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Learning outcomes for Week 1

* Reflect over relevance of chemical thermodynamics in
Industrial processes

« Understand and distinguish the main concepts and variables
In thermodynamics

 Be familiar with the main features of an ideal gas and
understand the difference compared to real gas

« Know the 0" l[aw of thermodynamics

A,, Aalto University
24.10.2022
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Thermodynamics — Arnold Sommerfeld

“Thermodynamics is a funny subject.
The first time you go through it, you don't
understand it at all.

The second time you go through it, you
think you understand it, except for one or
two small points.

The third time you go through it, you know
you don't understand it, but by that time
you are so used to it, it doesn't bother you

German theoretical physicist (1868-1951) ~any more.”

Supervised 7 Nobel prize winners (e.qg.
Heisenberg, Pauli, Pauling)

A,, Aalto University



What do you associate with
Thermodynamics?
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Rudolf Clausius Josiah Willard Gibbs

William Thomson, James Maxwell
Lord Kelvin

James Joule



between different types of energy, especially
between heat and mechanical energy and of the
conversion of either into the other.

« Thermodynamics: Science of the relationship H
[

PV = C (C=constant)
T is constant

= Weight

Pressure(ahn}

 Chemical thermodynamics: In thermodynamics,
the study of the interrelation of heat and work with
chemical reactions or with a physical change of
state




Relationships among fields of study

Organizational state
of a system

4 N\ N )
Energetics Equilibrium thermodynamics Equilibrium state
Macroscopic <

Viewpoint Fields of study

/ﬁ (thermodynamics)

Irreversible/nonequilibrium <1 Steady state
thermodynamics Transient state

Fluid dynamics

Statistical
mechanics/thermodynamics

N

Microscopic Kinetics

\

Ultramicroscopic Quantum mechanics

AN A

Geochemical thermodynamics, 2nd edition, Darrell Nordstrom & James Munoz
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Why is chemical thermodynamics
relevant for high-T industrial processes?

Higher temperature—faster reactions—chemical equilibrium
assumption more relevant

Basis for energy balances in the furnaces/ chemical reactors

Important tool to predict chemical reactions of complex
mixtures of solids, liquids and gas

Important subtool in process simulations
Also a component in chemical kinetics




Examples



Gaseous Combustion
Equilibria:

Methane combustion as
function of lambda (air-to-fuel
ratio)
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Gaseous combustion:

How “true” is the equilibrium
assumption?
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Gaseous combustion:

How “true” is the equilibrium
assumption?

Typical time to equilibrium:

ForT=850°C,time=0.1-1s
For T=1500 °C, time =1 —-10 ms




Gaseous Combustion
Equilibria:

Energy balance and adiabatic
combustion temperature
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Solid-Gas Equilibria:

Capture of SO,, HCI, HF by
Limestone
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650 ° C 1050 ° C
mol %-absorption mol %-absorption

SO, (9) 6-10-10 100.0 0.0017 97.9
CaS0, (s) 0.080 0.0783

HCI (g) 0.0346 1.2 0.0350 0.0
CaCl, (s) 0.0002 -

HF (g) 0.0018 69.8 0.0060 0.0
CaF, (s) 0.0021 -
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Solid-Gas Equilibria

Equilibrium modelling gives boundary conditions to gas reactions

Equilibrium percent capture or percent solid conversion case (input)
dependent and not generalizable

Kinetic information needed about solid reactivity and conversion rate

Sulphur capture in FBC:

single particle models

24.10.2022
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SulphOH2-2003 (abo.fi)



http://users.abo.fi/rzevenho/SulphOH2.PDF

Different industrial furnace processes

Flash smelters

Blast furnaces

Black liquor recovery boller
Waste Iincinerators

BFB & CFB bollers
Pulverized fuel boilers
Aluminum smelters




Thermodynamic modeling and
metallurgical processes

Conversion of ore minerals to metals
Capture of impurities from raw materials
Slag formation & fluxing

Chemistry In blast furnaces & smelters

Refractory wear and corrosion



Flash smelting




Flash smelting

CONCENTRATE
SAnD AIR + 02 _ _
+  Particles burn in the

FLUE DUST reaction shaft but not
completely

* Reactions between
slag (red) and matte
HEAT FLOW (blue) produce Cu,S-
FeS matte but
equilibrium is not
reached
* Excess heat Is
removed by cooling

HEAT FLOW

T particles, gas

gas, dust, T

24.10.2022
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Steelmaking

The Basic Oxygen Steelmaking (BOS) Process

Simulation Rate Elapsed time Liquid steel Total Oxygen Oxygen Flow Rate Stirring Gas Flow Rate
temperature Volume / Nm3
v - —1 —
4 L) » < | mf i

Temperatyrg required: 163j0-1660°C
Maximum firhe:-1h 20m

<+—— Oxygen lance

Gas-slag-metal
Keyboard shortcuts: emulsion
A: Make Additions
C: Steel composition vs. Time ‘
E: Event Log |
P: Melting Path (%C vs. Time) | Slag
R: View/Request Chemical Analysis
S: Slag composition vs. Time Metal
X: Close Dialog Box

»
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Steelmaking

Simulation Rate Elapsed time Liquid steel Total Oxygen Oxygen Flow Rate Stirring Gas Flow Rate
temperature Volume / Nm3
S+ RRETEERE SRR 0 Nm*/min/¢ 0 m2/min/t
g m — IR 1
Steel composition < L) > < L)

Steel composition as a function of time
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Steelmaking

Simulation Rate Elapsed time Liquid steel Total Oxygen Oxygen Flow Rate Stirring Gas Flow Rate
temperature Volume / Nm3
S+ LR ESET L c I 0.15 m*/min/t
- m | || 1
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Thermodynamic modeling &
Ash chemistry in combustion

Ash
deposition

Bed
agglomeration

Superheater
corrosion

Trace
element
emissions

Furnace
slagging

Black liquor
combustion

40



Modern forest biorefinery
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Molten salts in the recovery boiler

About 200 million tonnes of dry black
liquor is burned annually

= 100 million tonnes of smelt is
processed

Other materials

Cement 4000 million tonnes
Steel 1500 million tonnes
Aluminum 60 million tonnes
Copper 20 million tonnes

T=800-1000" C

A
Smelt: Na,CO5;+Na,S



Molten alkali salts in BL recovery boilers

200-450° C 500-800° C Heat exchanger

dersHS

Na, K-chlorides, sulfates
Corrosion

Smelt
(Na,CO;+Na,S)



Lime & cement kilns

, clinker burning process GTT Workshop
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About chemical thermodynamics

« Thermodynamics is an experimental science: all properties of
substances are known by experiments and not derived from its
theory

« Thermodynamics studies the properties of equilibrium and
systems as well as their behavior, such as

* In which directions changes proceed and how far it makes progress in
given conditions

« Which thermal effects are involved in the reactions or processes

* Many processes in industry and nature are slow and do not
reach equilibrium, but the concept of equilibrium is a very good
state of reference.

A,, Aalto University



Concepts and variables

¢ System

¢ State

e State function

« Extensive and intensive properties
« Component and species

 Phase

* Process

A,, Aalto University
24.10.2022
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System

« Thermodynamics is concerned
with the behavior of matter, P
where matter is anything that

occupies space
- The matter which is the subject T
of a thermodynamic analysis is ol e rocre
called a system Preo
 The system is a well defined S
VOlume Or Space Heat bath at the constant temperature T

« The system is separated from
the ‘outer world’ by its boundary Source: D.R.Gaskel,
Introduction to the

or ‘wall’ which often is Thermodynamics of
| m ag | N ary Materials

A,, Aalto University



System: A thermodynamic system contains everything of
thermodynamic interest for a particular chemical process within a
boundary. The boundary separates the system from the
surroundings

Main type of systems

Isolated (no interaction with surroundings)
closed (heat and mechanical work exchange, no mass exchanged)
open (heat, work, mass exchange with surroundings)

Adiabatic (no heat or mass exchange with surroundings, special
case of closed system)




State

* The most important concept of thermodynamics is that of state

» If it were possible to know the masses, velocities, positions, and all
modes of motion of all of the constituent particles in a system, this
would describe the microscopic state of the system

» This would determine all the properties of the system
» Not possible, because of the large amount of information needed

A’, Aalto University



State

Thermodynamics begins with a consideration of the properties of the
system which define the macroscopic state of the system

W]
val
W]

nen the values of a small number of properties are fixed then the
ues of all of the rest are fixed

nen a simple system, such as a given quantity of a substance of fixed

composition is being studied, the fixing of two properties fixes the
values of all of the rest.

Usually two independent variable from Pressure-Volume-
Temperature

A’, Aalto University



State

« State is always:

« Described by macroscopic and measurable variables, such as pressure, temperature
and mass

« When we know the values of those variables and they are fixed, the entire state of the
system is fixed

« This means that thermodynamics is a science of properties of large quantities [e.g.
one mole of a substance that is 6.022 X 1023 atoms or molecules]

- Example, accuracy of a lab scale about 0.1 mg
« Still dealing with about 105-10*°particles

A,, Aalto University

24.10.2022
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State function

« A state function describes the property of a substance using
two state variables (e.g. P and T) and the amounts (n;) of the
substances:

- f=0(P,T,n,)

« The values of the state function depends only on the values of the state variables, not
on its past or history

« Thus, a process 1—2 can be conducted along whatever path, but the difference of the
state variable values is always the the same

» Mathematically for a cyclic process is also valid ¢ f = 0

A,, Aalto University



State function

* An example: state function
V=f(P,T).

 The equilibrium states of
existence of a fixed quantity of
gas in P-V-T space.

 Above state change 12 by
point a or b is the same

 Below paths a, b & c result in
same change from 1 to 2

A,, Aalto University

pressure

I |
Vy Vz

Source: D.R.Gaskell, Introduction to the
Thermodynamics of Materials

)22
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State function

Mathematical expression of a property of a
substance is called also its equation of state (EoS).

EoS provides a mathematical relationship between
two or more state functions, like pV = nRT.

State functions have their own forms:

change 12 is in constant pressure P, (1->a)

(V,-V)= 1, JT2(0V/0T),, dT.

and after that at constant temperature T, (a—>2)

(Vo-V)= pJ?(0V/0P), dP.

total molar volume change is sum of the above terms as

AV = 1, J12(0V/0T),, dT + p,/P2(0V/0P), dP.
The differential form of above equation is generally
called ‘complete differential’

+ AV = (8V/dT),dT +(8V/dP)dP +Z(8V/0ny)p 1 iy

.10.2022
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State function
 The properties of substances are either extensive
or intensive

* the extensive properties depend on the size of the
system — e.g. the volume of a system

« Intensive properties do not depend on the size of the
system — e.g. temperature or pressure

« the values of extensive properties, expressed per unit
volume or unit mass of the system, have the
characteristics of intensive variables

« molar volume v =V/n where n is system size in moles is
an intensive property.



Properties

« The total value of an extensive variable Z in a system
of k ‘areas’ or ‘volumes’ is simply their sum
£ =2 k4
 Density functions of Z are calculated by dividing the
value Z by mass, amount or volume:
z =Z/m a specific function
z..=Z/n a molar function
z,=ZI\V an (overall) density function.



Properties

« An important property of a system (phase) is its Z
value as a function of each of its component’s (k)
amount, when T and P as well as the amounts of the
other components j are constant.

 This system/phase property or its ‘partial molar
function’ is defined as
z, =(0zlongpni  i#k

« A partial molar property indicates how an extensive
property varies with changes in the molar
composition at constant T and P.

A,, Aalto University



Properties

Essentially a partial molar
property is the partial
derivative of the extensive
property with respect to the
amount (humber of moles) of
the component of interest.

Every extensive property of a
mixture has a corresponding
partial molar property.

0
0




A, , Aalto University
24.10.2022
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Component

« The composition of a system
Is described by its
components

+ A singlje component system —
unary

* atwo component system —
‘binary’ (MgO + Al,O,)

« athree component system —
‘ternary’

« a four component system —
‘quaternary’

o I Al [ 100
(MgQ Composition (wt % Al.05) Ala05)

Source: http://www.transtutors.com

)22
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Components and species

A component is any combination of atoms which defines the
amounts of a system and can be added or taken away

Independently —i.e. it cannot be an ion or an electrically charged
radical of any kind

Components of a water — table salt solution are H20 and NaCl, not CI-

and Na* formed by the dissociating salt, because they are not possible
to add into water independently

Species Is any detail of the system which can be used to
describe its microstructure

Typically an atom, ion (Fe2*), molecule (CO2(g)) or radical (OHe)

A,, Aalto University



Composition coordinates

« Composition coordinate = how to present phase
composition.

« The common composition coordinate in industrial
cases is mass fraction (or weight-%).

« Correspondingly, the mass fraction m, (or w;) is
defined as
m;= M./>,M,, where k = 1...N.
 The thermodynamic composition coordinate always is
atom or molar fraction scale and it is defined with the
amounts n; as
X; =n/x,.n,, where k =1...N.



Composition coordinates

« As by definition, n,= M/N;, where N, is molar mass of
substance i, its mass fraction is not a linear function of
mole fraction.

« this fact leads to severe need of coordinate transformations which in
practice are carried out by computational software (e.g. HSC Chemistry).

Pb-Na

1
0.9
0.8
07

__06

T 05

%04
03
0.2
0.1

0
0 010203040506070809 1

mass fraction of Pb

A,, Aalto University
24.10.2022
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Composition coordinates

Only in very dilute
solutions we get an
approximate
linearisation between
the molar fraction and
mass/weight fraction

Thus, in general the
following holds

X; # axm;
But as a limiting value
in (very) dilute
solutions one can
derive the relation

Xi - axmi
m;, X; — 0

x(Ag)

2.E-04
2.E-04
2.E-04
1.E-04
1.E-04
1.E-04
8.E-05
6.E-05
4.E-05
2.E-05

0.+00 “~

0.E+00

Ag-Au binary alloy

2.E-05

y=1.826x

RZ2=1 ;_ﬂﬁn-*":

4 E-05 6.E-05
m(Ag)

8.E-05

1.E-04

2022
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Phase

 Phase is physically and chemical uniform (homogenous)
‘volume’, separated from the other phases by a boundary surface

 Aregion of material that is chemically uniform, physically
distinct, and often mechanically separable from other phases

« Smelting fyrnace: matte, slag, gas
« Leaching reactor: solid, liquid, gas

Equilibrium of Copper Matte and Silica-Saturated Iron Silicate Slags at 1300 ° C and of 0.5 atm (aalto.fi)



https://acris.aalto.fi/ws/portalfiles/portal/61948934/Chen2020_Article_EquilibriumOfCopperMatteAndSil_1.pdf

Some basic definitions

Phase: a homogeneous part of the system
- can be described by state functions

Examples
/" ho H0 ©F o\ 4 Ar
HCOS' HZO H3O+ N2
H,O ca?+ H,0 H,0
H0  H,0“" H,0
Na*H,0 H,O O,
\_H,0 0 N\
Sea water: water with Air: Gas phase containing Silicate mineral - plagioclase

dissolved salts several gas species CaAl,Si,04-NaAlSi;O4



Phase

Liquid water + water vapor
« two phases (different structural properties)

Liquid oil + liquid water

« two phases (different chemistries)
Oxygen gas + nitrogen gas

« one phase (miscible solution)

Liquid water + liquid methanol
« one phase (miscible solution)




Phase

Ethanol-water: 1 phase
Ethanol-benzene: 1 phase
Benzene-water. 2 phases

Benzene
H,O

A,, Aalto University
24.10.2022
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Phase

« State of matter is a distinct form in which matter
can exist, usually solid, liquid, gas, and plasma.

 Phase transition = change in state of matter.

 During a phase transition certain properties of the
medium change, often discontinuously.

 Phase transitions are results of a change of
external conditions, such as temperature,
pressure, composition etc.




Process — change of state

« By definition, a process 1 — 2 causes a change in
state variable F which is the difference of the end
and start points as AF= F(2) - F(1)

« atransformation at constant temperature = isothermal
transformation or process - AT=0.

« atransformation at constant pressure = isobaric
transformation — AP=0.

 atransformation in constant volume = isochoric

transformation — AV=0.

« In addition, you may find also the following expressions: an
isentropic process and an isenthalpic process etc.

A,, Aalto University
24.10.2022
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Equation of state of gases

 Boyle’s law (1660) at constant temperature
* pxV = constant

« Gay-Lussac law (1802) fixed mass or volume
« p/T = constant

* Charles’ law (published by Gay-Lussac 1802) in
constant pressure

« V/T= constant

« Dalton’s law (1801): in gas mixtures total pressure is
sum of partial pressures
* Piot= PitPot.. = 2P

* DPji = Prot X X

A,, Aalto University
24.10.2022
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Equation of state of gases

Frozen: Mass & Temp. Mass Frozen: Mass & Press.

®

Boyle’s law Charles’ law

Ref. https://www.grc.nasa.gov/www/k-12/airplane/Animation/frglab.html

A,, Aalto University
24.10.2022
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Equation of state of gases

Combined gas law

(V x p)/T = constant

Avogadro’s law (1811): in same pressure and
temperature a volume of gas contains an equal
number of gas molecules’ or
* Vxp=nxRxT

R = gas constant 8.3144598(48) J - mol~1- K1

R is a combination of the constant in Boyle,
Charles and Gay-Lussac laws.
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Equation of state of gases

* More accurate measurements have shown that the
above ’laws’ are valid only in ideal gases.

« Later it has been proven that they are valid in all
gases when P—0.

« An important observation: all ‘'simple’ gases and their
mixtures behave at high temperatures like ideal gas
or they obey the relation pV=nRT.
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ldeal gases

- ldeal gas coefficient of thermal expansion
1 (BV)
a =
Vo \OT )
« V,is the volume of the gas at 0 °C.

A hypothetical gas was invented, which obeys
Boyle’s and Charles’ laws exactly at all temperatures
and pressures.

« This hypothetical gas is called the ideal gas, and it
has a value of a = 1/273.15.

« AtT=-273.15°C the volume of the gas is zero.
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ldeal gases
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ldeal gases
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ldeal gases

+ ldeal gas consists of non-interacting particles, and
hence the atoms of an ideal gas can be separated
from one another without work.

* ldeal gas law pV = RT is very simple.

 Therefore ideal gas is used in thermodynamic
analysis and discussions.

« From Avogadro’s hypothesis the volume per mole of
all ideal gases at 0 °C and 1 atm is 22.414 liters.

« Standard temperature and pressure - STP.
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Real gases

 Real gas molecules occupy space and have
interactions.

« The deviation from ideality is described by the
compressibility factor Z.
« Z=PV/nRT

« ForidealgasZ=1.
 Forreal gas Zis dependent on two selected variables

like Z = f(P,T)
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Real gases

« At high temperatures real
gas behaves like an ideal
gas.

« When at certain
temperature pressure
approaches condensation
the P,V —behaviour is no
more of ideal gas.

* Practical solution for this
deviation are so called
virial equations.
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van der Waal’s equation

 Improvement of the ideal gas law

« Considers two factors not included in the ideal gas law
 Particles in the gas occupies a finite volume
 Particles in the gas can interact with each other

 For one mole of gas
(P +.) % —@ = RT

Correction term for

T : Volume of particles
particle interactions
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Example: ideal vs real gas-ammonia synthesis

» For the Haber-Bosch process to produce NH; from N, and H,,
catalytic high-T, high-P process is needed

Production of the synthesis mixture Production of ammonia
R ——
pre-heater

Nz Hz COs>

catalyst
compressor
compressor
500°C
Nz Hz
scrubber
+ H;0
cooler
catalyst

ammonia
(liquid)
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Equilibrium calculated with Factsage software:
ideal vs real gas

N2‘|‘3H2:2NH3
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State of equilibrium

Thermal Equilibrium
* The temperature throughout a system is uniform.
Mechanical Equilibrium
« No change in pressure with time and no movement of
material.
Phase Equilibrium

* The mass of each individual phase does not change with
time.

Chemical Equilibrium

* The chemical composition of a system does not change
with time.
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State of equilibrium

* The state of equilibrium is a property of a system
where all its (experimentally) measurable properties,
e.g. pressure, volume and temperature, are constant
(as a function of time) now and also after the system
has been isolated from its surroundings.

« |f its properties prior to isolation were constant but
change post it as a function of time, the system was
In a steady state condition prior to its isolation.
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Oth law of thermodynamics

« 1stJaw of thermodynamics (1850): Energy is
conserved, internal energy change = heat + work.

« 2" law (1824): Total entropy can only increase over
time for an isolated system.

« 3 ]aw (1906-1912): The entropy of a system at
absolute zero is a well-defined constant. Later in
1923: The entropy may be zero for perfect
crystalline substances.

« 0t law (1931): If two systems are each in thermal
equilibrium with a third, then they are in thermal
equilibrium with each other.
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Oth law of thermodynamics

* |If two systems A and B are in thermal equilibrium
(i.e. do not change thermal energy or heat) with a
third system C, they at the same time are in
thermal equilibrium with each other.

« The statement defines the state variable called
(thermodynamic) temperature.

A,, Aalto University
24.10.2022
87



Oth law of thermodynamics

* Principles to determine temperature quantitatively,
or how to construct a thermometer:

« The temperature of an object can affect some physical
property of the object, such as the length of a solid or
the gas pressure in a closed vessel.

« Two objects are in thermodynamic equilibrium when
they have the same temperature.

« If two objects of different temperatures are brought
into contact with one another, they will eventually
establish a thermodynamic equilibrium.
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Oth law of thermodynamics

* Thermocouple based on
Seebeck effect E = f(T).

« Thermometer, expanding
liquid.

DIGITAL THERMOMETER

.50 TO +200 'C /-58 TO +392F
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