)WR

a i=1

T&chonstor@T&V:const

phase equilibrium

ui =
u of species i is the same in every
phase that contains i
In approaching the equilibrium: i flows
from phase with larger u to phase with
lower .

reaction equilibrium

VALV At o Ve AV g At

Zvi:ui =0

wi = w't + RT In(Pi/PY) (ideal gas)



PHASE DIAGRAMS

H,0
: 2 Critical point @
g : = . &
z | Solid ? Liquid & 2
3] o= o
& 2 < &

z $

B LE :
% _\&\Q\‘c vapor pressure
2 Y of liquid water

L B s S e e R

Oas

- ." i "% .
Gas . i s wuid
. : .,

Temperature

' . gas & liquid -+,
Tripple poimf ’

vapor pressure Volume
of ice

Isotherms of H,O

normal melting

point

normal boiling

point

Phaserule: f = pC+2—-p-c(p-1)-r-a

f. degree of freedom; constraints: number of p: phases; c: species; r: reactions; a: other
restrictions such as stoichiometry, conservation of charge

Example: H,O solid phase region (f = 2); liquid-gas equilibrium (f = 1).

T > T, = density (liquid) = density (gas)
AHL"*® 2> 0forT > T,

dinP AH P, AH, 1 1
Clausius-Clapeyon ~ 2 n(_) z_—(___)
peyon T RT?® P, R T, T,

Metastable phase G, > Gg leads to a slow phase change o = 8
example: diamond - graphite

Phase transititions (Ehrenfest classification)

1" order:= 2—flf is discontinuous

0’ 1

T

Ou

2" order:= 8_T Is discontinuous and IS discontinuous



STANDARD THERMODYNAMIC FUNCTIONS
ViA+V, A+ o Vv ALV A Standard enthalpy of formation
O_)Zvipﬁ AHO=ZViAHfO

Def.. AH,’is the enthalpy change for isothermally (T = const) conversion of pure elements in their

reference forms (typically their most stable forms) to a standard-state substance. Standard state is
typically 1 atm & 25C.

C(graphite) + H, (ideal gas)+"O(ideal gas)"— H,CO(id. gas)
*9 AH® = AH?(H,CO) = AH? (graphite) + AH® (H,ideal gas) + AH? (oxygen id. gas)

Hess’s law: elements+ O, — combustion product — desired molecule + O,

We need A H ® for a product that cannot be synthesized from its elements. H is a state function, i.e.,

. . . 0
we can add chemical equations and the corresponding A H™ together.

Kirchhoff’s law . ) T .
(problem we know AHo(T) AH;, —AH;, = JAdeT
we need AHy(T2)) T
0 0
Entropy ASy = Z ViSm1,
i
0 _ 0
Gibbs energy AGy = Z ViGor;
|



LAWS OF THERMODYNAMICS
0™ law Definition of the temperature.

. P
T=lmT(P);T(P) = P_Ttrip (Gas thermometer)

trip
1% law AE =qg+w; system at rest: AU =q+w

2" Jaw A 2" order “perpetuum mobile” does not exist. It is impossible to build a cyclic
machine which converts heat into work with an efficiency of 100 %. The total
entropy is increasing in any irreversible process AS > 0.

O0AG

3 law Part A: TILr(pK(@—T) »=0; M AS =0

(Leads to the definition of a standard entropy.)
Part B: Unattainability principle: The absolute zero temperature 0 Kelvin cannot
be reached.

GAS MIXTURES.

Chemical potential My = ,U? +RT |n(%0)
Equilibrium constant
[1(R/P%)
AG® = —RTIn(K?) with K:= o0& KO = g 4C"/RT
(F’j [ P
reactants

dIn(KE) _ AH°

van’t Hoff equation dT RT?2
KXT,). AH° 1 1
In( 5= s == (== )

Ko(Mm™ R T T,



SOLUTIONS

V_wav)
Partial molar volume I Yop. /T Pondiz])=const
J
Total volume V - Z njVj (obeyed or all extensive properties of a solution)
J
_ M:A-V'Mz—A-S

Important equations 8P mix a-l- mix

Ideal solution def. 4 = (T,P)+RTIn(x;)

ApxS ==RY N In(x); A, G=RTY n In(x);

A,H=0 A . U=0
vapor pressure of A in the solution
vapor pressure of pure A

Raoult’s law The ratio of the partial vapor pressure
of each component of the solution to the
corresponding vapor pressure of the pure liquids = mole fraction of A
is equal to the mole fraction of that component P, — X liauid p pure

in the liquid mixture. i — /N i

_____________________________________________________________________________________________

Ideally dilute solution ~ Xggpent —> 1

/usolute — :ugolute (T’ P) + RT In(Xsqute)
:usolvent — :u(s)olvent + RT In(Xsolvent)

Henry’s law P e = CONsty, . X4 (Raoult’s law is obeyed for the solvent)



useful but not necessarily to memorize:

dH =TdS +VdP

dA =-SdT — PdV
Gibbs equations

dG =-SdT +VdP

: i o = 1 ﬂ) (E) _“
Thermal expansion coefficient \/ | QT P& =const oT Vi T x
Isothermal compressibility K= — \% (Z—\F/))T&n=const
1 1

- a=—iK=—
(for an ideal gas T = )

Joule Thomson experiment (adiabatic expansion of a gas, AH = 0)

oV
oT TC)e =V oforT<T *cooling”
=)y == '
op " C, <0 for T>T, "heating"
_2a

P = (inversion temperature), for He well below room temperature

Maxwell Relations

oT oP ol oV
(a—v)s — _(8—8)\/ (8—P)S — (8—8) P

0S oP 0S oV
(5—V)T — (8—T)V (a—P)T — _(@—T) P

10



That scheme helps to remember the

partial derivatives of the thermodynamic

potentials

A

v

U

H

T

G

P

1) Choose one of the potentials

(e.g. V),

2) choose the denominator (e.g. )

3) go to the other side of the square and
find the parameter kept constant (e.g. V)

4) go along the arrow starting at the

position of the denominator (e.g. S)

5) and you will find the partial derivative

(BU/dS), =T

(Note: going along the arrow +,

in the opposite direction -)

Mixing entropy
AnixS == nRIn(x,);

n.:mole fraction

REAL GASES

Van der Waals equation

Compression factor

V: Volume
T: Temperature
P: Pressure
S: Entropy

oU

A
G
H
u

(=) =T

oS

0A

= _AS‘

: Helholtz free energy
: Gibbs energy

: Enthalpy
- internal energy
oU
—). =-P
(aV)S
0A |
il P, -

oG G
Ly, ==8 (=), =V
(aT)f (ap)y

oH
oS

(Zo)»

oH
(5)3 =V

The entropy of an ideal gas mixture is equal to the
sum of the entropies each pure gas would have if
it alone occupied the volume of the mixture (at the
temperature of the mixture). Follows basically
from Daltons law (Py; = P; + P, + P3 + ...).

2
(P+i‘/i2)(v—nb)=nRT

Z(P,

11

pv, V

m

T)= = —
) RT Vn:deal



ideal gas pV =nRT
real gas pV =ZRT
Z(P,T): compression factor

Virial equation PV = RT(1+B/V +C/V2+D/V3+...)

Maxwell construction ...

Law of corresponding states:  If we define reduced parameters (e.g. P, = P/P;) then V,
equals approximately f(P,, T,) for all gases.
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