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PV—nRT

It's not just ideal
it’s the law!

Lecture 7

Thermodynamics (for life & Health science)

29 September 2018 Wannapong Triampo, Ph.D.
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Disclaimer

Many of the following figures or pictures are copied
from open sources at the Web or Else. | do not claim

any intellectual property for the following materials.
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Forms of Energy

W
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2ol
. . Heat (thermal) Electrical
Energy of Motion
Light Energy gy Energy Ereray
(Radiant) (Kinetic Energy)
. Potential Energy
Nuclear Energy Chemical Eneray Sound Energy
Food Energy Stored energy

(Not at 5th grade)
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Energy and human life

Chemical waste
- Carbon dioxide

\

i - Water
Chemical energy
- Carbohydrates
- Fats Heat

Heat




WHAT IS THERMODYNAMICS?

Thermodynamics: A collection of laws and principles describing the
flow and interchange of heat, energy and matter in a system of
Interest.

Thermodynamics allows us to determine whether a chemical process
or reaction will occur spontaneously (in the direction written).

Thermodynamics does not tell us about rates (that’s kinetics!).

G O OB Oy Yy S5V
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Thermodynamics matters!

Thermodynamics tells us which reactions will ¢o

forward and which ones won'’t.

08/27/2009 Biology'4014 odynamics p. 6 of 45
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The system is the portion of the universe we are concerned with; everything else is the

surroundings. The system + surroundings = universe
Isolated system: Closed system: Open system:
No exchange of energy or matter Energy exchange occurs Energy or matter exchange occurs

| Isolated system

energy

. . matter
surroundings Slll'l‘Olllldll]gS Surroundlngs
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®* The

the portion of the universe with which

we are concerned

®* The

. everything else

® [solated system cannot exchange matter or energy

® Closed system can exchange energy

® Open system can exchange either or both

|

Isolated system

No exchange of matter or heat

~" Isolated system .
.// N
l\ ,."
\ /
\\.4 = >
Surroundings

Closed system

Closed system
Heat W&, -

Surroundings

Open system

Heat exchange and/or matter exchange may occur

......

'/. ‘-.\
{ i
i ;
5 7
\
N Heat .~
Vel " __H.-/
Surroundings -

oL
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In thermodynamics, the internal energy of a system is the energy contained within the
system, excluding the kinetic energy of motion of the system as a whole and the
potential energy of the system as a whole due to external force fields.

Internal Energy

This internal energy is the sum of:

The kinetic energy of \k.“ The potential energy
the particles due to of the particles due to
their individual their individual
motions relative to positions relative to
each other. each other.
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ot Ir\te rnal E nerqy of G as AU
Translation Energy Rotation Energy Vibrational Energy
Di-atomic Molecule Di-atomic Molecule Di-atomic Molecule
1 JJ )
d— ¢ X 77Lf° Y
3 i X
- kT
5 kT kT

at high temperature
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Symmetric Stretch
3657 cm’’

Bend 1595 cm™
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Internal Energy, U, of Monoatomic Gas

Monoatomic gases have one atom per molecule: e.g. He, Ne,
Xe, and Kr.

All of the kinetic energy of
a monoatomic gas is z %

contained in translational ;
motion with a velocity v.

There are three degrees of -

§ >
el V.
freedom. / y
Each d.o.f. has 2 kT in thermal vV

energy. X Translational energy

= -23 1 1
k=1.38x1022J/K KE=5mv =§m(Vx2+Vy2+Vz2)

The total energy of each

molecule (ignhoring potential
. (3g =P Ideal Gas
energy) is EkT'

G O OB Oy Yy S5V
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Deflated Balloon

Inflated Balloon

That 1s due to
transfer of heat
Kinetic energy and

potential energy
changes from bottle
to the balloon. This
results in the change
of internal energy.
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Cool gas, fewer and less

enargetic collisions

Tz
3 T t
1 ./ __,-"'?- [ #
add heat L A ,f'
> { ¥
e »
(rrvolecular motion)

5

/% -
/ i/

,,f@\
C}\/\\{
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Hot gas, more and more

energetic collision

‘_A_LLLA_‘
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The Ideal Gas Law

Consider a sample of an ideal gas that is taken from an initial to a final

An ideal gas is an idealized model for real gases that have Stals: Wil the amonntofine:des Alo.chianging: B
. wlte PV ;
sufficiently low densities. PV =nRT —- =R =constant —L =1t
nT nT, nT
The condition of low density means that the molecules of the x , _ ,
_ ) onstant T, constantn: PV, =PV, Boyle's law
gas are so far apart that they do not interact (except during
collisions that are effectively elastic). u_V
Constant P, constant n: T, T Charles’ law
The i1deal gas law expresses the relationship between the P p
absolute pressure (P), the Kelvin temperature (T), the volume Constant Vi constantn: 7 ~ T Gay-Lussac’s law
(V), and the number of moles (n) of the gas. v, _V
Constant P, constant T: ,~— - Avogadro's law
f ]
PV =nRIT
Where R is the universal gas constant. R = 8.31 J/(mol - K). Measured

2
PV = nRT —> (P k3 %J (V — nb) = nRT

Correction for

Non-ldeal Gas Correction for volume of molecules
. . ‘ molecular attraction I
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Equipartition of Energy Energy is distributed equally along all degrees of freedom

Di-atomic Molecule

Equipartition of Energy

d
Energy of 5 DOFrransiatorvsRotatory = 3 T

| TS 3 kT
Ek 1" per molecuie 'k = Boltzmann's constant | 2
é 3
l R permole : R = gas constant ; RT
') L S e P SR . 2

~~ MAHIDOL

é

s, W IS R Rl I e /

For three
translational
degrees of
freedom, such
as in an ideal
monoatomic
gas.

G O OB Oy Yy S5V
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Equipartition Theorem
= |na monatomicideal gas, each molecule has

K = /l/é mv> = 1/2/ m(v > + vy2 + vzz)

s [ here are three degrees of freedom.
s Mean kineticenergy is 3(1/2 kT) = 3/2 kT.

= |na gas of N helium molecules, the total internal energy is

U=NE =/§/éNkT

= [he heat capacity at constant volume is C,, = 3/2 Nk.

s Forthe heat capacity for 1 mole,
ey =34 Nk =3 R=12.5 J/K

= [he ideal gas constant R =8.31 J/K.

G O OB Oy Yy S5V
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Total energy of an ideal gas

U = Net sum of kinetic energy of a gas
U=N(E,) = (# particles)(Average KE)
R

= 3 3
Ex ==kgT == —T Ideal gas
K B cal g
2 2 Ny

E, = average kinetic energy of a particle

ks = Boltzmann’s Constant (1.38x10->° JK-1)
T=Temp in K

R = Gas Constant (8.31 JK-'mol!)

N, = Avocado's Number (6.02x10%° mol!)

kA_A_A_A_L‘
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What is the change in internal energy?

Given: AU = may

An ideal gas is heated at constant ans Q.zcv(T>*T
specific heat. What is its change B fT'CVCT) P
in internal energy? T

T1=300 K T, = 375 K G (Y= ¢, (1T)+R
cp=0.48 kJ/(kg-K) m=5.0kg Cu(T)= Cp(m)-R
M =70.0 kg/kmol

R = 8.314 kJ/(kmol-K)
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Explain why the work done by the system as a result of

expansion or contraction during a chemical reaction is
PAYV. 3 " —
e Zn(s) + 2H,0 " (ag) — Zn""(aq) + 2H,0(l) + H,(g)

As hydrogen is evolved, work must be done by the system to push
back the atmosphere.How can you calculate this work?

The work done by the
system in expanding of gas
equals the force of gravity
times the distance the
piston moves.

w= F.h

AV F

—F X = —— X AV
A A

=
i

w= —PAV




el First law of thermodynamics: é@ MAHIDOL

Energy is neither created nor destroyed; the energy of the universe is a constant.
The total internal energy of an isolated system in conserved.

AE =E,—-E;=qgq+w

g — heat absorbed by the system from surroundings
w — work done on the system by the surroundings

Mechanical work is defined as movement through some distance caused by the
application of force

Internal energy is independent of path and represents the present state of the system and is
referred to as a State function

O O OB &y Yy  ©SYFY



The First Law of Thermodynamics

The total of an isolated system is conserved.

*E (or U) is the internal eneroy - a function that keeps track of heat

transfer and work expenditure in the system
®E is heat exchanged at constant volume
*E is independent of path
°t -E, =AE=q+w
® g is heat absorbed BY the system

*w is work done ON the system
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Work:

First Law of Thermodynamics

Total energy transferred to a system by macroscopic forces
exerted on it by other systems

@ Work | W=

J'E dx done by a gas on a piston

@ \Work done by a fluid as it expands

from Vyto Vi

Vi
W= [P(V)dV
R

AW'=FAX =FAX =PAAX =P AV

&

F|ax

W -0 = Energy leaves the system

W <0 ==) Energy feed in the system

éQ MA

HIDOL

kR el I
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P‘ A Wout=ZW,=totalarea éOunnvtusuvv
_ under curve
't )f f 1(ave)
v : !
= | : 1
v i ]
i i :
- | :
: W>0 : B
]
E i mass m -
: : presswe P [E———
i : = volume V .
L 1 - ]
Volume AV1 P1(ave)AV1 =W, V N
(a) 5 @
L]
=1
A E Process
for same path PdV = (area unckr o)
1 the purve)
-
Vohune V
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HOT SOURCE (T)

COLD SINK (T)
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AU =0
=W = Qin = Qout

4 Qout

e

Heat engine
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www.citycollegiate. com
Piston T
h
V.
2
Gas +
) V4 l
'
!
|
Cylinder
Heat

www_citycollegiate com Cm—— e




éQ MAHIDOL

B\ Mahidol University
\ Faculty of Science

Glaenn

of Thermodynamics Research

|

Heat Transfer

W
Work

E = Intemal Energy State 2

State 1
E.-E, =Q-W
Any themmodynamic system in an equilibrium state possesses a
state variable called the intemal energy (E). Bebween any two
equilibium states, the change in intemal energy is equal to the

difference of the heat transfer into the system and work done
by the system.
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AU=Q -W=15J-6Jd = +9J AU=Q- W= -150J -(-159J) = +9J
(@) (b)
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AU = Q - W + food energy AU = stored food energy
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AU=Q-W

1) constant volume
W=0
isovolumetric

2) constant temperature
AU=0
isothermal

3) no heat transfer
Q=0
adiabatic

4)5Q=0and W=0
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Isothermal process éMAﬂlpqg
- Work done

A Va
W = nRT In(3-
|
Q
5
a (Tﬂ
@ W= nkRT [n Py
Q.
Since the temperature is constant, the pressure P in the work integral
> v

Volume nRT

:
W= IP(! V canbereplacedby P = using the ideal gas law.
-

v

L fdV

The integral becomes W = nR7 J-T
V

Pressure

i

Isothermal

Description

V Calculation
f
W = nRT In |:—] Other

Processes

i

Volume
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First law of thermodynamics.

Adiabatic processes.

Frank L. H. Wolfs

* An adiabatic process is a process

in which there is no flow of heat
(the system 1is an isolated
system).

Adiabatic processes can also

occur in non-isolated systems. if

the change in state is carried out
rapidly. A rapid change in the
state of the system does not allow
sufficient time for heat flow.

The expansion of gases differs
greatly depending on the process
that is followed (see Figure).

A
Isothermal
B
Adiabatic C
Vv

Departmentof Physics and Astronomy, University of Rochester

~~MAHIDO

GNPV YRS



AW

. s

du

v R
Integrating = m[ﬂ]z[ﬂ]m[ﬂ] _ [T_E]:[?_l]%v

1

Energy = o8q-d&w=du
Adiabatic = éq=0=du+ow

O=du+Pdv
Ideal gas = P-v=E-T , du=C,-dT
R T ay-0 » Mo (R)
T Cyl v

Ev Va

—

Tl ?3

Pressure

éQ MAHIDOL

v

S
The work integral W = JP(IV under the constraint of the
>

Derive the

iabati . Y= pronc —
adiabatic condition PV "= constant = K adiabatic condition

Integrating yields:

1-3 -
w= X /0
y=C "y (o)
“V . . -Calculation
The ratio of Adiabatic -
specific heats Other
for the gas. Processes

Volume
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The Second Law of
Thermodynamics—Introduction

[nitial state. Later: cup reassembles Later still: cup lands on table.

and rises up.

The first law of thermodynamics tells us that
energy is conserved. However, the absence of
the process illustrated above indicates that
conservation of energy is not the whole story. If it
were, movies run backwards would look
perfectly normal to us!

&

MAHIDOL
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What is the 2" Law of Thermodynamics

Entropy in an isolated system that is not in equilibrium will
tend to increase over time until it reaches a maximum
equilibrium level

o
&

sanaens *sasen

' & s b oo &

If you keep the door open between two adjoining rooms of
different temperatures the cooler room will become warmer and
the warmer room will cool down until they both reach the same
final temperature

Hardy, M. (2009, November 18). Second law of thermodynamics. Retrieved from
http://en.wikipedia.org/wiki/Second_law_of_thermodynamics
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Second law of thermodynamics

* Second Law for Heat Engines

It is impossible to extract heat Q,, from a hot
reservoir and use it all to do work W . Some amount of

heat Q.4 must be exhausted to a cold reservoir.
Called Kelvin-Planck statement

Hot Raservoir Hot Reservoir
Efficiency
Al real heat Qy P - Vo -
en;;'-es !gse N *.‘.\‘ B e \
some heat 10 X W Qy Qy \
e environment Q B Maximum for the ) W /
Mc” Camot cycle ‘ 4
Extracting heat Q) and using

it &l to do work W would
constitute a perfect heat engine,

forbidden by the second law
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This change
tends to be "

| spontaneous >

.Highly ordered. | Disordered liquid -
solid — low probability higher probability

/=« & ==

An improbable way A more probable way

for bricks to fall for bricks to fall
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Less randomness More randomness
(less entropy)

(more entropy)

Solid
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Entropy in solvation: solute

®* When molecules go into solution, their entropy increases
because they’re freer to move around

camrhy -G

08/27/2009 Biology/4014 odynamics p: 41 of 45




4 Mahidol University C ““““ MAHIDOL
X o/ Facult y of Science O ,,,,,,,,,,

Entropy in solvation: Solvent

*Solvent entropy usually decreases because solvent

molecules must become more ordered around solute

*Overall effect: often slightly negative

08/27/2009 Biology'4014 odynamics p: 42 of 45
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CH,OH

HO OH

H HO

- Ordered

- unstable

- High Free Energy
- Low Entropy

H20 H20
CO3z
COz Ha0
COz CO2
H
20 CO3 O,
H20
- Disordered
- Stable

- Low Free Energy
- High Entropy
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Entropy matters a lot!

*Most biochemical reactions involve very small ( < 10 kJ/mol)

changes in enthalpy
*Driving force is often entropic

®Increases in solute entropy often is at war with decreases in

solvent entropy.

®*The winner tends to take the prize.

08/27/2009 Biology'4014 odynamics p: 44 of 45
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Apolar molecules in water

*\Water molecules tend to form ordered structure

surrounding apolar molecule

*Entropy decreases because they’re so ordered

08/27/2009 Biology'4014 odynamics p: 45 of 45
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Binding to surfaces

®*Happens a lot in biology, e.s.
binding of small molecules to relatively immobile protein

surfaces

®*Bound molecules suffer a decrease in entropy because they’re
trapped

®Solvent molecules are displaced and liberated from the protein

S u rot@%@ Biology/4014 odynamics p: 46 of 45
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Absolute Absolute Absoluto
‘tEI'I"II:IE.'FEI.tIJFE 1emDer '1'u 0 nre \*-,rn
| r
Helmholtz |T‘II_EE-‘:T‘IH Fmal Ginbs aisveshe na Final
free energy enargy entropy lree energy oneqy antropy volume
Energy you can Energy you can Work to give
get from the get lrom the the system final
system's system’s voiume V at
environment onvironment constart pressure P
by heating

by heating




What is enthalpy? & Manmol

= Enthalpy (H,or heat content) is the
amount of heat energy possessed by
substances.

= [t is the sum of internal energy (U) and
the product of the pressure and volume
of a system.(H=U+PV) o Enthalpy

enthalpy (M} —total kinetic and potential energy of a
system at a constant pressure

change in enthalpy [AH) = change in heat of 3 system
.\H - H‘l!u' ; Hv'-‘.\}
\H = H:‘,_.‘.u‘g\ T Hu«.«:!.a"t

The units for enthalpy are in J or ¥ per mol (Le. ki)/mol)

e
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How are entropy and enthalpy related?

A
%/

entropy ]
AGO = AHO - TASO
[ Gibbs free energy ] enthalpy Temperature (K)
(J or kJ)

Gibbs free energy is the energy that is available to do useful work.

A reaction will spontaneously occur if AG<0 (exergonic reaction)

A reaction will NOT spontaneously occur if AG>0 (endergonic reaction)
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AG = AH - TAS
Gibbs free energy change = total energy
change for system
- energy lost in disordering the system

If the reaction 1s

e exothermic (negative AH)
* and entropy increases (positive AS°)

 then AG must be NEGATIVE

* the reaction is spontaneous (and product-
favored) at ALL temperatures.

G O OB Oy Yy S5V
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Free Energy

® Gibbs:
Free Energy Equation
G=H-T5

® So if isothermal, AG = AH-TAS

® Gibbs showed that a reaction will be spontaneous (proceed to
right) if and only if AG < 0

08/27/2009 Biology/4014 odynamics p: 51 of 45




N \ Mahidol University C """" MAHIDOL
N o/ Facult y of Science O ,,,,,,,,,,

Free energy and equilibrium

* Gibbs: AG® = -RT In K_
® Rewrite: Keq = exp(—AGO/RT)

¢ Keq is equilibrium constant;
formula depends on reaction type

®*For aA + bB — cC + dD,
K., = ([CIIDI))/([AI[B]")

08/27/2009 Biology'4014 odynamics p: 52 of 45
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Spontaneity and free energy

® Thus if reaction is just spontaneous, i.e. AG® = 0, then Keo| =1
*if AG° < 0, then KeOI > 1: Exergonic
*if AG° > 0, then KeOI < 1: Endergonic

®*You may catch me saying “exoergic” and “endoergic” from time
to time:

these mean the same things.

08/27/2009 Biology'4014 odynamics p: 53 of 45
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Free energy as a source of work

*Change in free energy indicates that the reaction

could be used to perform useful work

°if AG° < 0, we can do work

°if AG° > 0, we need to do work to make the reaction
OCCur

08/27/2009 Biology'4014 odynamics p: 54 of 45
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Reaclardy
C
+ -
AG= AH-TA
favorable enthalpy -AH
unfavorable entropy Ab‘ ‘ '
T

-+
AG = AH-TAS

Reacltarndy

-+ -
AG = AH-TAS

unfavorable enthalpy +AH
favorable entropy + AS
L

-+
AG = AH-TAS
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What kind of work? o

* Movement (flagella, muscles)

® Chemical work:
® Transport molecules against concentration gradients

® Transport ions against potential gradients

® To drive otherwise endergonic reactions
® by direct coupling of reactions

® by depletion of products

08/27/2009 Biology'4014 odynamics p: 56 of 45
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ZHz(g) T Oz(g) — ZHzo

Energy of reactants

Enthalpy

Energy of products

-
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exothermic reaction

activation energy

'EH *EF+EE}_.[gj L T L
1 ~AH

= heat
evolved

= 890 k.J

heat content

CO,(g) + 2H,00)

reactants products




"INSANITY

S DOING THE
SAME THING OVER
AND OVER AND

EXPECTING A
DIFFERENT RESULT"

~ALBERT EINSTEIN




