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Aim

e Chemical engineers are concerned with the rate of reactions (kinetics)

and the energies involved (thermodynamics). They deal with
separation processes such as distillation, crystallization and gas
absorption which depend on understanding change of phase, solubility,
vapor pressure etc.

The Physical Chemistry course is the scientific basis of the chemical
engineering, since fluid mechanics, heat transfer, and mass transfer
can be traced back to their roots in Kinetic Theory, or Chemical
Reactor Engineering is basically applied Chemical Kinetics.

@ This course focuses on the chemical applications of thermodynamics.
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References

@ Physical Chemistry by Peter W. Atkins
@ Physical Chemistry by Ira N. Levine
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Course structure

Midterm exam 22 Aban 4 PM 35%
e Final exam 28 Dey 3 pm 50%
TA, Assighment, quiz 15%

@ Office hours: Sundays 9:30 AM - 12 PM
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Phase equilibrium and diagrams, Azeotrope and eutectic mixtures,
pressure- Temperature diagram, colligative properties

Chemical equilibrium

Surface phenomena: Surface chemistry, surface between phases,
surface absorption, ...

Kinetic theory

Electrolytes and electrochemistry: Solution conduction, ion mobility,
ion mobility and electric conduction relation.



Thermodynamics
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Zeroth law of thermodynamics, first law of thermodynamics, Second
law of thermodynamics.

Universe:

System Environment

State functions vs. path functions

dE = dq + dw = TdS — pdV E=E(S,V)

T=(%%)v p=—(5)s

Calculation of work, e.g., calculation of work of an ideal gas in a
reversible adiabatic change.



Thermodynamics

G L |G
k.

o Legendre transformation: F = F(x), s= F:g G(s) = F — sx.
Generally, G(s) = F — >_; sjx;.

o £(S,V), H(S,p)=? A(T,V)=E—(%)S=
E—-TS, G(T,p)=?
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Thermodynamics

@ A thermodynamic potential is a scalar quantity used to represent the

thermodynamic state of a system. The concept of thermodynamic
potentials was introduced by Pierre Duhem in 1886. Josiah Willard
Gibbs in his papers used the term fundamental functions.

Internal energy E is the energy of configuration of a given system of
conservative forces and only has meaning with respect to a defined set
of references.

Expressions for all other thermodynamic energy potentials are
derivable via Legendre transforms from an expression for U.

Grand potential or Landau free energy is defined by
def def

S =Q = F—uN= U—-TS—uN
fundamental equation:
dbs =dU — TdS — SAdT — pdN — Ndy = —PdV — SdT — Ndp

@ When the system is in thermodynamic equilibrium, ®¢ is a minimum.
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Thermodynamics

@ For homogeneous systems, one obtains Q = —PV.

@ Internal energy (U) is the capacity to do work plus the capacity to
release heat.

o Gibbs energy (G) is the capacity to do non-mechanical work.
dG = dq + dw + d(pV) — TdS — SdT for a reversible process at
constant temperature dG = dw,e,+ + d(pV).

e Enthalpy (H) is the capacity to do non-mechanical work plus the
capacity to release heat.

@ Helmholtz energy (F), or maximum work function is the capacity to do
mechanical plus non-mechanical work (a result of Clausius inequality).

@ AU is the energy added to the system, AF is the total work done on
it, AG is the non-mechanical work done on it, and AH is the sum of
non-mechanical work done on the system and the heat given to it.

@ When the entropy S and "external parameters” (e.g. volume) of a
closed system are held constant, the internal energy U decreases and
reaches a minimum value at equilibrium.

@ the principle of minimum energy follows from the first and second
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Thermodynamics

@ The following three statements are directly derivable from this
principle.

@ When the temperature T and external parameters of a closed system
are held constant, the Helmholtz free energy F decreases and reaches
a minimum value at equilibrium.

@ When the pressure p and external parameters of a closed system are
held constant, the enthalpy H decreases and reaches a minimum value
at equilibrium.

@ When the temperature T, pressure p and external parameters of a
closed system are held constant, the Gibbs free energy G decreases
and reaches a minimum value at equilibrium.

@ The variables that are held constant in this process are termed the
natural variables of that potential
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Thermodynamics
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if a thermodynamic potential can be determined as a function of its
natural variables, all of the thermodynamic properties of the system
can be found by taking partial derivatives of that potential with
respect to its natural variables and this is true for no other
combination of variables.

If there are D dimensions to the thermodynamic space, then there are
2D unique thermodynamic potentials.

Ulpl = U = iNj, Flujl = U = TS — piNj, Hlpl = U+ pV — ;N
and Gluj] = U+ pV — TS — pjN;
Fundamental equations: dH = dA= dG =

If the system has more external variables than just the volume that
can change, the fundamental thermodynamic relation generalizes to:

dU=T4dS — ZX dx; + Z“J dN; X; are the generalized forces

corresponding to the external variables x;.

Maxwell relations.



Thermodynamics

° (%)N,T ~ T($)ny =—p
o dU = [T(22)y — p]dV + CydT
@ CV = (BT) = T(gT)V and C (a#)P = T(%)P'
e Thus, G, — C, =[p+ (W)T](W)p
@ Chemical potential,
pi = G)s.ve. = GiD)spe. = GV = (BT
o Extensive vs. intenswe.

@ Homogeneous of degree n, f(Axy, -+, Axy) = Nf(x1, -+, xn)
o Euler’'s theorem: If f is a homogeneous function of degree n,
nf(xy, - ,xn) _X18x1 +X238)1:2 + - +XN86XCV
N >
° n(n - 1)f(X17 T 7XN) = ZI_] 1X’XJ(8xde)

G=> Nj(%@)T,p,~-- =>,N
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Thermodynamics
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Gibbs-Duhem equation: 3. Njdu; =0

For a chemical reaction aA + bB = cC + dD which can be
represented by > vjA; =0, dG =3, pidN; = (3 pjv;)dA
At equilibrium: >~ p1jv; =0

Phase equilibrium

pj=p+RTIn % = 1 + RT In p}

Ajig = — RTIn[%]— —RT InK,

A thermodynamic free entropy is an entropic thermodynamic potential
analogous to the free energy. Also known as a Massieu, Planck, or
Massieu—Planck potentials (or functions), or (rarely) free information.



Phase (appearance): State of matter that is uniform throughout, not
only in chemical composition but also in physical state.

Phase: a physically distinctive form of a substance or mixture, such as
the solid, liquid, and gaseous states of ordinary matter also referred
to as a "macroscopic state”

@ Component: A species present in the system.

@ Number of components: minimum number of independent species
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necessary to define the composition of all the phases present in the
system.

Allotrope: each of two or more different physical forms in which an
element can exist. Eg. Graphite, charcoal, and diamond are all
allotropes of carbon.

Polymorphic and polyamorphic substances have multiple crystal or
amorphous phases.

The chemical potential of a sample is uniform when it is at
equilibrium regardless of the number of phases present.



Phase transformation

© (0u/0T)p = —5m, (Op/0p)T = Vim

Figure: Chemical potential
vs. Temperature taken from
https://www.chegg.com/
homework-he/
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Chemical potential, u

Solid Liquid  Vapour
stable stable stable

T, T,

x b
Temperature, T


https://www.chegg.com/homework-he/
https://www.chegg.com/homework-he/

Phase rule

@ Number of phases in a system is denoted by P, while the number of
independent chemical species is denoted by C (from components).

@ Number of degrees of freedom, i.e., the number of independent
intensive variables are denoted by F.

@ Each phase contains C — 1 concentration variables, so there are
p(C — 1) + 2 variables.

@ Chemical equilibrium implies P — 1 independent equations for each
species, thus there are C(P — 1) equations.

@ Phase rule states that F =p(C —-1)+2-C(P—-1)=C—-P+2
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Physical transformations of pure substances

@ The pressure of a vapor in equilibrium with its condensed phase at a

specified temperature is called the vapor pressure (VP).

B
c+T

@ For any phase transition of a pure substance dji, = dpug, thus
—Sa,mdT + Vo mdp = —Sg mdT + V3 mdp

e Clapeyron equation: dp/dT = AS,,/AV,,

Solid-liquid boundary dp/dT = AHmelt.m/ Tt AVimeit,m
J2. dp = (5Hoett o/ AVimete m) [7. dT/ T

p = pP* + (AHmeit,m/ A Vmeit,m) In(T/T)

p = p" + (AHmeit,m/ T*AVpert m)(T — T7)
Liquid-vapor boundary dInp/dT = AHvap,m/RT2
solid-vapor boundary dInp/dT = AHsyp m/RT?

Solid-liquid-vapor equilibrium

@ Antoine equation, InP = A —
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Phase diagram

@ A phase diagram is used to show conditions at which
thermodynamically distinct phases occur and coexist at equilibrium.

SOLID LIQUID
Pc e e\
! Melting —> +\ Critical
g <— Freezing ' point
2 |
ﬁ Vaporization —> !
x Triple point . <— Condensation :
1
P, — ] 3
Sublimation —> | GAS !
<— Deposition K :
i 1
(c] | i
Tp T.
o Temperature —

@ Lines of equilibrium are called phase boundaries.
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Phase diagram

@ Triple points are points on phase diagrams where three distinct phases
exist in equilibrium with one another (lines of equilibrium intersect).

A
D s .
Ciritical point
22,080 == im e L D -
|
= Water |
© Ice e
ix.; (Solld) (Ilquld) :
£ |
2 I e e |
o | |
& I |
I I I
06 ===~ : I
A Water vapor | :
" T ,
I, | 1 _
i I T -
0 0.01 100 374
) Temperature (°C)
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Phase diagram

Tempemture
OK 50K 1DK 160K 20K 250K DK 30K 40K 40K E0K 50K  B0K 60K
1TPa 1OMar
X| (hexagonal)
100G Pa 100 K.62GPa X 1 Miar
10G Fa P y 100Kz
> 278K 216G
FEE00 K. 2.216GPa
1GPa | 218 K.620 WPa. | 10kar
+ + 72,98 K. 632.4 MPa
K. 244.3 b 356,164 K. 350.1 MPa om 7
235K 2120 MPa | \281.185 K, 2088 MPa Critical point
1COMPa | | 647.006 K | 1 Har
= = (373946 °C),
Solid Liquid 2
10MPa : 100ber
i
H Xl | { |
H
g 1MPa c i h 10 bar
[ (ortho- 3
thombic) ]
100K Freezing pointat1 atm Boiling pointat1 atm e
273.15 K0 | C), 101.325 kPa o 373,15 K (100 *C), 101.325 kPa
i
10k | i 100 mEar
!
i
|
Thea Omear
Solid/Liquid/Vapour friple point
27316 K (0.01 *€), 611557 Pa
1mPa 1 mbar
Vapour
10Fa | 100ptar
1R — - - = - - - 10pbar
o 50°C -E0°C -IW°C -I00°C -G 0°C DG 100°C 1WOC LO°C 2D°C A0°C IDC

Figure: Water phase diagram taken from https://en.wikipedia.org
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Phase diagram

@ phase boundary between liquid and gas does not continue indefinitely.
It terminates at a point on the phase diagram called the critical point.

@ In water, the critical point occurs at around T, = 647.096 K
(373.946°C), p. = 22.064 MPa (217.75 atm) and p. = 356kg/m>.

Supercritical
fluid

Solid Liquid

Pressure (atm)

-78.5 -564 311
Temperature (°C) ——

ot Figure: Phase diagram for carbon dioxide



Phase diagram
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Figure: Phase diagram for carbon taken from https://en.wikipedia.org
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Phase diagram

100

107 liquid He-I
Figure: Phase diagram for
“He taken from Chemistry
LibreTexts

pressure, atm
—
T

liquid
He-II

0.1 {(superfluid e

1 2 3 4 5
temperature, K

@ Close to the critical point density can vary from gas density to liquid
density.
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Critical point

F — = = —_—— e, " .,

@ Close to the critical point properties like solubility and dielectric
constant vary almost exponentially with density.
@ Such variations give rise to many applications.
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First order phase transition
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Phase transitions occur when the thermodynamic free energy of a
system is non-analytic for some choice of thermodynamic variables
Phase transition is a statistical phenomena typically involving a
symmetry breaking or formation.

According to Ehrenfest classification, order of a phase transition is
determined by the order of the first discontinuous derivative of the
free energy.

In a first order phase transition, the first derivative of chemical
potential is discontinuous.

0, Otiey
(F5) = (F5) = Vam — Vam = AV

on Aoy _ _ _AH
(57) = (FF) = =Spm + Sam = —AS = =

Enthalpy is discontinuous around a first order phase transition which
results in the heat capacity diverging at a first order phase transition.



First order phase transition

"

Figure: Example of ppvs. T
for a first order phase
transition (discontinuity in
the first derivative)

Figure: Example of pvs. T
for a second order phase
transition (discontinuity in — T '
the second derivative)
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Second order and A phase transition

@ The first derivative of chemical potential is continuous while the
second is discontinuous. Thus volume and entropy does not change
during the phase transition.

o E.g., order-disorder transition in alloys, paramagnetic-ferromagnetic
transition and fluid-super fluid transition.

@ Phase transitions at which heat capacity diverges are lambda
transitions.

@ In the modern classification scheme first order transitions involve
latent heat.

@ Second order or continuous phase transitions exhibit a divergent
susceptibility, infinite correlation length and a power law decay of
correlations near criticality.

o E.g., ferromagnetic transition, super conducting transition and
superfluid transition. Also the liquid-gas transition becomes second
order at the critical point.
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Liquid-gas surface: Surface tension

@ The difference between the average number of interactions of a
molecule in the bulk and that of the same molecule in the surface of a
liquid suggest that a liquid is stabilized by minimizing its surface.

@ Surface tension depends on intermolecular forces.

Surface moleculeis
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Liquid-gas surface: Surface tension

@ The energy (work) required for increasing liquid surface by unit
surface area is called surface tension (in J/m?), dw = vydo.

o du=dq+dw = TdS — pdV +~vdo. Thus dA = —pdV +ydo — 5dT,
at constant volume and temperature dA = ~do.

@ Bubbles, cavities and droplets are spherical in the absence of external
fields.

Work in a differential change of radius, dw = 8mw~yrdr
Surface tension force resisting enlargement, F = 8myr

47r?pin = 41r?pour + 8myr. Laplace equation: pin = pour + 277

e 6 o6 o

Vapor pressure depends on pressure, i.e.

u(p, T) = p3(T)+ RTIn 85 — &5 — e~ 77
@ Substituting p(p+ Ap, T) = pi(p, T) —|— V 'mAp one derives Kelvin
equation for the VP of a droplet p = p*e S
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Liquid Temperature (°C)  Surface tension, ~
[mN/m]
Acetic acid 20 27.60
Acetic acid (45.1%) + Water 30 40.68
Acetone 20 23.70
Blood 22 55.89
Diethyl ether 20 17.00
Ethanol 20 22.27
Ethanol (40%) + Water 25 29.63
Glycerol 20 63.00
n-Hexane 20 18.40
Isopropanol 20 21.70
Liquid nitrogen -196 8.85
Liquid oxygen -182 13.2
Mercury 15 487.00
Methanol 20 22.60
n-Octane 20 21.80
Sucrose (55%) + water 20 76.45
Water 0 75.64
Water 25 71.97
Water 50 67.91
Water 100 58.85
Toluene 25 27.73
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Liquid-gas surface: Surface tension

Figure: A manifestation of surface tension taken from
https://en.wikipedia.org
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Liquid-gas surface: Surface tension

2vVm

VP inside of a cavity, p = p*e™ rTr

This increase in droplet vapor pressure results in supersaturation.

°
°

@ Surfaces from small particles end supersaturation.

e E.g., artificial cloud insemination and cloud chamber.
°

Surface tension also inhibits bubble formation and thus causes
superheating of fluid.

e Capillary effect: Ap = pgh=2v/r. Thus h= %.

@ Compare a glass capillary in water with a glass capillary in Mercury.
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Partial molar volume V; = (g )p. T

dVv = (8nA)PT”BdnA+(8nB)PT”AdnB_ Vadna + Vedng
V = Vana + Vgng

Partial molar Gibbs free energy, pj = (%)p,T,n’

G = pana + pgng

Gibbs-Duhem equation: > njdu,; =0

Analogously, >, n;dV; = 0.

At infinite dilution Viyeso, = —1.4cm3/mol

For two ideal gases with the same initial and final pressures,
AGpmix = nRT(xalnxa + x5 Inxg).

AS i = —(8%(.’}"”'X)p,,,A,,,B = —nR(xalnxa + xgInxg)
AVpix = (6A8(;;7mix )T7"A7”B

For an ideal gas AV,ix = AHpmix = AUnix =0

We should digress into a study of liquid solutions to write expressions
for their thermodynamics. quantities.




Ideal solution

e Raoult law: p; = x;p;.
@ P =Pp+ Pg = XAPZ +XBPE
o ldeal solutions: P; = x;P}, P;= Pg+ (P} — Pg)xa

ideal solution

}apor pressure of pure B

Vapor pressure of pure A

= k7
Z w0, A
123 ¢
£ S5y
g )
£
we ©
es°
?a‘{‘ﬁ\ ¥
Bo— >
1B

@ Examples of ldeal solutions are Benzene-Toluene, Octane-Heptane,
Chloroethane-Bromoethane and Tetraethylsilane-Pentane.
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Phase equilibrium with a single component,

wall) = na(g) = pa(g) + RTIn %

Phase equilibrium with multi components, p4(/) = 9(g) + RT In g—é
pa(l) = pa(l) = RTIn 23 4+ RT In 24 = 3 (/) + RT In £

na(l) = pa(1) + RT Inxa

For liquids: AGpix = nRT (xalnxa + xg In xg).

ASpic =7, AV =7

The difference between observed thermodynamic functions of mixing
and the function for an ideal solution is called excess function.

SE = ASpix + nR(xA Inxa + xg In XB)
For a regular solution HE # 0 while SE =0



Colligative properties: depending on the collection
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Colligative properties arise from solutes present in the liquid phase but
absent from gas and solid phases.

E.g., vapor pressure reduction, boiling point elevation, freezing point
reduction and the osmosis phenomena.

Consider non-electrolyte solutions.

Pt = Pa = XaP} = (1 — xg) P}, change in vapor pressure is a
colligative property because it does not depend on the nature of
solute.

Reduction in vapor pressure give rise to an increase in boiling point.

dpt = VindP — SpdT  (2)p = ~Sm ()10 = Vm



Colligative properties

Tiusion (Pure solvent)

Tiusion (solution) ?
liquid
Thailing (Pure solvent)

solution

chemical potential

vapour
Thoiling (solution

temperature

e Liquid (concentration xa) = vapor (1 atm)
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0/ ), *
,u%(g) = NZ(/) + RT Inxy, ie., |n(1 — XB) — “A(g’)?TF‘A(I) _ A%mfvap.



Colligative properties: elevation of the boiling point

° ATp= (1000AHvap

AH A AH A
In(1 — xg) = =52 — ‘,g?“", Thus In1= 7 — %_

AHy,
In(1 - xg) = 2o — 1),

AH, —
—xe = 5= ().

AH
Xg = RTVE"AT

_ RT; ~ Ma
ATb = AHvapXB XB ~ 1000m

RT2M, . . .
b= Ym = Kpm, Kp is the ebullioscopic constant.

Ebullioscopy is the determination of molar mass by measuring a
solvents ebullioscopic constant.

Freezing point depression:

. RT?
wa(s) = wa(l) + RT Inxa result in ATy = AHL B

o ATy = —Krmpg where Ky is the cryoscopic constant.
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Cryoscopy is the determination of molar mass by measuring a solvents
cryoscopic constant.



Colligative properties: Osmosis

@ A semipermeable membrane, permeable to some molecules (e.g.,
solvent) but impermeable to other molecules (e.g., solute), gives rise
to the osmosis phenomena.

Osmosis

Concentrated
‘- solution
/

Watay Osmotic’7 . “/ Reverse
&

(solvent) pressure

% | % osmosis

® E S External

LB _— pressure

0
W
[*] Seawater

|.-
L
-

©
Semipermeable .
membrane

i o
L3

,\,D
e ey
. 't°

“
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Colligative properties: Osmosis

@ Cell membrane is an example of semipermeable membranes.

walp) = pa(xa, p+ M) thus —RT Inxa = f;+r| Vimdp. Osmotic
pressure m = CgRT: van't Hoff equation.

For non-ideal solutions 1 = [B]RT{1+ B[B] + ---}

Reverse osmosis is used to extract drinking water from sea water.

Osmometry is used for the measurement of macromolecules masses.

e 6 o6 o

Colligative properties for electrolyte solutions are
AP = —I'XBPZ, ATb = iKbm ATf = —inm ™= iCBRT, iis
the Van Hoff coefficient.

@ Strong electrolytes dissociate completely in solution.
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Colligative properties: Electrolytes

limpm,,—0 i = v where v is the number of particles resulting from
dissociation.

@ At higher concentration electrostatic interaction prevent independent
effect of ions.

@ For a weak electrolyte i depends on the dissociation multiple, a.

o A,B, = aAb*t(aq) + bB?~(aq)

@ # of particles = m — ma + ama + bma = m[(1 — «) + (a + b)a].
Thusi=1—-a+ av.
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Solubility

o At equilibrium pji(s) = pg(/) + RT Inxg
o Inxg = AHfus + Asfus
AHUS 1
o Inxg = —Slfu(} L)
@ Exponential decrease of solubility with temperature coming down from
its melting point.

o Solubility change by temperature: In & = —BHus (1 _ 1y

y ge Dy P Lo R \T7 — T)
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Ideal solution

@ In an ideal solution inter-molecular interactions and fluid structure are
similar thus AE,,;x = 0 for an ideal solution. Also AV,,;x =0 and

AHpmix = AEpix + PAVpix =0
@ ASpix >0, AGpix = AHmix — TASix <0

TAmiS

AmixH

Joules
o

43/1 0.0 0.2 0.4 0.6 0.8 1.0



Ideal solution

@ Dalton’s law yield mole fractions in the gaseous phase:
Pi= yiPy = yj = soirie
2. %iP;
@ a is a pressure composition phase diagram while b is a temperature
composition phase diagram.
0.8 T T T T 390 T T T T

liquidus

0.6 liquid — 380

02| * R 360

0 I I I I 350 I I | |
0 02 04 0.6 0.8 1.0 0 02 04 0.6 0.8 1.0

benzene ZA toluene benzene ZA toluene
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Ideal solution
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b is called a "boiling diagram.” Notice that at the edges we have
points representing the boiling points of the pure components. The
lower curve gives the boiling point of the liquid mixture as a function
of composition.

— XAPA PAPE
YA = Dgtpa—pgxa’ Pa+(Pa—PA)YA
A point inside the two phase region does not give us the composition
of either the liquid or the vapor phase, it does give the overall
composition of the whole system.

also p =

The tie line is a horizontal line through the composition point which
intersects the two boundary lines of the two phase region.



Lever rule

@ The intersection of the tie line with the boundary line on the liquid
side of the region tells us the composition of the liquid

@ the intersection of the tie line with the boundary curve on the vapor
side tells us the composition of the vapor phase.

@ NXA = NaXAq + NgXaA g, also nxq = naxa + ngxa

o na(xaa — Xxa) = ng(xa — xag) or nalo = nglg.

o Called lever rule since in a lever ml = m'/’.

Figure: Phase diagram for a
two component two phase
system taken from https:
//en.wikipedia.org
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Real solution

@ ldeal solutions form a first approximation to solution behavior as does
ideal gas to real gas behavior.

. Positive deviation solution
@ Real solutions: . o .
Negative deviation solution

@ In a positive deviation solution, vapor pressure is greater than that of
ideal solution, e.g., carbondisulfide-Acetone.

@ In a negative deviation solution, vapor pressure is smaller than that of
ideal solution, e.g., Acetone-Chloroform.

@ In negative deviation solutions f4g > %(fAA + fgg), Also AVpix <0
and AHpix = AEix + PAVyix < 0. E.g., aqueous electrolyte
solutions, chloroform and benzene, chloroform and diether, Acetone
and aniline, nitric acid and water and acetic acid and pyridine.
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Henry's law
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In positive deviation solutions fag < %(fAA + fgg), Also AVpix >0
and AH,ix > 0. E.g., Water and oil mixture, acetone and carbon
disulphide, Acetone and benzene, carbon tetrachloride and toluene or
chloroform, methyl alcohol and water and acetone and ethanol.

As X; — 1 for each component in a binary mixture the vapor pressure
of that component obeys Raoult’s law.

for small mole fractions, P; becomes proportional to X;, but the
proportionality constant is not P;7. P; = K;X;: Henry's law.

In a concentration region where one component obeys Raoult's law
the other will necessarily obey Henry's law.

Henry's law is most often used to describe the solubility of gases in
liquids.

Distillation is the process of separating the components or substances
from a liquid mixture by using selective boiling and condensation.



Distillation
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Distillation may result in essentially complete separation, or it may be
a partial separation that increases the concentration of selected
components in the mixture.

the process exploits differences in the relative volatility of the
mixture's components.

Idealized distillation model

Batch or differential distillation

Continuous distillation

Both batch and continuous distillations can be improved by making
use of a fractionating column on top of the distillation flask.

The device used in distillation, a still, consists at a minimum of a
reboiler or pot, a condenser, and a receiver.

It is not possible to completely purify a mixture of components by
distillation, as this would require each component in the mixture to
have a zero partial pressure.

Use an example where P} = 800torr P5 = 600torr x4 = 0.8 to
analyze fractional distillation.



Distillation

@ Strong deviations from ideal solution can give rise to an azeotrope or
constant boiling point solution.

@ An azeotrope is when the vapor phase and liquid phase contain the
same composition.

Thermometer

Fractionating

Column Water out

Figure: Fractional distillation
taken from
en.wikipedia.org

Condenser

Water in

J_ Bunsen burner
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Azeotrope: boiling with

changing

Figure: Negative azeotrope mixture of chloroform and ethanol taken from
en.wikipedia.org
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Azeotrope: boiling without changing

Negative deviation solutions may give rise to a maximum in the phase
boundary of the temperature vs. composition graph. GE < 0

e E.g., chloroform-aceton, nitric acid-water.

@ If the constituents of a mixture are completely miscible in all

proportions with each other, the type of azeotrope is called a
homogeneous azeotrope.

An azeotrope can be found inside the miscibility gap. This type of
azeotrope is called heterogeneous azeotrope or heteroazeotrope.
Heteroazeotropes are always minimum boiling mixtures.

Positive deviation solutions may give rise to a minimum in the phase
boundary of the temperature vs. composition graph. GE >0

o E.g., dioxane-water, ethanol-water.

@ Simple distillation can be used in cases with large difference in boiling
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point.
for separating compounds with smaller boiling point difference
fractional distillation is used.



Distillation

@ Azeotropic vapor and liquid phases have the same composition, thus
an azeotropic solution’s composition cannot be altered by distillation.

@ Positive deviations from Raoult's law result in a minimum boiling
point azeotrope.

Temperature-Minimum Azeotrope Positive Pressure-Maximum Azeotrope
Mixture of Chloroform and Methanol Azeotrope Mixture of Chloroform and Methanol
s Constant Pressure 2 Constant Temperature
338 Pure boiling point P=101.325 kPa T=298. 15K Azeotrope
328 ] | # of Methanol g Ligquid Y

Liquid compaosition
30 Boiling point curve

Pure boiling point
of Chiloroform \‘

Vapor composition

Dew point curve Pure boiling po/m':

of Chioroform

Pressme [kPa]

Tempetatus [K]

Vapor composition
Dew point curve
127 | | Liquid compaosition

Boiling point curve
Pure boiling point

1%
325 Liguid only  Azeotrope of Methanol
324 14
01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
ure Mole Fraction Chloroform [molimed] Purs: Pure Mole Fraction Chioroform [molmeol] Pue
[+ ] Metharol Chiceotorm Methanof Chiosiems
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Distillation

e E.g., 95.6% by volume ethanol+4.4% water mixture boils at 78.2°C.
Ethanol boils at 78.4°C.

@ Negative deviations from Raoult's law result in a maximum boiling
point azeotrope.

e E.g., 68% nitric acid (boiling at 356 K) and 32% water by mass boils
at 393.5 K.

@ The distillation of two immiscible liquids can be regarded as the joint
distillation of the separated components, and boiling occurs when the
sum of partial pressures equals 1 atm.
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Solvent activity
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pa(l) = pa(l)+ RT In %2 = pa(l)+ RTInaa

aa activity of A is a kind of effective mole fraction as the fugacity is
an effective pressure.

as—1 as xaq—1

aps=vaxa Ya4a—1 as x4 —1

Ideal dilute solutes obey Henry's law, pg(/) = pg(/) + RT In g—g =
Hg(l)+ RTIn %8 4 RT In £2 = = uh(/) + RT Inxg

g = ,uB(I) + RTIn ap ag = ,’253 ag = YBXB
ap — XB and "}/B—>]. as xg—0

niB . I‘IBMA . ng __ kmB
xg = 78 = RO = MaZE = Mamp = '

For an |deal dilute solution
KB —,uB-l-RTInk+RTIn@ =pu% +RTIn T8

For a real solution ug = u% + RT Inag where ag = B



Liquid-Liquid phase diagrams
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Phase separation: creation of two distinct phases from a single
homogeneous mixture.

Upper critical temperature: The upper critical solution temperature
(UCST) or upper consolute temperature is the critical temperature
above which the components of a mixture are miscible in all
proportions.

Hexane-nitrobenzene mixtures have a UCST of 19 C

Lower critical temperature: The lower critical solution temperature
(LCST) or lower consolute temperature is the critical temperature
below which the components of a mixture are miscible for all
compositions.

e.g., water-triethylamine.



Liquid-Liquid phase diagrams

@ Nicotine-water are partially miscible between 61°C and 210°C.

H,O Nicotine
210
15 -
s
=
Figure: Upper and lower £ F'=52
critical temperatures, credit g
belongs to Prof. g
Tecklenburg e
61
Tl P =

1 1 1 |
0 02 04 086 0.8 1
Mole fraction of nicotine, xy
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Liquid-Liquid phase diagrams

o Distillation of partially miscible liquids

@ Partially miscible liquids are Likely to form a low boiling azeotrope
@ Miscible before boiling

Figure:
Temperature-composition
diagram of immiscible
liquids, credit belongs to Liquid,
Prof. Tecklenburg p=1

Temperature, T
—~
i
48]

Ligquid,
P=2

b, ie

Mole fraction of B, xg
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Liquid-Liquid phase diagrams

o Boiling before full miscibility

A B
398
390
_ TIK
Figure:
Temperature-composition
. . .. 370
diagram of immiscible
liquids, credit belongs to 350
Prof. Tecklenburg 340
298
0 0.95 1
Mole fraction of B, xg
°
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Liquid-solid phase diagram

@ A eutectic system is a homogeneous mixture of substances that melts
or solidifies at a single temperature that is lower than the melting
point of either of the constituents.

@ Eutectics: eutectic solid crystallizes out in a nearly homogeneous
mixture of microcrystals.

Liquid

Temperature

Figure: Solid liquid binary
phase diagram, taken from |
chem.libretexts.org/

€

Two-phase solid

0 Xg 1
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Liquid-solid phase diagram

@ Thermal analysis leading to a eutectic halt.

Reacting systems

Incongruent melting

Ultrapurity and controlled impurity



Three component systems
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A ternary plot, ternary graph, triangle plot, simplex plot, Gibbs
triangle or de Finetti diagram is a barycentric plot on three variables
which sum to a constant.

It graphically depicts the ratios of the three variables as positions in
an equilateral triangle.

It is used in physical chemistry, petrology, mineralogy, metallurgy, and
other physical sciences to show the compositions of systems composed
of three species.

Triangular phase diagram, x4 +xg + xc =1

Determining the mixture composition for a point on the graph, using
a grid, perpendicular distance to each side and finally the
inverse-lever-arm-rule.



Three component systems

Figure: A ternary phase
diagram
perminc.com/resources/

Figure: A ternary phase
diagram
perminc.com/resources/

Component Wc?ight‘

mixtur

A 50

B 30

C 20
#1 7
1.0 lbm 1.0 lbmr
85% A 60% A
5% B 30% B
10% C 10% C
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Three component systems
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Chemical reactions
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The Gibbs function minimum

The extent of reaction, dy—’l’ = —d¢§ dy—';f = d¢§
dG = pprpdé — prvrd§

The reaction Gibbs function, (%—?),,77- = AG,
Exergonic reactions, AG, < 0

Endergonic reactions, AG, > 0

The composition of reactions at equilibrium
Perfect gas equilibrium

AG, = AG°+ RT InQ,

v,
P
Py

At equilibrium K, = (Qp)equilibrium = (W)eq
RTInK, = —AG°

>S5 =0

AGr =3 vjp



Chemical reactions

66/1

Wi = /L}) + RT Ina;j

AG, = AG® + RT In Q where Q = M;a/’
Thermodynamic equilibrium constant K = I1;a"/
AGY =Y, vAGP(J)

For a gas phase reaction K = I_I_[(%)VJ
Thermodynamic vs. practical equilibrium constants,
K =MNya7 =N Nem* = KK = Kn
Response of equilibrium to pressure

0 0 .
(ag‘pK) = E—%(agg )1 = _,%%/ ~ 0, where equality holds for a gas

phase reaction.

Le Chatelier’s principle: A system at equilibrium, when subjected to a
disturbance, responds in a way that tends to minimize the effect of
the disturbance.



Chemical reactions

@ Variance of composition with pressure: A= 2B,
(I—a)n  _ 1-«a 20

XA = (1—a)n+2an — 14+« XB = 1ta
K. — (pe/p’)? _ (x8p/P°)* _ 4a? 1]

° EqU|I|br|u:1 constant is K, = Al = ap/P) = 1-aZp
— P 1/2
e a= (Kp+4p/p°) /
o In general K, = K(p/p°)" v=>,v,
@ K, is independent of pressure, thus K, oc p™"
@ The response of equilibrium to temperature
_ _AG° dinK _ _ 1 _d (AG°
oK =—%r =% =—rar("1) i
@ Gibbs-Helmholtz equation: d%(%)o: % i
@ The van't Hoff equation dc',“TK = AR% or d?illn/% = —%
—AHO (1 1
OInKz—an]_: R (ﬁ—ﬁ)

Giauque functions: Functions related to G, designed to vary slowly

with T allow accurate interpolation at different temperatures.
GO(T)—Hm(0 HO(T)—Hpm(0
o &y = m()T 0 _ ()T ()_521(7-)

o O = dg— H%(T);_H%(O)
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Applications of reaction thermodynamics

Extraction of metals from oxides
MO(s)+C(s)=M(s)+CO(g)

MO(s) + 2 C(s) = M(s) + 3COx(g)
1) M(s) + 1 0x(g) = MO(s)

1) 3C(s) + 302(g) = 3COx(g)

1) C(s) + 302(g) = CO(g)

IV) CO(g) + 302(g) = COx(g)

An Ellingham diagram is a graph showing the temperature
dependence of the stability for compounds.

® ©6 6 6 6 o o o

@ usually used to evaluate the ease of reduction of metal oxides and
sulfides.

o Ellingham diagram is used to predict the equilibrium temperature
between a metal, its oxide, and oxygen and by extension, reactions of
a metal with sulfur, nitrogen, and other non-metals.
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Applications of reaction thermodynamics
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Applications of reaction thermodynamics

@ Deduce carbons ability to reduce a metal oxide as a function of the
temperature.

@ Bronsted-Lowry acid base definition.

a Ha(A—
e AH(aq) + H,O(l) = A=(aq) + H30"(aq) K = %

@ Acid base conjugate pair

o Acidity constant, K, = %
o AG% = —RTInK, = 2.303RTpK,

@ Water is amphiprotic

@ Autoprotolysis equilibrium: a proton transfer equilibrium involving a
single substance.

o HyO(l) + H,O(l) = H30™(aq) + OH™ (aq) Ku =
a(H30M)a(OH™) pK, = —log Ky
o KiKp = a(H30+)a(OH_) = Ky
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Applications of reaction thermodynamics

"
am m/m® ~ [X]/M thus K, ~ (o ]ase]
pH calculations

Strong and weak acids

Polyprotic acids

Acid base titrations

e 6 6 6 o o

Equivalence point: the stage when a stoichiometrically equivalent
amount of acid has been added to a base.
Acid pKal pKaZ pKa3
CH3COOH 4.75
o NHj 9.25
H>CO3 6.37 10.25
H3PO4 212 721 12.67
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Applications of reaction thermodynamics

o pH curve:
o [MT]+[H50T] =[A"]+[OH7]
o [HA|+[A]=A A= T

Va+Vs
_ _BY, _ [HsO07][AT]
e [M+] - VA+€B Ka - : [HA]
H3O][A- _ _ :
o MO LA ]=A  [AT] = o
@ Then write the electric neutrality condition and derive an expression

for the volume of added base for a value of [H307].
a= Ve _ AOKa[H3O+]+KW(K3+[H3O+])7[H3O+](Ka+[H3O+])
T Va (Kat[H3 OF])[(B+[H3 OF])[H3 OF]—Ku]
Approximating the pH curve:
Initial pH: 0.01 M HOCI, (pK, = 7.43); 0.01 M NHs, (pK, = 9.25);
Henderson-Hasselbalch equation: pH = pK, — log A?/
pH at the equivalent point: E.g., 25 mL 0.1 M HOCl(aq)+0.1 M
NaOH(aq); 25 mL 0.2 M NH3(aq)+0.3 M HCl(aq)

o pH after the equivalence point
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Applications of reaction thermodynamics

e Buffers: 0.1 M NH3(aq)+0.2 M NH,Cl(aq)

@ 0.2 M KH2PO4(aq)+0.1 M KaHPO4(aq), pKa2 = 7.21

@ Acid - Base indicators (also known as pH indicators) are substances
which change colour with pH. They are usually weak acids or bases.

@ Indicators: Generally large organic molecules, solvable in water, where

acid (HIn) and base (In") forms have different colors.

_ n— o+
@ Hin(aq)+H20(l) = In"(aq)+H30%(aq), K, = %

@ pH in the middle of the color change range of indicator is called the
end point of titration.

@ In the best indicator the end point pH matches the equivalence point
of the titration.

@ Phenolphthalein is a colorless, weak acid which dissociates in water
forming pink anions.

@ The pH of the solution at its turning point is pKln and is the pH at
which half of the indicator is in its acid form and the other half in the
form of its conjugate base.
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Applications of reaction thermodynamics

@ An indicator is most effective if the color change is distinct and over a
low pH range. For most indicators the range is within +1 of the pKin

value
Indicator Acid Base pKin  pH range
Color Color
Thymol Blue-1st change red yellow 1.5 1.2-2.8
Methyl Orange red yellow 3.7 3.2-4.4
o Bromocresol Green yellow blue 4.7 3.8-5.4
Methyl Red yellow red 51 4.8-6.0
Bromothymol Blue yellow blue 7.0 6.0-7.6
Phenol Red yellow red 7.9 6.8-8.4
Thymol Blue—2nd chan yellow blue 89 8.0-96
Phenolphthalein colorless  pink 94 8.2-10.0

@ A Universal Indicator is a mixture of indicators which give a gradual
change in colour over a wide pH range - the pH of a solution can be
approximately identified when a few drops of universal indicator are
mixed with the solution.
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Biological activity: Thermodynamics of ATP

@ Adenosine triphosphate (ATP) is a complex organic chemical that
provides energy to drive many processes in living cells, e.g. muscle
contraction, nerve impulse propagation, and chemical synthesis.

NH,

I | i <f | N

HO—P—0—P—0—P—0 P
| | | N""N
OH OH OH

o OH OH

Figure: Adenosin triphosphate (ATP) taken from https://en.wikipedia.org

o ATP(aq)+H20(l) = ADP(aq) + P; (aq)+H"(aq)
AG°= -72 kJ mol ™!,

@ Standard state of hydrogen ions is unit activity, pH=0.
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Biological activity: Thermodynamics of ATP

0
(l}— = NH,
—_ P
0=P—0 N
o]
0
OH OH NH,
N =
(I )
0=P—0 N~ N7
0} O
OH OH

Figure: Nicotinamide adenine dinucleotide (NAD) taken from
76/1 https://en.wikipedia.org
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Biological activity: Thermodynamics of ATP

e Biological standard state is an activity of 10”7, pH=7. Corresponding
standard thermodynamic functions are G°', H°" and S°'.

@ Calculate AG®' for the reaction:
NADH(aq)+H"(aq)—NAD"(aq)+H2(g) AG°= -21.8 kJ mol!

@ If there are no H' or OH biological standard is the same as the
normal standard.

o Find AG®' for ATP hydrolysis at 310 K?

@ For ATP hydrolysis at 310K, AH®" = -20 kJ mol?, AG®' = -30 kJ
molt, AS®" = 34 J mol! K1,

o AG°(Glucose) = -2880 kJ mol™!
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Equilibrium electrochemistry

Thermodynamic properties of ions in solution

Thermodynamic functions of formation

Ag(s)+3Ch(g) — Ag*(aq) + CI~(ag)  AH°= -61.58 kJ mol'!

Enthalpies of formation of ions, AH¢°(H",aq)=0 at all temperatures.
lon AH:°/(kJ mol't)  S°/(J mol't K1)  AG/(kJ mol'l)

cr -167.2 56.5 -131.2
Cu?t 64.8 -99.6 +65.5
o H* 0 0 0
K+ -252.4 +102.5 -283.3
Na* -240.1 59.0 -261.9
PO~ -1277 -221.8 -1019

o Calculate the solubility of silver chloride in water at 25 C,
AG¢°(AgCl,s)=-109.79 kJ mol L.
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Equilibrium electrochemistry

o Ag(s)+1Ch(g) — Agt(aq) + CI~(aq) AG°= -54.12 kJ mol

@ Gibbs functions of formation of ions, AGf°(H",aq)=0 at all
temperatures.

Contributions to the Gibbs function of formation

Break down the formation of an species into steps and add Gibbs
functions for each step.

E.g., the difference in AG¢°(Cl",aq) and AG¢°(Br ,aq) is due to their
Gibbs function of solvation.

AGO/(kJ mol™1)

X =C(l X = Br

3Ha(g) = H(g) 203 203
H(g) = H'(g) + e 1318 1318

e H't(g) — H™(aq) X X
1%(8) - X(g) 106 2
X(g)+e — X (g) -355 -331
X~ (g) = X~ (aq) y

y
LHa(g) + 1Xa(g) = H'(2q) + X “(ag) AGH(CI~) AGQ(Br~)
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Equilibrium electrochemistry

e M*(g)—MT(solution), AG°

@ Born identified AGs°with the electrical work of transferring an ion
from a vacuum into the solvent treated as a continuous dielectric of
relative permittivity €,

2.2
o _ —zie“Ny 1
° AGS —  8megr; (1 6,)

4 6,(H20) == 78.54, Er(NH3) == 16.9, 6,(C6H6) == 2.27,6,(C2H5OH) ==
24.3, r¢- = 181pm, rg,- = 196pm

e Entropies of ions in solution; S°(H*,aq)=0 at all temperatures.
S°(H*,aq) is calculated to be -21 J/mol /K.
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lon activities

e 6 6 o o
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Definition of activity, 4 = p® + RT Ina

Standard state is a hypothetical solution of molality m®in which ions
are behaving ideally.

a = 7,5, activity coefficient depend on the composition,
concentration and temperature.

v—1land a— m/m°as m—0
p=p°+RTIn2 + RTIny=p°+RTIny

Mean activity coefficients:

Gibbs function of an ideal solution: G° = S + u°

For real solutions

G=pqr+p_=pS+p>+RTIny +RTIny_ = G°+ RT Iny;v_
For a 1,1-electrolyte v = (y4v_)'/?2

pp =pd +Inye  po=p +Inyg

For MpXq, G = ppiy + qu— = G° + pRT Iny4 + qRT In~y_



Debye-Huckel limiting law
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Mean activity coefficient 74+ = (v27%)}/* where s=p+q.

pi=pi +RTInyy G =pus+qu-

Coulombic interactions between ions dominate the non-ideality in
ionic solutions.

Near any given ion there is an excess of counter ions, which constitute
its ionic atmosphere.

Interaction with ionic atmosphere lowers energy and chemical
potential.

This reduction is identified with RT In~yy

Debye-Huckel limiting law: Igy+ = —|z,z_|AI'/2 where A depends
on relative permittivity and temperature, for an aqueous solution at 25
°C, A=0.509/(mol kg1)1/2

lonic strength, | = 3. z2m;

Calculate the ionic strength and average activity coefficient for a
0.001 mol kg! CaCly(aq).



Equilibrium electrochemistry

o Limiting Debye-Huckel law is satisfactory at very low concentrations.
@ At moderate concentrations, extended Debye-Huckel law is used:
lo _ _A|z+z_|ll/2
g’Yﬂ: - 1+Bll/2
@ B is interpreted as the closest distance between two ions but treated
as a parameter.

@ Electrochemical cells contain two electrodes.
@ An electrode is a conductor immersed in an electrolyte.

@ An electrolyte is an ionic conductor. An electrode together with
electrolyte constitute an electrode compartment.

o Electrode compartments might be connected by a salt bridge.

@ In a galvanic cell an spontaneous reaction occurs and electricity is
produced.

@ In an electrolytic cell electric energy is used to drive a
non-spontaneous reaction.

@ A redox reaction occurs when electrons are transferred.
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Equilibrium electrochemistry

——> electrons ——>

salt bridge
zincions l sulfate ions
> - copper
electrode electrode
1 e | =
zinc copper (Il

sulfate (=) (+) sulfate

anode cathode

) oxidation reduction

Figure: A galvanic cell, specifically Daniel cell, taken from
https://en.wikipedia.org

@ Reducing agent or reductant gives and oxidizing agent or oxidant
sa/1 receives electrons, resulting in changes in oxidation numbers.
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Equilibrium electrochemistry

@ Every redox reaction constitutes two half reactions.

@ A galvanic cell or voltaic cell, named after Luigi Galvani or Alessandro
Volta, respectively, is an electrochemical cell that derives electrical
energy from spontaneous redox reactions taking place within the cell.

@ It generally consists of two different metals immersed in an electrolyte,
or of individual half-cells with different metals and their ions in
solution connected by a salt bridge or separated by a porous
membrane.

o Faraday correctly identified the source of emf as the chemical
reactions at the two electrode-electrolyte interfaces.

@ a half-cell consists of a solid metal (called an electrode) that is
submerged in a solution; the solution contains cations of the electrode
metal and anions to balance the charge of the cations.

@ The full cell consists of two half-cells, usually connected by a
semi-permeable membrane or by a salt bridge that prevents the ions of
the more noble metal from plating out at the other electrode.
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Equilibrium electrochemistry

@ RedOx pairs: Ox/Red; Ox+ve™ —Red
o Cu’*(aq)+2e~ — Cu(s) Q= 7~

o Zn’t(aq) +2e~ — Zn(s) Q=

a( Cu2+)

Zn2+)
Most reactions can be written as the difference of two redox reactions,

e.g., 2H"(aq) +2e~ — Ha(g,pr)  2H™(aq) +2e~ — Ha(g, pi)

e AgCl(s)+ e~ — Ag(s) + Cl~(aq) AgT(aq) + e — Ag(s)
@ Write the formation of water as difference of two reduction half

reactions.

@ Redox reaction in two separate compartments
@ The anode is the electrode where oxidation (loss of electrons) takes
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place (metal-A electrode); in a galvanic cell, it is the negative
electrode

The cathode is the electrode where reduction (gain of electrons) takes
place (metal-B electrode); in a galvanic cell, it is the positive electrode
In anode: Red; — Ox; +ve~

In cathode: Ox, + ve™ — Red>



Equilibrium electrochemistry

@ In a galvanic cell cathode has a higher potential compared to anode.

@ In an electrolytic cell anode has a higher potential compared to
cathode.

@ Gas electrode: Gas and ionic forms of an element or compound reach
equilibrium in the presence of an inert metal (e.g., Pt).

@ In an hydrogen electrode, hydrogen gas is blown into a solution of
hydrogen ions: Pt|H,(g)|H" (aq), vertical bar denotes an interface
between phases.

@ Electrodes are depicted as Red/Ox which is the opposite of redox pair
depiction.

e 2H"(aq) +2e~ — Ha(g) Q= f‘g?’ﬁl/)f’o

2 0 0
o Ox(g)+4H"(aq)+4e™ = 2H0(l) Q= Hliz?iz(Oz) N S ER(0)

@ Insoluble salt electrode: includes metal core, M, covered with a layer
of insoluble salt MX and immersed in a solution of X",
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Electrode types
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M|MX|X~, MX(s)+ e~ — M(s) + X~ (aq) Q= a(X")
Ag|AgCl|Cl~ AgCl(s) + e~ — Ag(s) + Cl~(aq) Q=
Pb|PbS04(s)|SOZ(aq)  PbSO4(s) +2e~ —

Pb(s) + S0 (aq) Q= a(S0?")

In the lead-acid battery: Negative plate reaction

Pb(s) + HSO, (aq) — PbSO4(s) + H*(aq) + 2e~

Positive plate reaction:

PbO;(s) + HSO, (aq) + 3H"(aq) + 2e~ — PbSO4(s) + 2H,O(!)
taking advantage of the metallic conductivity of PbO>.

The total reaction can be written as:

Pb(s) + PbO>(s) + 2H>504(aq) —

2PbS04(s) +2H,O(1) EZ,; =2.05V



Electrode types

o Calomel electrode is a type of half cell in which the electrode is
mercury coated with calomel (HgxCh) and the electrolyte is a solution
of potassium chloride and saturated calomel.

° CanmeI electrode:
|Hg2 C/2 ‘C/ HgQC/Q(S) +2e” — 2Hg(/) +2CI~

i‘ electrical lead

Pt wire

ai paste of Hg, Hg,Clx
and saturated KCI

small hole or
asbestos fiber

saturated KCI

o 4 ceramic frit
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Electrode types

@ Oxidation-reduction electrode: both oxidized and reduced forms are in
the solution.

e M|Red, Ox Ox +ve™ — Red Q= ‘Z((%ej)), M is an inert metal
providing electric contact with the solution.

e Pt|Fe’*t(aq), Fe3t(aq) Fe3t(aq) + e~ — Fe’**(aq) Q=

a(Fe®*)
a(Fe3t)

A concentration cell has the same electrodes in each half-cell

but the concentration of the electrolyte in each half-cell is
different.

negative (-) positive (+)

electrode
(anode)

electrode
(cathode)

[cu2+] [cu2+]
0.0100 mol dm-3 0.100 mol dm-3
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Cell types

o Cell types: Daniel cell, electrolyte concentration cell, electrode
concentration cell.

@ Liquid junction potential result from difference in mobility of the ions
at connection between two electrolytes.

@ Use of a salt bridge generally reduces the Liquid junction potential.

@ In depicting an electrochemical cell phase boundary is depicted by
vertical bars while salt bridge is depicted by a dotted vertical bar.

@ In depicting an electrochemical cell, anode is written on the left while
cathode is written on the right

o Pt|Hx(g)|HCI(aq)|AgCI(s)|Ag

o Zn(s)|ZnS04(aq): CuSO4(aq)|Cu(s)
@ Double vertical bars depict a phase interface without junction
potential.

e E.g., Zn(s)|ZnS04(aq)||CuSO4(aq)|Cu(s)
o Pt|Hy(g)[HCI(aq, m.)||HCI(aq, mg)|Hx(g)|Pt
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Nernst equation

® 6 6 ¢
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At constant temperature and pressure We max = AG, which can be
achieved only by a cell reaction occurring reversibly.

Electromotive force (emf) of a cell is its potential at zero current.
emf of the cell is the difference of the half-cell potentials, a measure
of the relative ease of dissolution of the two electrodes into the
electrolyte. The emf depends on both the electrodes and on the
electrolyte, an indication that the emf is chemical in nature.

dG =3 vjpujd§ = AG.d§ AG, = (5 o€ )T =D Vil

The current produced by a cell is a measure of its reversibility.

At constant temperature and pressure, the maximum work is

dwe = AG,d¢

dwe = —vNped{ X E = —vFdE x E F = Nae = 96485C/mol
AG,dé = —vFdEE AG, = —vFE

The Nernst equation

AG, = AG° + RTInQ  Q=nja

E=-5¢ _RT|hQ

vF
Standard cell potent|al —vFE® = AG°




Nernst equation

o Nernst equation for the zero-current cell potential: E = E° — % InQ
o AL25C E = 0~ B0

Calculate the zero current cell potential of a Daniel cell with CuSO4
1.0 mmol kg! and ZnSO4 3.0 mmol kg™!.
Zn2+)

Cu?*(aq) + Zn(s) — Cu(s) + Zn**(aq) Q= JGm) v=2

o logy+ = —0.509 x 4 x (4m)1/2 Q= % 2.43
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AGY = AGP(Zn*") — AGP(Cu?t) = —147.1 — 65.6 = —212.7 kJ
mol!

In the Daniell cell, most of the electrical energy of A, G, = -213
kJ/mol can be attributed to the -207 kJ/mol difference between Zn
and Cu lattice cohesive energies.

E°=1.102V, E=1.102V —0.0257V In2.43 = 1.08 V

Zero current cell potential for

Pt|Ha(g,2bar)|HCI(aq,0.1 mol kg™)|Hga Ch(s)|Hg (/)

AGY(HCI(aq)) = —131.23  AG?(Hg2Ch(s)) = —210.75

. . _ 0
An electrochemical cell in equilibrium: In K = V,§7E-




Nernst equation

@ Find the equilibrium constant for the Daniel cell?

e Concentration cell: M|M*(aq, L)||M*(aq, R)|M M*(ag, R) —
M*(ag,Ll) Q=2 v=1 E==Findt~x=FInmn

@ Calculate the potential difference between two sides of a cell
membrane, given that KT concentration is 20 times greater inside the
cell.

@ In order to attribute portions of the potential difference to each
electrode, we attribute 0 to Standard Hydrogen electrode (SHE),

Pt|Ha(g)|H* (aq)

Glass Tuhe
with Hydrogen
— Pt(s) Wire
Figure: Standard hydrogen
. (|

electrode representation

courtesy of

chem.libretexts.org f% Pi{s) Electrods

REp 1M H+
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Nernst equation

o Pt|Hx(g)|H"(aq)l|Ag™(aq)|Ag(s)  E° = E°(Ag*/Ag) =0.80V

o Pt|H(g)|H* (aq)||Cl (aq)|AgCl(s)|Ag(s)  E° =
E°(AgCl/Ag, CI7) = 0.22V

e Ag(s)|Ag™(aq)||Cl~(aq)|AgCl(s)|Ag(s) is equivalent to connected
cells Ag(s)|Ag™ (aq)l|H ™ (aq)|H2(g)|Pt — — —
Pt|Hx(g)|H " (aq)||CI™ (aq)|AgCl(s)|Ag(s),
E® = E%(AgCl/Ag, CI~) — E°(Ag* /Ag) = —0.58V

@ The standard oxidation potential is much like the standard reduction
potential. It is the tendency for a species to be oxidized at standard

conditions.
o —
° Ecell -
o H o .
Ef quction Of reaction at cathode + EZ ;. ..., of reaction at anode
o P
° Ecell -
o R o .
Ep quction Of reaction at cathode — E?°, ... of reaction at anode

@ Thus a reduction potential table suffice us.
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Equilibrium electrochemistry
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Calculate the equilibrium constant of the corrosion reaction

Fe(s) + 2H"(aq) + 3 0x(g) — Fe**(aq) + HO(!)

Calculate the equilibrium constant for 2Cu*(aq) — Cu(s) + Cu?*(aq)
Cut(ag) + e~ — Cu(s) E°=0.52V

Cu’t(aq) + e~ — Cut(ag) E°=0.16V

Calculate the equilibrium constant for

Sn?*(aq) + Pb(s) — Sn(s) + Pb**(aq)

Dependence of the reduction potential on composition

By placing SHE on the left of a cell with any reduction potential on
the right, one drives the Nernst equation for a half cell.

E.g.. PtiHx(g)|H" (aq)l|Ag™(aq)|Ag(s)  Ha(g) +2Ag™ (aq) —
H
2H"(a0) +248() Q= gy

_ FO _ RT = RT (H")*p°



Equilibrium electrochemistry
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With hydrogen electrode at standard condition, E(Agt/Ag) =
E°(Ag™/Ag) = BEIn Sragry = E%(Ag™/Ag) — T In S

For the right electrode Ag™(aq) + e~ — Ag(s) Q=

sy E(AgT/Ag) = E%(Ag/Ag)— T nQ

Similarly for the cell

Pt|Hz(g)IH" (aq)l| CI™ (aq) | AgCI(s)|Ag(s)  Ha(g) + 2AgCl(s) —
2HCI(aq) + 2Ag(s) @ = 2L 0aer)

With hydrogen electrode at standard composition

E(AgCl/Ag, CI~) = E°(AgCl/Ag, CI7) — Bl Ina(CI7)2 =
E%(AgCl/Ag,ClI7) — Bl Ina(CI7)

Same as writing Nernst equation for

AgCl(s) + e~ — Ag(s) + Cl~(aq) Q= a(Cl)

In the Silver/Silver Chloride electrode what is the change in emf if
enough KCl is added to have 0.01 mol Kg'* KCl as electrolyte. a(CI!)
in saturated AgCl solution is 1.3 x 1072,



Equilibrium electrochemistry
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— BT |pZesmr _ _ 8314x2080.906x0.01 _
AE =—"1n Yaimi o457 13x105 — O-17V.
Calculate AE for Calomel electrode (a(C/~) = 8.7 x 10~7) when

electrolyte is turned to 0.05 mol Kg* KCl(aq)
The hydrogen electrode and pH

E(H*/Hy) = EO(H* /Hy) — BLIn @ = %

At 298K, E(Ht/H,) = —59.16mV x pH

Calculate the change in electrode potential when chlorine pressure
bubbling over a platinum electrode increases from 1 to 2 atm.
Find the potential expression for Gy(g) + 4e~ — 2G?~(aq)
Electric control of solution composition

E(Fe3t/Fe?t) = EO(Fe3t [Fe?t) — B 1n 2]




Standard reduction potential measurement

e Platinum, Hydrogen — Silver, silver chloride cell (so-called Harned
cell) for primary pH measurements
Pt|Ha(g)|HCI(aq)|AgCl(s)|Ag(s)  3Ha(g) + AgCl(s) —
HCl(aq) + Ag(s)

o E = E%(AgCl/Ag, CI~) — BT | 2talCTT)

(Fp0)172
E
@,
—1—
NE
| | PyH
L 2
. l : Va Ag/AgCI S 0
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Standard reduction potential table

Reduction Half-Reaction Standard Reduction Potential (V)
Fa(g) +2e~ — 2F (aq) +2.87
$,027(aq) +2e~ — 25027 (aq) +2.01
02(g) + 4H*(aq) + 4e= — 2H,O()) +1.23
Bry(l) +2e~ — 2Br—(aq) +1.09
AgT(aq) + e —Ag(s) +0.80
Fe3t(aq) + e~ — Fe?*(aq) +0.77
h(l)+2e~ — 21~ (aq) +0.54
Cu?*(aq) +2e~ — Cu(s) +0.34
Sn**(aq) +2e~ — Sn**(aq) +0.15
S(s) +2Ht(aq) +2e~ — H,S(g) +0.14
2H"(aq) +2e~ — Ha(g) 0.00
Sn**(aq) +2e~ — Sn(s) -0.14
V3t(aq) + e~ — V> (aq) -0.26
Fe?*(aq) +2e~ — Fe(s) -0.44
Cr3*(aq) +3e~ — Cr(s) -0.74
Zn**(aq) +2e~ — Zn(s) -0.76
Mn?*(aq) + 2e~ — Mn(s) -1.18
Nat(aq) + e~ — Na(s) -2.71

Lit(aq) + e~ — Li(s) -3.04

T00/T




Standard reduction potential measurement

o E+ 2R in(:5) = E%(AgCl/Ag, CI7) — 2R Inyy

o For a one-one electrolyte, Invy = —Aml/2

E + 2 In(75) = E°(AgCl/Ag, CI7) + 23EL (7)1

Thus a graph of £ + 28T In(-75) vs. (%)1/2 is extrapolated to m=0.

Measuring activity coeffICIent
Invi = 5+ [E%(AgCl/Ag,CI~) — E] —In
Electrochemical series

Redox potential is a measure of the tendency of a chemical species to
acquire electrons from or lose electrons to an electrode and thereby be
reduced or oxidized

@ Each species has its own intrinsic redox potential

@ redox potential is a measure of the tendency of the solution to either
gain or lose electrons when it is subjected to change by introduction
of a new species.
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Equilibrium electrochemistry
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Reduction potentials of aqueous solutions are determined by
measuring the potential difference between an inert sensing electrode
in contact with the solution and a stable reference electrode
connected to the solution by a salt bridge.

Redox potential represents how easily electrons are transferred to or
from species in solution. Redox potential characterizes the ability
under the specific condition of a chemical species to lose or gain
electrons instead of the amount of electrons available for oxidation or
reduction.

It is possible to define pe, the negative logarithm of electron
concentration (-log[e]) in a solution, which will be directly
proportional to the redox potential.

The standard reduction potential (Eg) is measured under standard
conditions: 25°C, a 1 activity for each ion participating in the
reaction, a partial pressure of 1 bar for each gas that is part of the
reaction, and metals in their pure state.



Kinetic theory: Energy distribution among gaseous

molecules
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The principle of equal a priori probabilities.

For a gas system, assume n; molecules to each have energy ¢;

The number of possible ways each distribution happens is
W({ni}) = qo

The number of microstates are so vast that average values may be
substituted by most probable values.

To find the most probable distribution, {n?}, we maximize W ({n;})
subject to ), nj = N and >, nje; = E.

Thus § o e—ci/kT,



Kinetic theory of gases.
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p— E _ 1d(mc) MC_2

dt 383
2
2 = [0 PAn(5 )3 2e 5T r c2de = AT (5 )3/2 [ cte AT dc =
KT _m KT kT 1 [2xkT
477(27?/1T)3/23F fo c?e” %7 dc = 4”(27:2T)3/23 m m2\ =
3kT
m

b

PV = NkT

Average number of collisions per unit time = volume of collision
cylinderx molecules/unit volume = mp?¢n.

Callision /

; i ‘r'__,,-’

- Free path



Molecular diffusion

- (Wit - >
— —
Ir/ H\‘. = |/miss |
..... | G .
collision I/ N I\h't | - i &
diameter | _ '|L\\ ||
| P hit| |
%
| it ] e I\-—l-/l e,
v ' (. -
N g — . hit : | miss |
collision cross iz — A
section, o = nd? L

@ Mean free path of a molecule? A = —5— = —L—. Assuming
Tp<Cn Tpcn
p=0~3x10"8 cm, A =~ 107> cm explains poor diffusion and
thermal conduction in gases.

o Diffusion is the movement of a substance from a region of high
concentration to a region of low concentration without bulk motion.

105/1



Molecular diffusion

°®9 ° ®
o.::. ¢ .‘ :
e ® o
‘.‘:: —_— )
(Y o o ©
= °
e o o
e © 0 °©

°
Figure: Molecular diffusion taken from https://en.wikipedia.org

@ Fick's first law: the diffusion flux is proportional to the negative of the
concentration gradient: J = —-DVn, Ji= —D%.
@ transfer of a physical quantity N through a small area AS with normal
v per time At, AN = (J,v)ASAt.
. . . 2 — 2
o Dimensional analysis: D(<Z~) oc AS(<Z-)
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Viscosity coefficient
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The rate at which molecules cross a unit area in one direction is n¢/6.

Number of molecules crossing from above £[n;(0) + )\ﬁfj]. Number

of molecules crossing from below £[n;(0) — A&

Ad -
_ _l —An,— _ An,- _ l =
Net flux = —3AcZx4 = —DZ4. Thus D = 3Ac.
Dimensional analysis for viscosity coefficient: force/area = —n%.

Thus 1 (gr/s cm). Achieved by writing n o nmcA

Average values of transported momentum one mean free path above
and below the reference plane is, respectively, m(u + )\%) and
m(u — ARY).

Multiplying by nc/6 one finds momentum transport in each direction.



| Moving Surface

F- Force

I Static Surface

Figure: Schematic for measuring viscosity courtesy of Hydraulic Institute
http://pumps.org

@ momentum transport rate per unit area = —%nmf)\%

on= %nmE/\

@ To determine thermal conductivity we consider a reference plane
perpendicular to the temperature gradient. At this plane average

molecular energy is ¢, T.
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@ Average energies A above and below the the reference plane is
respectively ¢, (T + )\%) and ¢, (T — )\Ad)
n

@ rate of energy transport per unit area = — AT

ccy\ —KAq

w\»—n
25

0 K= %nECV)\
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