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Reaction Module

The Reaction Module can do the following:

v" Reaction calculates the thermodynamic properties of a species (Cp ;, H;, S;,
Vi, G;) at given temperature and pressure.

v Reaction calculates the thermodynamic properties of a mixture of species
(mechanical mixture or solution) (Cp, H, S, V, G) at given temperature and
pressure.

v" Reaction calculates the thermodynamic properties of a chemical reaction
(A-cp, Arh, Ars, Ay, A.g) at given temperature and pressure.

Alert:
v" Reaction accesses both compound and solution databases.

v" Reaction assumes all gases are ideal and ignores expansivities and
compressibilities of solids and liquids.
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Reaction Module
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FactSage(TM) 7.3

Run the “Reaction” Module
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Reaction Module

A Note on Pressure:
v" For a gas phase, Pressure is its partial pressure.

v For a condensed phase (solid, liquid or aqueous), Pressure is the hydrostatic
pressure (unimportant except at very high pressures).

v’ All the species may have the same or different pressure.
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Reaction Module

A Noteon P

G Reaction - Reactants

ressure.

Search  Help
T(K] Platm] Energel] Quantitymal] *olllitre)

File Edit Units Data
D] +[=[+]
1-3]

Pressure

& For a gas phase, this is its partial pressure, For a condensed
' phase (solid, liquid or aqueous) this is the hydrostatic

Platm]==

e

Activity Data
——

—

pressure [unimportant except at very high pressures). All the
species may have the same or different pressures.

Enter a numerical value [ex 0.5 or 1.123e-10, 1.0 for the
standard state] if the pressure is constant.

Specify "P" if the pressure of a species is to be calculated or
entered later in the Tabular Output.

¥ non standard states

- —

* For a gaz species, Platm/bar/psi] iz its ideal partial pressure.
For a liguid or zolid, P iz the hydrostatic pressure above the phase.
Select ‘apply volume data' to inchude molar volume and cormpressibility data
it the “dPF"' term - thiz does not apply to gazes which are treated as ideal.

Hover your mouse near “P(atm)”, and right
click. Then you will see the explanation
about Pressure. This is a very useful feature
of FactSage. Try this about Activity and,
Temperature, Phase...

[~ apply volume data

FactSage 7.3 Compoun

d: 1/17 databazes

Sustainable Materials Processing Lab

FactSage Team
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Reaction Module

Clear the Reactants:

G Reaction - Reactants

File | Edit | Units Data Search Help

¥ non standard states

ete all blank reactants Phaze T(K]

O Add a new Reactant Ctrl+R gyld] Guantity(mal] Yolllitre)
Add a new Product Ctrl+P
Inzert new reactant before ...

Delete reactant ...

Activity Data

P(atm]==
Miktures and Streams > j | | I
Reforder the reactants » st stable LI IT |1-D I
uport list of reactants * st stable LI |T |1.EI |

=1 |

** For a gas species, Platm/bar/pzi] iz its ideal partial pressure.
For a liquid or zolid, P iz the hydrozstatic pressure above the phaze.
Select ‘apply volume data' to inchude molar volume and compressibility data
in the "dP" term - thiz does not apply o gases which are reated az ideal.

[~ apply volume data

FactSage 7.3 Compound: | 1417 databases
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Reaction Module

Let us first perform standard state calculations.

{7 Reaction - Reactants — >
File Edit Units DataSearch Help
Ol +]|=]+] TIK) Fiatm] Energyil] Buantity(mel] Vellitre]
Quantity[mol] Species Phasze TIK] Platm])*= Activity Data
I | L=l | |

DO NOT check this. Standard state calculations mean that all
the reactants/products are in their standard state (for a gas
— | species, the standard state pressure is 1 atm; for a condensed
species, the standard state refers to Raoultian standard state,
i.e., pure substance and 1 atm).

[~ non standard states I [~ apply volume data

Compound: | 1/17 databases .

FactSage 7.3
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Reaction Module

Reactants Window: define a reaction using “Edit”

A3’ Reaction - Reactants — *

File| Edit |Units DataSearch Help
O Add a new Reactant Ctrl+R  nergy(l] Quantity{mal] Volllire)
Add a new Product Ctrl+P

Insert new reactant before ...

IDelete reactant ... I

Delete all blank reactants Phasze T(K] Platm)* Activity Data
Mixtures and Streams > ;I I | |

Re-order the reactants ¥

Export list of reactants ¥

Clear
Example

—p| Use “Edit” to define a reaction.

[~ ron standard states [~ apply volurne data

Compound: | 1/17 databazes

FactSage 7.3 v
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Reaction Module

Reactants Window: define a reaction using “+”

LECE New Reaction B .

File Edit Units DataSearch Help
O = + =l + || TIK] Platm] Energyl] Quantityimol] Yolllitre]

—» Add a Reactant

uantity[mol] Species Phasze TIK] Platm])*= Activity Data
1 -
| ,: Add a Product =l | !

[~ non standard states [~ apply volume data

FactSage 7.3

Compound: | 1/17 databases .
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Reaction Module

Reactants Window: set the Units

G Reaction - Reactants — .
File Edit | Units| Data Search Help
Ol H[=]+] TIK) Fiatm] Energyil] Buantity(mal) Yollitre]
I J? Units: T{K], Piatm], Energy()), Quantity(rmol), Vel(litre) 4
Temperature Pressure Energy— — Walume
% Kelvin, K " har (Ol & Jitre [dm3) vity Oata
|1— " Celsiuz, °C & am  cal 3 —
" Fahrenheit, *F 7 pai ™ Etu Yalume
" Pa 7 kwh units are
= GPa et by
prESsLE
uriits.

Uniwversal gas constant:
=) 2.314510 J/mol-E
8.314510/4.134 =
22.4141/273.15 =

Cancel | 51 | Eng |

—»{ Click on “Units” Or click at this region [

.98722 . .. cal /mol-K
.0820578. .. l-atm/mol-E

1
[u]

[~ non standard states [~ apply volurne data

FactSage 7.3 Compound: | 1417 databases v
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Reaction Module: Pure Cu

Reactants Window: choose the database

&

File Edit Units

Data Search

—»{ Choose Database

I G Data Search

Databases - 1/14 compound databases, 0/15 solution databases

Lact
=

] oXid
[ FTsalt
] FTmisc
[ FThall

[ FTDxCN
[ FThtz

[ FThelg
[ FTpulp

[ FTiite

Information -
Reaction only acceszses C

Options - zearch for product specie

O
a
O

[J ELEM

] FTdenjo

O FTnud

Reactig

ISG TE compounds only Pﬂvare Darabases
zolutionz only [ ExaM

O Bins
O sepPs
[ S&TE

[ sGsold Clear Al
Other :dimemoveData

[] SGnobl

1 SpMCBN  pefreshiD stabases

[ TDmeph
] TDnucl

n only accesses COMPOUND databases

MPOUND datab

o database

JEEE

Drefault

—p| the thermodynamic properties of pure Cu. Therefore,

nehude cormpo

The first example we will be discussing is to calculate

FactPS can be used for this purpose.

[ gaseous ions [plasmas) Organic species CxHy.... ¥[max] = |2—

[ aqueous spe

[ limited data compounds [25C)

s Minimum solution compaonents: O 1 & 2 cpts
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Reaction Module: Pure Cu

Reactants Window: Help Document

{7 Reaction - Reactants - >
File Edit Units Data Search | Help
N ||j’| + |=| + | Directory of examples ...

Slide Show b3 Reaction ...

I More information ...

FactSage version, directories, etc. ...

Quantity[mol] K] Plakmlz=—Activity Data

I1 , About Reaction ...' o I I l

This is the tutorial document provided by
CRCT. In this class, we use this as the
supplementary material.

[~ non standard states [~ apply volume data

FactSage 7.3 Compound: | 1/14 databazes v 13
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Reaction Module: Pure Cu

Reactants Window: Set Reactants (Phase and Temperature)

Temperature >

G Reaction - Reactants —
File Edit Units DataSearch Help

& This is the temperature of the species. All the species may
!l have the same or different temperatures,

DOl +]|=]+] TIK) Platm] Enerayl)] Quantitylmall Yollitre] -
If the temperature is a fixed known value, then enter its
numerical value here (ex: 298,15 or 1000,
| f the temperature is to be calculated or entered later in the
_> fabular Output, specify ‘T,
] ; o If the reaction is isothermal, specify ‘T throughout - this also
Quantity[mol] Species Phase T(K] Platm)** Activity Dat causes the equilibrium constant, Keq, to be listed.
I1 Il:"" mest stable il Tl I I Click with the mouse-right-button to convert temperature

units.

—

By choosing “most stable”, we are asking
FactSage to determine which phase is
stable at a given temperature.

Let us consider 1 mol Cu.

[~ non standard states [~ apply volurne data

Note: Pressure and Activity are locked

because this is Standard State Calculation.
FactSage 7.3 Compound: | 1414 databases v
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Reaction Module: Pure Cu

Table Window: Set Conditions

& Reaction - Table

- x
File Units Output Figure Help
O | E,"‘l El El T(K] Platm] Energyl)] Guantity[mol] Wolllitre]
— Reactant(s]:
Cu
(T]
T(K) | Hi) | GlJ) | wollie) | s/ | Cpzk) | A —— —— -

This shows we are calculating the

thermodynamic properties of 1 mol Cu
at an unknow temperature T.

/.' Enter a numerical value [or range of values MIN, MAX, STEF} in
the text boxes at the bottom under the reaction table and
then click on "Calculate”,

If the text box is inactive (gray) and you wish to specify its
value you must return to the [Reactants Window] [click on "< <
Back’) and specify a phase for each species - that is make sure
“most stable” is not present,

Examples of T

1000 -T=1000

1000 2100 -T = 1000 and 2100

1000 2100 250 -T=1000, 1250, 1500, 1750, 2000, 2100

Mote, commas ' are not permitted:

Window.

Click on Back to return to Reactants

- use blanks as separators, ex: 1000 2000 1000
- use decimal points for fractions, ex: 288,15

2003500500 | | | |

Calculate

<< Back ||

|
Clear |
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Reaction Module: Pure Cu

Table Window: Results

All the thermodynamic properties against T for 1 mol Cu

&7 Reaction - Table —»| are shown. Note the volume data is zero because we
File Units Output Figure Help . ) . . .
| didn’t consider the volumetric data (Reactant Window).
Ol = E TiK] Platm] Energwl)] Quargtity(mg
Reactant(s]:
Cu
(1]
T(K] Il H[J) | G[J] | wvollie) | SE/K) | Cpsk) | AlJ] Ir
------ Cuz]
300.00 45.2 -§943.3 0.0000E +00 33.315 24.468 39433
800.00 131204 -33868.0 0.0000E +00 58.736 27,481 -33868.0
1300.00 2775839 EBIEET 0.0000E +00 72.867 2.2 -BE9ER.T
1358.00 29659.9 T12365 0.0000E +00 74.293 33.362 12365
------ Culll
Cul1 mal] | DH=13133.0 DG=0 | e D5 = 9674
1358.00 qo040.d - 2ok L UULILE 0 =1 3J2.844 -F1236.5
1800.00 573143 -110493.4 0.0000E +00 93.227 32.844 110493 4 .
2300.00 73736.3 -159201.7 0.0000E +00 101,275 32.644 1592017 FactSage helps us find the phase
2800.00 901589 -211508.7 0.0000E +00 107.738 32.844 . : . .
2046.16 J1675.0 -216434.2 0.0000E +00 108.275 32.644 -216434.2 transition points.
...... Culal P
Cul1 mal] DH = 3006531 DG=0 | e D5 = 105.635
284616 adLaL0. | Ry =i b e .23k +U<L 212 a1 24.400 2401586
3300.00 403914.1 -314439.3 2.7079E +02 217.683 26675 38777
3500.00 409343.5 -358136.9 2.9720E +02 219.282 27.674 -387237.7

003500500 | | [ [ | |

<< Back Clear
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Reaction Module: Pure Cu

Table Window: Output Results

G Reaction - Table — >
File Units Figure Help
O | |j"| B ~ GorDelta(G) Quantityimol] Walllitre)
— Reactant{ Eh(volt) = -Delta(G)/nF, n=10 .
n (electons) ... :| A7 save As o
Save Tabular 'Dl.ltpl.l‘l Savein: I Exercise j = E‘F v
TIK) Print Tabul§r Output | s/ | CpWAK) [ MName Date modified Ty
""" - Mo itemns match your search.
300,00 Print and fqnt Setup > 33,315 24 458 4
&00.00 Copy Ctdec 10 53.735 27 481
1300.00 [ 72 BRT 220 >
1353.00 29659.9 71236.5 0. D000E +00 74.238 33.362
------ Cuil]
Cufl mall DH =13133.0 DG=0 | - DS = 9574
1353.00 42797.9 712365 0. D000 +00 83.972 32,844 . N
1800.00 F7314.9 110493.4 0. 0000 +00 93.227 32,844
2300.00 737363 189201.7 0.0000E +00 101.278 32,844 File name: |Cu (1atm).a | Save |
2800.00 a0158.9 2115087 0. DO00E +00 107.738 32,844
284616 91675.0 -216494.2 0.0000E +00 108.275 32,844 Save astype: |Text (") =~ ﬂl p
------ Culg)
Cufl mall DH = 3006531 DG=0 | DS = 105.635
234616 3923281 -216494.2 2 3355E +02 213.910 24.400 2401586
3300.00 403914.1 3144338 2 7079E +02 217.683 26.675 8777
3500.00 409349.5 -353136.4 2 B720E +02 219.282 27674 -387237.7

|3003500500 | | | | | |

<< Back | Clear |
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Reaction Module: Pure Cu

Table Window: Output Results

m_wl Cu (Tatm).bxt - Notepad

File Edit Format VYiew Help

Icu

(M)

T(K) H(1) G(1) Vol(litre) S({1/K) Cp(J/K) A(D)

—————— Cu(s) —————-

366.880 45,2 -9949.3 6.8080E+88 33.315 24.468 -9949.3

880.e8 13128.4 -33868.0 ©.0000DE+BE 58.736 27.481 -33863.8@

1366.060 27758.9 -66968.7 0.0000E+E0 72.867 32.281 -66968.7

1358.68 29659.9 -71236.5 ©.0000E+B0@ 74.293 33.382 -71236.5

—————— Cu(l) —————-

Cu(l mol): DH = 13138.8 DG =06  ------ D5 = 9.674

1358.68 42797.9 -71236.5 ©.0000E+B0 83.972 32.844 -71236.5%

1866.680 57314.9 -118493.4 @.0000E+88 93.227 32.844 -118493.4

2360.08 73736.9 -1592@1.7 ©.0000E+E0 181.273 32.844 -159281.7

2560.00 298158.9 -211588.7 0.0000E+08 107.738 32.844 -211588.7

2846.16 91675.8 -216494.2 B.0000E+80@ 188.275 32.844 -216494.2

------ Cu(g) ------

Cu(l1 mol): DH = 388653.1 DG =8  ------ DS = 185.635

2846.16 392328.1 -216494,2 2,3355E+82 213.918 24,4889 -248158.6

3366.6080 483914.1 -314439.8 2.7879E+82 217.683 26.675 -341877.7

3560.00 489349.5 -358136.9 2.8720E+02 219,282 27.674  -387237.7
Windows (CELF)

Ln1, Col1 100%

Sustainable Materials Processing Lab

FactSage Team
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Reaction Module: Heating of Cu

The second example we will be looking at is the heating of Cu from 300 K. This
process can be described by the following reaction:

Cu(300 K) = Cu(T)

Let us determine the amount of heat (strictly speaking, enthalpy) required to
melt 1 mole Cu from 300 K.

19

_______________________________________________________________________________________________________________________________________________________________________|
Sustainable Materials Processing Lab FactSage Team MSE Department, University of Toronto



Reaction Module: Heating of Cu

Reactants Window: Choose the database

&

File Edit Units

Data Search

—>

Choose Database

I G Data Search

Databases - 1/14 compound databases, 0/15 solution databases

Lact

] oXid
[ FTsalt
] FTmisc
[ FThall

[ FTDxCN
[ FThtz

[ FThelg
[ FTpulp

[ FTiite

Information -

Reaction anly

O
O

[J ELEM

SGTE

O Bins
O sepPs
[ S&TE

[] SGnobl

[ FTdenje [ SpMCEN

O FTnud

Reactig
accesses CO

[ TDmeph
] TDnucl

o database

compounds only
solutions only

[ sGsold Clear Al
Other :dimemoveData

RefrezhD atabazes

n only accesses COMPOUND databases
MPOUND databases

Private Databases

[ ExaM

—>

We only need FactPS because the system exists
either as solid pure Cu or liquid pure Cu.

Options - search for product species

Drefault

nehude compounds

[ gaseous ions [plasmas)

[ aqueous species

[ limited data compounds [25C)

Lirnitz

Organic species CxHy..., ¥max) = |2_

Minimum solution compaonents: O 1 & 2 cpts
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Reaction Module: Heating of Cu

Reactants Window: Set Reactants (Phase and Temperature)

G Reaction - Reactants

File Edit Units Data Search Help

D[ +[=|+]

1-2])

TIK] Platm] Energul] uuerrl"rry{'mnﬂ-‘b‘uiﬁitre]—’

Again, by choosing “most stable”, we are
asking FactSage to determine which
phase is stable at a given temperature.

Quantity[mol]

Species Phasze

TIK]

Platm)*= Achvity Data

|Eu

|su:u|iu:|

| |[200

|Eu

Imost stahle

||

| The initial temperature is 300 K.

T

Do not check this option because there is no solution phase
for this heating process.

f

[~ non standard states

[~ apply volurne data

FactSage 7.3 Caompaund: | 1/14 databases
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Reaction Module: Heating of Cu

Table Window: Set Conditions and Results

43 Reaction - Table — x
File Units Output Figure Help

D sE =

TiK] Platm] Energyld] Quantitymal] Yalllitre]

+ Hon-lsothermal Standard State RBeaction:
Cu = Cu
[300K,z)  [T)
TIK] Delta H'(J) | Delta G*J) | Delta Volflire] | Delta 5*(/K) | Delta Cpld#K) | DeltaAQ) [T
------ Culz) Cuz)
300.00 0o 0.0 0.0000E +00 0.000 0.000 0.0
E00.00 7681.2 129144 0.0000E +00 17.6E8 20083 129144
900,00 158513 29953 4 0, 0pQ0E.O0 20 £og
1200.00 245038 49057 3 0.0 . .
1358 00 SeEa o075 2ol This column shows the amount of heat required to heat
...... o Cull i i
i oo | oo Cu. At 1358 K, Cu starts to melt. Right before melting,
1358.00 427526 B1287.2 0.0 . .
1en.00 i e 1ol 29614.6 | are required to heat solid Cu from 300 to the
1800.00 Br2E9.¥ -100544.1 0.0 . .
S00.00 Si9a 119541 .ol melting temperature. Then 13138.0 ] are required to

convert solid Cu to liquid Cu. Therefore, the minimum
total amount of heat required to melt Cu is (29614.6 +
13138.0) ] = 42752.6].

[200 2000 300 | | |
<< Back |

Clear |
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Reaction Module: Heating of Cu

Table Window: Plot Results

{3’ Reaction - Table — >
File Units Output| Figure | Help
O | g.”‘l El l Doces... ] Energyl] Guantity(mol] Wolllitre]
— Mon-lzothermal S5ta Pla
Full|Screen Cu = Cu
i [300k.s)  [T]
Savk Figure ...
TIK] | Delta H'[) | Delta G*[J) |47 A= Delta H0) vs T(R) X | Delta A]
...... Culz) Cu(z] Y-variable X-variable Swap Axes
30000 0o 0.0 Vi o 0n
600,00 7E81.2 12914 4 B e 129144
[Dela ]| TE
300.00 15851.3 29958.4 = = 29958.4
1200.00 24583 8 _ASEEL?_’ masimum masimum 498573
1358.00 29614.6 -B1287.2 minmam [0 ] minimLm 512872
""" Culs] Cull) tick every (5000 tick every 100
Cul1 mol): DH*=13133.0 DG =0
1358.00 427525 -B1287.2 -B1287.2
1500.00 474165 34470 Cancel Refiesh 734470
1800.00 A72E9.7 -100544.1 4' | -100544.1

2000.00 G3838.5

-113541.6 (. 0000E +00 £3.372 -119541.6

300 2000 300 | | | |

<¢ Back | Clear |
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Reaction Module: Heating of Cu

Table Window: Plot Results

ﬁ Figure  User: Materials Science, U. of Toronto — O x
File Add Edit View Help

Do ) s/ X| | 5 &|2] x| ] s |

/ -~
v REACTION
' Cu(300K,s) = Cu(T) ‘% u
/ T T T T ctISage
Al
60000
pons |
(== 50000
-
T
40000
@ic
i
= 30000 |
a

This is Aph°cy 1358k = 13138.0 J.

1 1 1 1 1
1100 1300 1500 1700 1900

TE)

FactSage 7.3 628 7 X = 18003175 Y = 74285.714 |

BN
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Reaction Module: Oxidation of Cu

The third example we will be discussing is to calculate the thermodynamic
properties of the oxidation of Cu by pure oxygen.

First, let us look at the standard state calculation in which all reactants and
products are in their standard state.

25
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Reaction Module: Oxidation of Cu

Reactants Window: Choose the database

&

File Edit Units

Data Search

—>

Choose Database

I G Data Search

Databases - 1/14 compound databases, 0/15 solution databases

Lact

] oXid
[ FTsalt
] FTmisc
[ FThall

[ FTDxCN
[ FThtz

[ FThelg
[ FTpulp

[ FTiite

Information -

O
O

[J ELEM

SGTE

O Bins
O sepPs
[ S&TE

o database

compounds only
solutions only

[ sGsold Clear Al
Other :dimemoveData

[] SGnobl

[ FTdenje [ SpMCEN

O FTnud

Reactig

Reaction only acceszses C

[ TDmeph
] TDnucl

RefrezhD atabazes

n only accesses COMPOUND databases
MPOUND databases

Private Databases

[ ExaM

—>

Because all the reactants and products are in their
standard state, FactPS can be used for this purpose.

Options - search for product species

Drefault

Inciude compounds

[ gaseous ions [plasmas)
[ aqueous species

[ limited data compounds [25C)

Lirnitz

Organic species CxHy..., ¥max) = |2_

Minimum solution compaonents: O 1 & 2 cpts
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Reaction Module: Oxidation of Cu

Reactants Window: Set Reactants (Phase and Temperature)

47’ Reaction - Reactants — x>

File Edit Units DataSearch Help . « » .
0| +[|=]+] T[K) Platm) Energpld) Quantity(mol) Vollline) By choosing “most stable’, we are asking

—»| FactSage to determine which phase is
stable at a given temperature.

1-3]

Quantity[mol) Species Phaze TIK] Platm]= Activity Data
|Eu Immt stable LI |T | |
* 1 joz Imu:ust stable LI T | |
= |2 |Cu20 Imu:ust stable LI T | |
I
= 4

Let us consider the following oxidation reaction at an
unknow temperature when all the reactants and products
are in their standard state: 4Cu + O, = 2Cu,0.

A
I

[~ non standard states [~ apply volume data

FactSage 7.3 Compound: | 1/14 databases e
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Reaction Module: Oxidation of Cu

Table Window: Set Conditions

& Reaction - Table

- ®
File Units Output Figure  Help
0Ol = E J TiK] Platm] Energyld] Quantitemol] Yalllitre]
Isothermal Standard State Reaction: Delta G* = Delta H® - T.Delta 5* = - ART.In[Keq] where [T/K]
4Cu+ 02- 2Cud
[T [T] [T]
TIK] || Delta H*[J) | Delta G*[J) | Dela Volflire) | Delta 5*[J/K) | Delta Cpl7K) | Keq |1 j
We are calculating the thermodynamic properties for an
isothermal standard state reaction:
T
4Cu + 02 - ZCUZO
<4
Delta G* = Delta H* - T. Delta S* = -RT. Ln(Keq)
In MSE302, we use the following format:
A,g° = A h° —TA,s° = —RTIn(K)
=~
ENEEE [ [ |
I Calculate | I << Back Clear
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Reaction Module: Oxidation of Cu

Table Window: Results All the thermodynamic properties against T for
» 1 mol reaction shown below.
Also, check if A,.g° = A,.h° — TA,s° = —RTIn(K)

ﬁ Reacticn - Table
File Units Output Figure Help

Ol = E J TIK] Platm] Energpll] Quanfitymol) Yolllitre)

Isothermal Standard State Reaction: Delta G* = Delta H* - T|Delta 5* = - RT.In[Keq] where [T/K)
4 Cu + 02:= 2 (uz0

I [II]
| 1
T[K] || Delta H*'[J) | Dela G*)] | Delta Vol(lire) | Delta 5*[J/K) | Delta CplJ /K] | Keq [Ir
------ Culz] 02[g) Cu20(=]
300.00 31477 -295521.9 2 AB17E+(01 -152.986 1H223E+00 | 28421E451
500.00 -339925.3 -249956.6 -4.9235E +(01 149,945 BO23E+00 | 575E1E+21
300.00 -336636.3 -205643.5 7.3852E+001 145548 1.2414E+01 B.0S7E+11
1200.00 -332624.3 1625619 9.5463E +111 141.719 1.4504E +01 1.1311E+07
1358.00 : 140311.2 11143E+02 140,015 1.2551E+01 2.4337E+05
------ | Cull) I B24e] Erm2iH
Cull mol) =T3T3%. DG'=0 e DS* = 9675
1358.00 3830029 140311.2 111436402 178113 14623E+01 | 24937E+05 Note the state change of Cu and
1500.00 -380261.0 -115060.9 1.2303E+02 176400 2 407EE +01 1.0155E +04
1516.70 -379849.5 1121106 1.244BE +02 AT6HZT ZBZTTE - e P CuZO (please record these two
------ T ———
Cu20(1 malk | DH* = B4768.0 DG* =0 D5 = 42.703 temperatures) .
1516.70 -250313.5 1121106 1. 244EE+(02 91,121 3.1880E +01 7.2603E+03
1800.00 2413817 870858 14770 +02 85.720 31161E+01 3.3659E 402
2000.00 -235193.2 70274.4 1.6412E+(02 -52.459 3.0706E +01 £.8444E +01

Then save the results as “txt”

[300z2000300 | | | | | L

<< Back | Clear |

Note: the obtained A, g°~T is the Ellingham Diagram.
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Reaction Module: Oxidation of Cu

Non-standard State Calculation (Part 1)

This time, let us calculate non-standard state reactions. The first scenario is that
the oxidation reaction occurs at an unknow temperature when Cu and Cu,0 are
pure substance while the partial pressure of O, is a variable.

For non-standard state reactions, we have to specify the state of reactants and
products because defining activity requires the definition of standard state
which either is pure solid or pure liquid. From the preceding calculation of the
standard state reaction, we have,

2Cu(s) + 0.50,(g) = Cu,0(s); T < 1358 K
2Cu(l) + 0.50,(g) = Cu,0(s); 1358 K < T < 1516.7K
2Cu(l) + 0.50,(g) = Cu,0(]); T > 1516.7 K

Therefore, we need to perform 3 calculations for 3 different temperature ranges.
Here, we only demonstrate the calculation for the first temperature range.
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Reaction Module: Oxidation of Cu

Reactants Window: Set Reactants (Phase and Temperature)

& Reaction - Reactants

Choosing the state for all

Temperature will be specified in
the Table Window.

File Edit Units DataSearch Help —P
Dl +|=|+] TK) Platm) Ensropld) Queitivimo) vallies) | T€ACtants and products.
1-3]
[
Huantity[mol) Species Phase TIK] ||Platm]™| Achvity Data
E [cu [<ciid =T [1.0 [10
* |05 [0z |g=s I ||| [H |
Pa
= i [Cuzo [ ~|ll[T [1.0 [10
|
A 4

rtial pressure of O, is set as P.

T

This time, let us consider the following oxidation reaction at an

unknow temperature 2Cu(s) + 0.50,(g) = Cu,0(s) in which

solids are pure, and the partial pressure of O, is P, .

Fu:ur a Ilquu:I u:ur su:ulu:l F' |3 the h_'.-ll:erSt

I beirre=datha

= pressure above the phaze.
r wolume and comprezsibility data
in the "-.-‘u:IF' term - this does nDt a|:u|:u|_l.J tu:u gazes which are reated as ideal.

v ron standard states [~ apply volumne data

Note: we are studying how partial pressure of O,
affects the thermodynamics of the oxidation of Cu.

Compound: | 1/14 databases

FactSage 7.3

7
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Reaction Module: Oxidation of Cu

Reactants Window: Set Reactants (Phase and Temperature)

A7 Reaction - Reactants — >
File Edit Units DataSearch Help
0 ||;,'~| + |=| .|.| T[K) Platm) Energyl)] Quantiby(mal] Vollitre] Don’t for g et ri ght click
> .
1-3] to get more info.
Quantity[mol) Species Phaze T(K) Platm]™ Achvity Data
|2 |Eu Iwhd ;I IT |||.ID ‘ Hydrostatic pressure over Culsolid) = 1.0 (atm) |
ID'E |D2 Igas LI IT IP_ ~  atm, P(atm)
= [i [Cuzn [solid | T [t bar, P(bar]
Pa, P(Pa)
GPa, P(GPa)
psi, P(psi)
Help ...

** For a gaz species, Platm/bar/pzi) iz itz ideal partial pressure.
For a liquid or salid, P iz the hydrostatic prezsure above the phase.
Select ‘apply volume data' to include molar volume and comprezzibility data
it the “'dP" term - this dogs nat apply to gazes which are heated az ideal.

¥ non standard states [~ apply volune data

Mext »>

FactSage 7.3 Compound: | 1/14 databases
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Reaction Module: Oxidation of Cu

Table Window: Set Conditions

{7 Reaction - Table — >

File Units Output Figure Help

Ol = E J TIK] Platm] Energyl)] Quantiby(mol] “alllitre)

Isothermal Non-Standard State Heaction:

2Cu + 0B DOZ2 = CuZO
[T.z] [T.F.q] [T.z]

TIK) | Platm] | DelaHW] | Delta Gl |Delta Volllive] | Delta SiJ/K]) | Delta Cpld /K] [T «

We are calculating the thermodynamic properties for an
isothermal non-standard state reaction:

T
2Cu(s) + 0.50,(g) » Cu,0(s)
Delta G = Delta G* + RT. Ln(Q)

In MSE302, we use the following format:
A,.g = A,.g°+ RTIn(Q)

The number of variables that need to be specified

|| | | | | | is determined by the Gibbs phase rule.
Calculate I I_{'{'Back | Clear
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Reaction Module: Oxidation of Cu

Table Window: Results

45’ Reaction - Table — ®
File Units Output Figure Help
O | E,"l El El TIK) Platm] Energyl)] Guantity(mol] Yollitre)

~ Isothermal Non-Standard State Reaction: Variables which are highlighted are the conditions

2Cu+ 0502 = Cuz ided
(Tl [TPal [T.2] we providead.

TIK] Platm] || DeltaHJ) | DeltaG[)) |DeltaVollliie) | Dela SH/K) | Delta Cp/K) [T
1000.00 1.0359E-10 -1G7630.6 0.0 -3.9605E+11 167,691 £.335

By setting Delta G = 0, we are performing the calculation
when the reaction reaches equilibrium.

<< Back | Clear |
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Reaction Module: Oxidation of Cu

Table Window: Results

45’ Reaction - Table — ®

File Units Output Figure Help

O | E,"l El El TIK) Platm] Energyl)] Guantity(mol] Yollitre)

— lzothermal Hon-5tandard 5State Reaction:

2Cu+ 0502 = Cud
[T.z] [T.F.q] (T.3]

Delta G[J) |Delta Vol(liie) | Delta S5H/K) | Delta Cpl/K) | T
177,410 £.385

TK]
1000.00

|  Platm) | Delta HJ)
1.0000E-11 -1G7630.6 97189 A4 1029E+12

Since A, g > 0, the oxidation is not
thermodynamically possible.

Let us study the reaction
at 1000 K.

Let us study under a given partial pressure of O,, if pure

Cu can be oxidized.

| |
<< Back | Clear |
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Reaction Module: Oxidation of Cu

Non-standard State Calculation (Part 2)

Now let us consider the removal of impurity Cu from a gold bath by blowing
pure oxygen at 1 atm. The operation temperature is 1400 K, and the product is
pure Cu,O.

The above reaction can be described as:
2Cu(l, solute in liquid Au) + 0.50,(g, 1 atm) = Cu,0(s)
To study the equilibrium of this reaction, we use A, g.

(s2) \*
a
A.g = A,.g°+ RTIn ( Cuzo)

where agfz)o =1land Py, =1

aga depends on the liquid Au-Cu model. Therefore, we need to choose a solution
database in which the Au-Cu system has been optimized (using Documentation

or View Data).
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Reaction Module: Oxidation of Cu

Documentation: determine which solution database for the Au-Cu system

G Search Results - Fact5age Browser - [search_results.htm] — O *
File View About...

J_I @l [ | @jl _I IE Search phase d|agrams'-"-\u Cu Ipl + must contain I Found: B3

; = [FToxid] - FACT oxide database:
£ [FTsal] - FACT salt database: . ~
E [FTmizc] - FACT sulfide, alloy, mizcelanecus databases: sea rCh resu Its fnr' Au Cu
E [FTOxCN] - FACT high-T exycarbonitride database:
E [FTirtz] - FACT fertilizer databaze: List of Phase Diagrams:
E [FThall] - FACT database for Hall aluminum process:
i [FThelg] - FACT aqueous (Helgeson) database: E'Au - Cu : | BINARY | FScopp | FSlead | FTlite | SGnobl | 5Gsold | SGTE2011
4 [FTpulp] - FACT pulp and paper database: | SGTE2014 |
E [FTiite] - FACT Al-alloy and Mg-alley databases: &Cu -5n - Au - | SGnobl |
i [FTnucl - FACT nuclear database for the nuclear industry: &Cu _Pb _Au : | SGnobl | One Of the SOlutIOD databases
[+]- [FScopp] - FactSage copper alloy database: &Cu -Ni - Au 2| 5Gnobl | b d . FT]
4]~ [FSlead] - FactSage lead alloy database: &Co -Cu-Au:| SGnobl | can e use 1S lte-
[+ [FSstel] - FactSage steel alloy database: &Au -Cu-Ag : | SGnobl |
+] - [FSupsi] - Fact3age ulirapure silicon database: &Au Cu a: | SGnobl |
+-1{2 [5Gsold] - SGTE solder alloy database: E‘Cu -Ir: | FScopp | FTlite | SGTE2011 | SGTE2014 | SGTE2017 |
£1-443) [SGTE] - SGTE 2011 alloy database: dcu - Zn : | FScopp | FSlead | FSstel | FTlite | SGsold | SGTE2011 |
[+]- [SGTE] - SGTE 2014 alloy database: SGTE2014 | SGTE201T |
+]- [SGTE] - SGTE 2017 alloy database: 3 .
L [BINS] - SGTE free binary alloy database: %Cu -Y : | BINARY | FTllt.e | SGTE2011 | SGTE2014 | SGTE2017 |
=] [SGUN] - SGTE unary database: Cu -W : | FScopp | FTlite | SGTE2017 |
E'Cu -V : | FScopp | FSstel | FTlite | SGTE2011 | SGTE2014 | SGTE2017 |
[+]- [5Gnobl] - SGnobl noble metal alloy database: .
[+]- [SpMCBN] - Spencer Group carbide-nitride-boride-silicide systems %Cu _T! - FSCDppI FSl.EEId | SGTE2011 | SGTE2014 | SGTE201T |
]~ [TOmeph] - MEPHISTA database for new generation nuclear fusls: Cu-Ti:|FScopp | FTlite | SGTE2011 | SGTE2014 | SGTE2017 |
(]2 [TDnucl - NUCLEA nuclear database: E‘Cu -Te : | FScopp | FSlead |
List of database fies sfored i \FACTDATA E'Cu - 5r: | FSlead | FTlite | SGTE2011 | SGTE2014 | SGTE201T |

=| List of database files stored in

2\ List of references #dcu - Sn - | BINARY | FScopp | FSlead | FSstel | FTlite | SGsold | SGTE2011 |

v SGTE2014 | SGTE201T | W

9 L E‘Cu - %m - | FTlite | SGTF2011 | SGTF2014 | SGTFMM7T |

Revised: 3/3/2019
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Reaction Module: Oxidation of Cu

View Data: determine which solution database for the Au-Cu system

Examples:
CaalDs
HDOFes5s
ALL

Pressure
@+ atm

" bar

Summary ... |

Wiew zolutions - enter a list of elements or ALL

Solution D atabases [16]

- golutions with Ca, &l, O and/or S
- zolutionz [including agueous] of H, O, Fe and/or 5
-ALL solutions
Enerngy Data
(O | " compound ™ solution
" cal . .
mirimum solution components
w1 " 2cpts
Add Remove .. | [FTite =

[C:\FactSagehFACTDATANFT litef0soln. sde |

[FTlite - FACT Al-alloy and Mg-alloy zolutions [2015) |

E it

ti? Database evaluation

Elements: |.-5.u Cu |

FScopp (binaries) FSlead (binaries)

Au

Cu

Au
Cu|BW

Mote that these are only for bina ry evaluations,

ternary evalustions may differ from database to database.

Search

FSstel (binaries)

FTiite {binaries) SermbbTETES T e ey (Y

id
Q
BW
.

Ideal Bragg-Williams Treatment
Modified Quasichemical Model
Bragg-Williams Model (liquid sc
Top quality

Good quality (maybe a missing |
Rough estimate, probably missi
Noble gas system (use FACTPS C
Computed using pure substance

Elements or AL [Cudu

| | Agzessments .. ! Information .. |

Although in FTlite, the liquid model for the Au-Cu
system is of good quality, compared with SGnold in

4_
which the liquid model is of top quality, we choose
FTlite because we don’t have the access to SGnold. .
Close
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Reaction Module: Oxidation of Cu

Reactants Window: Choose the database

& —»| Choose Database
File Edit Units| Data Search =t
C {7 Data Search >

Datahazes - A pmoound databhases 1 20 inn datahaszes

F-' Ct SG TE CCIITIDDUI"IdS 0n|_|r| Pﬁvara Darabases
| [ eiMsS solutions anly [ ExaAM

[T FToxd [ [ sGPs no database

[ FTsalt | [ sGTE .

O Fimise [ O ssold Clear Al FactPS contains the models for

[ FThall

Ol Frocy Other  susmenovenas| gaseous 0, and pure solid Cu,O.
[ FThels [ ELEM [] SGnobl

O FTpulp [ FTdemo [ SpMCBN  RgfreshDatabases

[ TDmeph

FTlite [ FTauel [ TDnucl

Infogmation - Reaction only accesses COMPOUND databases

FTlite contains the model for

liquid Au-Cu alloy.

Options - search for product species
Include compounds ——— Lirnitz
[ gaseous ions [plasmaz) Organic species CxHy.... X[max] = |2_

Dl D AqQueLE SDBCiES

[ limited data compaunds [25C]

Minimum salution components: O 1 @) 2 cpts
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Reaction Module: Oxidation of Cu

Reactants Window: Set Reactants (Phase and Temperature)

& Reaction - Reactants

Choosing the state for all

File Edit Units DataSearch Help —>
Oz +|=|+] T(K) Plaim) Energyl] Quahtisimol valliey | T€ACtanNts and products.

1-3] —»| Operation temperature.

Quantity[mol] Species Phasze TIK] Platm]**| | Activity| Data || - .
E [Cu [liuic-FTite = ||{[400 || 1o [% FTlte Sl =
* |05 [0z |gas-FactPs ~|[|[Ta00 || 1 | FactPs P
= | [Cuzo |solictF actPS ~||{[1400 || [1.0 [1.0 FactPS
Activity %

Partial pressure of O, is set as 1 atm.

** For a gaz gpecies, Platm/bar/psi] iz itz ideal partial prezsure.
Far a liquid or salid, P is the hydrostatic pressure above the phasze.
Select ‘apply volume data’ to include molar volume and comprezzibilitg data
in the "dP" term - thiz does not apply to gazes which are breated az ideal.

v ron standard states

[~ apply volumne data

<—

B This is the activity of the species,

Enter a numerical value [ex: 0.5 or 1.2342-10] to specify a fixed
activity (1.0 is standard state reaction).

Specify " X © if the activity of a species is to be calculated or
fixed later in the Tabular Windaow.

FactSage 7.3 Compound: | 2/14 databazes

Sustainable Materials Processing Lab

FactSage Team
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Reaction Module: Oxidation of Cu

Table Window: Set Conditions

47 Reaction - Table — >
File Units Output Figure Help

Ol = E J Tik] Platm] Energell] Quantity(maol] Walllitre]

Izothermal Non-Standard State Reaction:

2 Cu ; 0.5 02 - Cu20
[1400K igFThte3)  [1400K.gFactPS)  [1400K.sFactPS)

Activity X | DeltaH{J] | Delta G[J] | Delta Vol(liie) | Delta SW/K) | Delta Cpl/K) | Delta ) [T j

The number of variables that need to be specified

| | |I | || is determined by the Gibbs phase rule.
Calculate I Hﬂack ‘ Clear
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Reaction Module: Oxidation of Cu

Table Window: Results

{7 Reaction - Table — >
File Units Output Figure Help
O | E."'l El ﬂl TIK] Platm] Energyld] Quantite(mol] Volllitre]
— lsothermal Hon-5tandard State Reaction:
2 Cu ¥ n& oz = Cuz0
[1 400K lig-FTlite =] [1400K..g-FactPs] [1400K, z-FactPs]
Activity X || DeltaH[J) | Delta G[J) |Dela Volflire)| Delta SU/K) | Delta CplJ/K) | Deltaaf)) [T
5. 210BE-02 -190582.0 0.0 5. 7440E +01 -136.130 11.610 h820.2

This is the activity of Cu in the liquid Au-Cu alloy when the system reaches equilibrium

Q)
’ aCu

the lack of activity coefficient.

. Unfortunately, we are not able to obtain the concentration of Cu, Xég because of

By setting Delta G = 0, we are performing the calculation

when the reaction reaches equilibrium.

<¢ Back | Clear |
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Reaction Module: Oxidation of Cu

Table Window: Results

{7 Reaction - Table — X
File Units Output Figure Help

O | E,."'l El El T(K] Platm) Energell] Quantitymal] *olllitre)

— |sothermal Non-5tandard State Reaction:
2 Cu + 05 0z : Cuz0
1400k, lig-F T lite ) 400K, g-F actP'S) [1400K,5-FactP's)
Activiy X | Delta HiJ) Delta GiJ]  [|Delta Yolflire) | Delta SW/K) | Delta Cpll/K) | Deltaaf)) [T
£.0000E-02 1905820 -746.5 5. 7A40E +01 135,597 11.510 B073.3

Since A, g < 0, the oxidation is
thermodynamically possible.

Let us study if pure Cu can be oxidized when the activity

of Cu in the liquid Au-Cu alloy is 0.06.

| | | |
<< Back | Clear |
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Reaction Module: Oxidation of Cu

Non-standard State Calculation (Part 3)

The third part of non-standard state calculation is to include a slag phase. That
is, instead of forming pure solid Cu,0, a liquid slag consisting of SiO, and Cu,0 is
in contact with the gold bath.

In this case, the activity of Cu,0 in the liquid slag should be used, and FToxid
contains the model for the liquid SiO,-Cu,0 slag.

The set up would be very similar to the previous calculation, except for Cu, 0 of
which the activity must be used.

44
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In-Class Exercise

Question 1.
Solve Question 1 and 2 from the first problem set using the Reaction Module.
Question 2.

Carry out the following calculations using the View Data and/or Reaction
Module (not identical, since you will need to tailor conditions to your particular
metal) on one or as many metals as you wish from the following list:

Nickel, Chromium, Lead, Iron, Manganese, Vanadium, Magnesium, Zinc,
Titanium, Sodium, Cobalt.

(1) Create a data table for the most stable species of the M over a suitable
temperature range.

(2) Find the available solution phases the Metal-Fe-S system.

(3) Create a data Table for the reaction between Metal, oxygen, and the lowest
oxide. The maximum temperature should be at least 2000 K, or as appropriate.
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In-Class Exercise

(4a) Create a data Table for the above oxidation reaction for at least five different
conditions at equilibrium (always isothermal and always at equilibrium). For
example, you could choose to calculate T in three runs with different defined X
and P. Then you could calculate X at defined P and T, and then P at defined X
and T.

(4b) Next, assume that the reaction needs some super-saturation to nucleate the
oxide, so set Delta G = Delta G°/100 (which will be a negative number) and find

the Py, needed compared to one of your above equilibrium conditions. Include
this result in your data Table and add a written comment.

(5) Create a plot showing the Enthalpy required to heat Metal up to and beyond
the boiling point (or as close as you can get).

Note: you should annotate all your five sheets by hand as appropriate - to make
everything clear to the reader.
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FactSage Practical
MSE302

Practical 2. Reaction Module

Advanced Applications



Application 1: Combustion of Methane

The first application is the combustion of gaseous methane in the pressure of
excess oxygen. In this case, the combustion products would be CO,, H,0 and
unused O, (note: because of the excess of O,, no CO would form).

Consider the following combustion process.

CH, (g,300 K) —»

0, (g,300 K) —»

Combustion
Chamber

— €0, (g,T)
—> Hx0(g,7)

— 02 (g,T)

Let us calculate the adiabatic flame temperature (AFT) in the Reaction Module,
and how AFT is affected by the excess ratio of oxygen.

Note: we assume the gas phase behaves ideally, and thus standard state

calculations could be performed when calculating enthalpy change associated

with the combustion process.
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Application 1: Combustion of Methane

Reactants Window: Choose the database

& —»| Choose Database

File Edit Units | Data Search jibek

I {3 Data Search >

Databases - 1/14 compound databases, 0/15 solution databases
&‘:t SGTE compounds only Private Databases
= [ BINS zolutionz only

[ Flomd [] O sGPs no database
OFTsak [ O S&TE

O FTmise [ [ sGsold Claar Al

[ FThall

[ ExaM

FTOxCN
E FTintz Other :dimemoveData
0 FThely [JELEM| [J SGnobl

O FTpulp [ FTdemo [ SpMCBN  RefreshD atabases

[ TDmeph
[ FTlite O FTnud ] TDnucl

Information - Heactidn only accesses COMPOUND databases
Reaction only accezses CYQMPOUND databazes

All the species considered are gaseous. FactPS should

be used.

Options - search for product species
Include compounds ——— Liniits

[ gaseous ions [plasmas) Organic species CxHy.... ®[max] =
Drefault |2—

Minimum solution compaonents: O 1 & 2 cpts

[ aqueous species
[ limited data compounds [25C)
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Application 1: Combustion of Methane

Reactants Window: Set Reactants (Phase and Temperature)

Reaction - Reactant .
&7 Reaction - Reactants » Check the units
File Edit Units DataSearch Help
0 | g,’*| + |=| .|.| TIK] Platm] Energyi)] Quantitp(mal] Yaollitrs]
1-5]
| v
Cuantity >
Juantity[mol) Species Phaze Platm]= Activi
i [cha |gas | | o
: ! Enter the amount of the reactant, Examples: 10 14,307
* EI o2 |gas | | = {23464
For example, the formation of water:
2 H2
=i i Igas | | <1 Hgé
2 Hz20 St
I I Igas =am I I The reaction need not be balanced.
+ -
Id"' 2 IE 2 IgaS I I A composition variable "A" [alpha) may be specified in the
v form <aA+b> or <a+bA> where a and b are constants. A is
calculated or specified later,
Lyl : Examples: <h» <-172R» <3./A=6>, FOf example the
The State mUSt be SpeCIfled lf we oxidation of methane in excess oxygen:
. 1 CH4
want to calculate AFT (see what will * <he2> 02
YRt » + 2 H2O
happen if “most stable” is chosen). e 02
After the quantity has been entered, click with the
I [ ron standard states I [~ apply volume data mouse-right-button to convert quantity units.
)
Dot check

| FactSage 7.3 Compaound: | 1414 databaszes A
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Application 1: Combustion of Methane

Reactants Window: Set Conditions

{? Reaction - Table
File  Units Output Figure  Help

O | D"'l El EI T(K) Platm] Energyl)] Quantity(mol] Yalllitre)

- Mon-lzothermal Standard State Reaction:

CH4 + <A 02 = COZ2 + 2H20 + <82 02

[300K.g]  [300K.g) [T.q] (T.a) [T.]
<> | TIK] | DeltaH*[)) | Delta G'lJ) | Delta Yolflie) | Delta 5*[J/K) | Delta Cpld/K) [T =
Non-isothermal: “Kequ” has no meaning. [¢&———

I | | | |
Calculate | I Specify 2 variables. I cc Back |

Clear

=l

L » Here, we will choose from <A>, T,, and Delta H*
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Application 1: Combustion of Methane

Reactants Window: Results

{3 Reaction - Table — .
File Units Output Figure Help

[ | E,”'l El Bl T(K) Platm] Energyld] GQuantiteimal] Yolllitre)
— Hon-lzothermal Standard State Heaction:

CH4 + <A> 02 = CO2 + 2H20 + <i-2> 02
[300K.0)  (300K.g)  (T.q) (T.al (T.q]

<A> | T[K] Delta H'[J] Delta G*[J) | Delta Volflie] | Delta $°(/K) | Delta Cp/K) | T
300.00 -502298.6 -500825.3 0.0000E +00 -4.911 9,937

The minimum value of <A> is 2, which results in
complete combustion.

Although the reaction is generally non-isothermal, we can still
calculate the standard enthalpy of reaction at 300 K, A,-h°34¢ k-

<—
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Application 1: Combustion of Methane

Reactants Window: Results

&3’ Reaction - Table — *

File Units Output Figure Help

O | E,"'l El EI T(K) Platm] Energyll] Quantitymol] Yolllire)

Mon-lzothermal Standard S5tate Reaction:

CH4 + «<A» 02 - CO2 + 2 H20 + &2 02

[300K.g)  [300K.g] [T.q) [T.l [T.q)

<A> | TIK] | DeltaH*[)) | |Delta G*[J) |Delta Volflive) | Delta 5*(J/K]) | Delta CplJ/K) | T
2.0000 300.00 802293 5 -300825.3 0.0000E +00 -4.911 9937
£.0000 300.00 802293 5 -300525.3 0.0000E +00 -4.911 9937
2.0000 2000.00 EER4720 -2063652.8 41349 +02 241.810 B2.217
8.0000 2000.00 2107529 -4BE3182.2 1.2555E +03 £22.315 118.372
8.0000 253154 0.0 58913281 1.6480E+03 715.697 132,401 T

2800.00 0.0 58083671 1.5976E+03 B64.096 125987

Note: for each calculation (row), the two highlighted cells are the variables specified.
When Delta H* = 0, this corresponds to adiabatic process, and the AFT can be calculated
for a given excess ratio of oxygen.

Calculation of excess ratio of oxygen:

8 mol — 2 mol

X 100% = 300%
2 mol
: Lalculate << Back | Clear |
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Application 1: Combustion of Methane

Reactants Window: Results

Reaction - Tabl L .
G Resction - Table This is because the unused O, is heated up from 300 K to AFT.
File Units Output Figure Help . . ]
NI i ram 2 However, in reality, we always input excess amount of oxygen
- Non-Isothermal Standded State Reaction: | because this could prevent the soot formation.
CH4 + «<Ax 02 = COZ + 2 HZD + <A 02
[300K.g]  [300K.g] [T.q] (T.g] (T.g)

<A> | TIK] || DeltaH'()) | Dela G*()] | Delta Vol(litre) | Delta S*[J/K) | Delta Cp7K) | T

20000 521064 nao BOETEZE.4 1.2083E+03 408944 29.060 T

2.0000 436587 nao BAB1Z8E 1.3345E+03 471.207 93.77E T

40000 3779848 0.0 -BR00250.4 1.4278E+03 027042 107,327 T

50000 3347 48 0o BE3IRZEE 4 1.5004E+03 573941 114.803 T

E.0000 301408 oo B7413461 1.5590E+03 E28.267 121.350 T

F.0000 274249 o 244186 1.6073E+03 E73.376 127162 T

2.0000 2531.54 o 52913281 1.6480E+03 715,697 132,40 T

9.0000 238076 nao -534E043. 4 1.6828E+03 ¥5b.5EE 137.2M T

10,0000 2197 .58 0.0 59313341 1.7129E+03 733257 141.EER T

Now let us study the effect of excess ratio of

oxygen on the AFT.

oo p— | !
<< Back | Clear |
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Application 1: Combustion of Methane

We can also calculate the AFT for a burner that uses air instead of pure oxygen.
In this case, equivalent amounts of nitrogen accompanying oxygen should be
entered in the reaction.

— €0, (g, T)

Combustion [ H,0 (g,T)
Chamber p——» 0,(g,T)
N, (g, 300 K) —» — N, (g’ T)

CH, (g, 300 K) —»
0, (9,300 K) —»

Note: since the air composition (mole fraction) can be approximated as “0.79 N,
+0.21 0,” for every mole of O, input, there are 3.76 mol N,.
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Application 1: Combustion of Methane

Reactants Window: Set Reactants (Phase and Temperature)

& Reaction - Reactants N CheCk the urlitS
File Edit Units Data Search Help
0 ||3,'=| + |=| .|.| T[K) Platm) Energyl)] Duantitymal] Yallitre]
1-7]
Quantity[mol) Species Phaze TIK] Platm]*™ Activity Data
[1 |cH4 |gas | [a00 | |
+ e oz |gas EARETHN |
+ [azem ] [z o ] Jan | |
= |1 |coz |gas ~| T | |
+ |2 |HED Iga& Steam LI |T | |
R PT N joz |gas ~| T [10 1.0
* [aree [z [gas = I | |
r|_ non ztandard states I [~ apply volume data

FactSage 7.3 Compound: | 1/14 databases
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Application 1: Combustion of Methane

Reactants Window: Results

&7 Reaction - Table Can you see the significant difference in the AFT when we switch

File Units Output Figure Help

nlsldl  Hl e ey from pure oxygen to air? That’s why the oxygen-enrichment
~Non-lsothermal Standard State Reaction: ————| technology is so important for the combustion process.
CHa A <d» 02 <3785 N2 = LOZ + 2 H2U + <A U2+ <47ear N2
[300K.g] | [300K.g] [300K.q) [T.l [T.l [T.q) [T.ql

<A> | TIK] || DeltaH*[)) | Delta G*[J) | Delta Volflive) | Delta S*(J/K]) | Delta CplJ/K) | T

2.0000 2328.44 00 5307939, 4 1.7510E+03 761673 127.752 T

3.0000 1790.27 0.0 -G061 858.6 1.8686E+03 918549 145202 (T

4.0000 1482.05 00 51488735 1.9438E+03 1046.251 167214 [T

5.0000 1281.49 00 -5205186.5 1.9974E+03 1153.588 164998 [T

£.0000 1139.95 00 52430813 2.0374E+03 1245.785 16B7FE (T

7.0000 1034.43 00 -5268986.3 2.0B3E+03 1326.232 169997 T

8.0000 952,600 00 52867577 2.0928E+03 1397.275 169713 T

9.0000 887.23 00 6298997 1 21125E+03 1460621 168473 T
10,0000 833.79 0.0 £307308.4 | AIPAVELO3 P 1517554 166,477 T

Again, let us study the effect of excess ratio
of oxygen on the AFT when air is used.

X B F— | | |
Calculate | «¢ Back | Clear |
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Application 2: Pidgeon Process

Magnesium can be produced by reducing MgO with ferrosilicon at low pressures
and in the solid state. This is called the Pidgeon Process and was developed by
UofT MSE’s Professor Pidgeon in Canada in WWII to produce much-needed
magnesium metal then. The essential reaction can be described as:

MgO(s) + Si(s) = Mg(g) + Si0,(s)
By controlling the system’s pressure, solid charge composition (which affects the
activity of Si0,), etc., the above reduction can be shifted to improve the
productivity of Mg.

The flowsheet of the Pidgeon Process is shown on the next slide.
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Application 2: Pidgeon Process

Flowsheet of the Pidgeon Process (Schematic)

Dolomite
‘ Ferrosilicon
Calcination 75% Si
¢ J Lloyd M. Pidgeon
Pulverization ¢ Pulverization (1943~1969 UofT
MSE Chair)
MiXing | o o o o o o o o e e .
MgO - CaO + Si(Fe) + CaF : - Potassium, '
g + Si(Fe) + 2\ ¢ : Stainless Steel Radl.atlon Sodium :
B Briquetting : Retort Shield CondenseiLF; \
72rs, = BRI SRR S o N | |
1
~1200 °C <« | AP fﬂnq il | :
! Bri 1 ( N5 _E I
Spent Briquettes i : riquettes Condensed Mg It over |
: I Condensing Sleeve N P
(Ca,Si0, + Fe) Magnesium | | [N\Water Cooling |
Crown (Mg) :_ Vacuum !
Kipourosand Sadoway, The Chemistry and Electrochemistry of Magnesium Production. 59
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Application 2: Pidgeon Process

For the purpose of illustration, let us assume that pure solid MgO (not MgO -
Ca0) and pure solid Si (not ferrosilicon) are charged into the Pidgeon reactor.
Then, the simplified Pidgeon process can be described as:

2MgO0(s) + Si(s) = 2Mg(g) + Si0,(s)

First, let us study the standard-state reaction using the Reaction Module. The
temperature is 1423 K.
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Application 2: Pidgeon Process

Standard-state Calculation:

47 Reaction - Reactants I—’ Only FactPS is used. < -
File Edit Units | Data Search | Help
M |D~| + |= + TIK] Platm] Energul)] Suantity(mal] Yollitie]
1-4|
Quantity[mol] Species Phasze T(K] Platm)}*™ Achtivity [ata
|2 IMgEI Imust ztable j
+ |y [si [mast statle ||z | |
= |2 IMg Imust stable ;I |‘|423 | |
* |1 ISiEIE Imust stable ;I |1423 | |
Let FactSage decide which state
should be used.
[~ non standard states [~ apply volume data

FactSage 7.3 Compound: | 1/14 databases I
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Application 2: Pidgeon Process

Standard-state Calculation:

{7 Reaction - Table — >

File Units Output Figure Help

O | E,."‘l El El TIK] Platm] Energyll] Quantitymol] Volllire)

— lsothermal Standard State Reaction: Delta G* = Delta H* - T.Delta 5 = - RT.Inttaal—ubora LTI
2Mg 4 Si - 2Mg + Si02 Note: the stable structure of SiO, at 1423 Kis
[1423K]  [1423K]  [1423K)  [1423 >

s4, which is tridymite (View Data Module)
Delta H*[J] || Delta G*[J) | Delta Yolflire) | Delta 5°[J/K]) | Delta Gp(J/K) | 5T FETET

------ MgO[z) Sifz) Mgla) [(sinas) |

5725789 2208432 2.3354E+02 247175 -13.712 137186.1

e

Delta G* > 0, which means the reduction is not
possible under the standard-state conditions.

Delta H* > 0, which means the reaction is endothermic.
No variables are required to be specified.

«¢ Back | Clear |
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Application 2: Pidgeon Process

Now, let us go back to the reaction and assume that all reactants/products are
not necessarily in their standard state:

2Mg0(s1) + Si(s2) = 2Mg(g) + Si0,(s3)
To study the direction of this reaction, A, g should be used:

2
(Pmgg))” % (agg)z)

(i) % (457)

Clearly, to drive this rection to the right, we can consider the following.

A.g = A,g°+ RTln

1. Increase the reaction temperature (because the reaction is endothermic).
2. Reduce ag;p, by fluxing.
3. ReduceP\q(4) by employing vacuum.

Note: you probably know the Le Chatelier principle, and its mathematical basis is

the expression of A,.g.
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Application 2: Pidgeon Process

asio,: from the MgO-SiO, phase diagram, it is seen that MgO(s) and SiO,(s)
cannot coexist because they react to form|(Mg0), - SiO.,.
A

& {7 viewer — O
File Wiew About.. File Add Edit View Help
®|©|@| Iﬁ |<Za| (B| ’@ Search phase diagrams:|Mg0 5i02 ;
]q,‘g [FToxid] - FACT oxide database: ~ ] Mgo = SIOZ ’ ﬁas phase SupprESSEd
[FTsal] - FACT salt database: Data from FToyid - FACT oxide databases
[FTmizc] - FACT sulfide, alloy, miscellanecus databases: FactSaqe
[FTOXCN] - FACT high-T oxycarbonitride database: 3000 T T T T

o

[FTfrtz] - FACT fertiizer databagze: 3§25
[FThall - FACT database for Hall aluminum process:
[FThelg] - FACT aguecus (Helgeson) database: 2700
[FTpulp] - FACT pulp and paper database:
[FTiite] - FACT Al-alloy and Mg-alloy databases: ASlag-lig
[FTnucl] - FACT nuclear database for the nuclear industry: 2400 L |

[FScopp] - FactSage copper alloy database:
[FSlead] - FactSage lead alloy database: ASlag-lig + MgO(s)
[FSstel] - FactSage steel alloy database: —_ 2100 +
[FSupsi - FactSage ultrapure silicon database:

o

Temperature (C

1863° 1838° 1940

1723
0.301 \ ASlagiq + ASlag-ig#2 .
0.596

) 1687" 2
1558° 0-303 1548° ASlaglig+ Si0s6)  0.988

0.541 1465 ]

[SG=old] - SGTE =older alloy database:
[SGTE] - SGTE 2011 alloy database:
[SGTE] - SGTE 2014 alloy database:
[SGTE] - SGTE 2017 alloy database:
[BINS] - SGTE free binary alloy databaze:
[SGUN] - SGTE unary database:

1800

1500

----- Si0,(s4) + MgSi04(s3)
[SGnobl] - SGnobl neble metal alloy database: 1200
[SpMCBM] - Spencer Group carbide-nitride-boride-silicide systems
[TDmeph] - MEPHISTA database for new generation nuclear fuels:
4]~ [TDnucl] - NUCLEA nuclear database:
..... 900
|| List of database files stored in \FACTDATA . .
: +

----- |=| List of references MgO + Mgz 8104 6317 Si0;(s2) + MgSi0;(s2)

v 600 - SI0=2 ¥ MgSIOIE] =

575

aga”

Mg,SI0,

867 MgSi0,(s2) + Si0,(s4)

< >

Si0,(s) + MgSiOs(s)

300 . . . .
0 02 04 06 08 1

mole Si0,/(Mg0+Si0,)
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Application 2: Pidgeon Process

asio,: from the MgO-SiO, phase diagram, it is seen that MgO(s) and SiO,(s)
cannot coexist because they react to form (Mg0), - SiO, or Mg,Si0O,, known as
forsterite.

The Mg0-Si0O, phase diagram indicates that given excess MgO(s) in the Pidgeon
reactor, the formed SiO, (s) will react with MgO(s) to form (Mg0), - SiO,, and

thus, agsig)z < 1. In other words, SiO,(s) is not stable.

The next page shows the calculation of ag;o, for a system consisting of MgO(s)
and Mg, Si0,(s). You can also consider as;q, as the activity of solid SiO, when it

exists as solid (Mg0), - SiO,. To do this, the following reaction which contains
Si0,(s) is considered.

2MgO(s) + Si0,(s) = Mg,Si0,(s)
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Application 2: Pidgeon Process

Calculation of ag;,:

Again, only FactPS is used.

G Reaction - Reactants | >

File Edit Units | Data Search | Help
DOl +|=|+ TIK) Platm) Energul)] Quantitylmal] Yollltre)
1-3] MgO exists as pure solid. [
Quantity[mol] Species Phase TIK] Platm)* _Activi D ata
|2 [IET fsolid Periclase >[4z [0
* |5i02 [solic-4 Trdpmiteth]  w| [1423  [1.0 ||>< I
= |Mg2s5i04 fsolict1 forsteite  w| [1423 |10

Mg, Si0, also exists as pure solid. [€

Si0, is not stable, and asjo, < 1.

** For a gaz gpecies, Platm/bar/pszi] iz itz ideal partial pregzure.
Far a liquid or solid, P is the hydrostatic pressure above the phaze.
Select ‘apply volume data’ to include molar volume and compreszibility data
in the "dP" term - thiz does not apply b gazes which are treated az ideal.

[~ apply volumne data

¥ ron standard states

FactSage 7.3 Compound: | 1/14 databazes |

24
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Application 2: Pidgeon Process

Calculation of ag;,:

{7 Reaction - Table — x
File Units Output Figure Help

O | E,."‘l El EI TIF] Platm] Ernergyll] Quantityfmol] YWoalllire)

— lgothermal Non-5tandard State Reaction:

2 MaD + 502 - Mg2Siod
(1423K.5)  (1423K.345)  [1423K.51)

Activity % Dekta HW] | Delta GW) | Delta Yolllive) | Delta SH/K] | Delta Cp#K) | Deta A) [T
B.6139E-03 E5869.2 0.0 0.0000E +00 -46.289 F.B20 0o

This is ag;g,. This small number shows the strong

fluxing effect of excess MgO which greatly reduce
the activity of SiO,.

| | [ Jo | | | |
f i << Back | Clear |
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Application 2: Pidgeon Process

Also, in our simplified Pidgen Process:

aﬁ;()): because MgO exists as a pure solid,al(vf;z) = 1.

agz): because Si exists as a pure solid,agsiz) = 1.
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Application 2: Pidgeon Process

Non Standard-state Calculation: Calculate the equilibrium, i.e., A,g = 0

G Reaction - Reactants I_’ Agaln, Only FaCtPS IS used. < -
File Edit Units | Data Search | Help
Ol +|=|+ T(K] Platm] Energul] Quantityimall Yollltre)
| —» This is P,
S S Mg.
Quantity[mol] Species Phaze TIK] Platin]** Achivity Data
|2 [MaD fsolid Periclase >[4z o 1.0
* i fsi fsolid ~||[4zz o 1.0
= |z [Mg = |14z Fﬁ 10 | ¢
* fsinz [solick4 Tridymiteth) = ||[1423  [1.0 ||><1 |

ThlS is aSiOZ .

The state must be specified so that activity is meaningful.

** For a gaz gpecies, Platm/bar/psi] iz ity ideal partial prezzure.
For a liquid or solid, P iz the hydrostatic pressure above the phasze.
Select ‘apply volume data' to include malar volume and compreszibility data
it the "dP" term - this does not apply to gases which are treated as ideal.

v non standard states | [~ apply volune data

FactSage 7.3 Compound: | 1414 databases |
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Application 2: Pidgeon Process

Non Standard-state Calculation: Calculate the equilibrium, i.e., A,g = 0

47 Reaction - Table — x
File Units Output Figure Help

O = E J TIik] Platm] Energyll] Quantity(mol] Walllitre)

Izothermal Hon-Standard State Reachion:

2Mad + S =  2Mg + 5i0z
(1423K,5) (14235 [142Pg) (142334

Platm] | ActivityX | DeltaHiJ) | DeltaGW] | Delta Yollline) | Delta SE/K) | Delta Cpld7K] | T j

There are an infinite number of (PMg, asio 2) combinations which could give

Arg = 0 and K.q,. Here we will select three special cases (next page).
A

I | | | | | |
Calculaste | | [Speciy 2 varisbles.| BTk Clear
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Application 2: Pidgeon Process

Non Standard-state Calculation: Calculate the equilibrium, i.e., A,g = 0

& resction-T:0d | You can save the results as “dat” (input some comments).
=l Sotpat Figure  Help
O | E,"'l El EI TIK) Platm) Energell] Quantitymal) *olllitre]

— lsothermal Hon-5tandard State Reachion:

2 Mad + & - 2Mg ¢+ 502 This is Standard-state calculation.
[1423K. 5] [1423K. 5] [1423K.P.a) [1423K 24.] |

Platml | ActiviteX | D

1 O000E +00 1. 0000 +00 5725749 20545 7 2 J354F 4012 247 175 19712
1.0000E +00 7.8235E 09 725729 0.0 2 3354E +02 402.374 19712
8.2451E 05 1. 0000E +00 725789 00 2 BADZE +06 402,374 18712
700 EE 100 A K] TR 00 Tk e EIERCTE SErIFEEEE

At equilibrium (A, g = 0), when agjo, = 6.6139 X 107> (calculated in
Slide), Pyg = 1.0876 x 1073 atm.

At equilibrium (A, g = 0), when as;o, = 1, Pyg = 8.8451 X 107° atm.

At equilibrium (A,g = 0), when Py, = 1 atm, agjo, = 7.8235 X 107°.

| |6.6139E-3 | [i | | |

<¢{ Back | Clear |
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Application 2: Pidgeon Process

The above calculation verified that the magnesium production at a certain
temperature can be enhanced by:

1. Reduce the total pressure (< 1.0876 x 1073 atm).

2. Reduce agjq, by fluxing - this is done automatically due to the formation of
Mg,Si04(s), and the presence of CaO can reduce ag;o, further.
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Application 2: Pidgeon Process

Another way of studying this simplified Pidgeon process is to write the reaction
as:
4MgO(s) + Si(s) = 2Mg(g) + Mg,Si0,(s)

In doing so, we don’t need to consider the unstable phase - solid SiO,. Please
perform the equilibrium calculations using this reaction.
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Application 3: Vapor Pressure of Lead

Recall from Chapter 4.1 that for any condensed phase, there is a vapor pressure
above it.

Gas Py Gas Pa Pp
Liquid B Liquid (A and B)

Say we are interested in the vapor pressure of lead above a lead-based solder
bath (Sn-Pb) so that we can determine the safety precautions for the workers.

Assume we have already known that the activity of lead in a eutectic solder is

around 0.5 relative to the pure liquid (al(:.siflder) = 0.5). The solder temperatures

of interest are from 480~530 K (207~257 °C).
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Application 3: Vapor Pressure of Lead

Gaseous Species of Lead. First, let us use the View Data Module to find what
gaseous species of lead are modeled in the FactSage databases.

View Data

Wiew compounds - enter a lizt of elementz or 3 compound or ALL

Examples:

Al Ca O - compounds of Al, Ca and/or O

S0z - compound

Fe2(504)3 - compound

Cul++] - cation

OH[-] - ahiok

ALl - all compounds

ALL Fe - all compounds of Fe

all sS04 - all compounds with S04

ALL Fe 5 0 - all compounds with Fe, 5 and O
Pressure Energy [rata
{* atm + * compound  solution
i~ bar " cal

It It k . .

phmmEa s e Choose FactPS which contains the models of
— .

most gaseous species.

Compound D atabazes [14)

Summary...| Add .. | Remove ... | IFactF‘S - I

[ C:\FactS age FACTDAT &4\F553baze. cdb|
[FactPs - FACT pure substances databaze [2019) |

Elerments ar Campound ar ALL:

|!
2 | _Iniombion— Input Pb and another element, for example, Pb-0.
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Application 3: Vapor Pressure of Lead

Gaseous Species of Lead. First, let us use the View Data Module to find what
gaseous species of lead are modeled in the FactSage databases.

{? View Data Pb-O  Units T(K) P(atm]) Energy()] Cuantity{rmol)

File Edit Sort Compounds Summary  Databases  Units  AtomicWis. Table  Graph  Help
[15 compounds, 21 phazes| [FactP5 - FACT pure substances database [2019] |

| Compounds ordered by alphabet [zee 'Sort Compounds'] - &1l Phazes |

| pod

<< Back
g3/15

Sustainable Materials Processing Lab FactSage Team

o FactP5 =
oz FactES G A .
02 [4] —— = » Two gaseous species of lead: Pb and Pb,.
02[-] FactPES =
03 FactP5 =
O[+] FactPS5 =
FactPES =
Pb2 FactPs &
Eb304 FactPS5 5
B FactP5 51 52 L =
B2 FactPS5 5
Fk[+] FactP5 =
Ek[-] FactPS5 =
Pbl2+] FactP5S Rg
Fact5age 7.3 ||E:"uFactSage\Fﬁ.ETD.ﬁ.T.ﬁ.HFSESbase.|:|:|I:| 7.3 4920 compounds read-only £
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Application 3: Vapor Pressure of Lead

Lead Monomer Vapor Pressure.

G Reaction - Reactants I—’

FactPS is used.

<

File Edit Units | Data Search | Help
D@ +|=[F [ T(K) Platm) Energyl)] Quantity(mol) Vollie) |
_ | It is assumed that ap, = 0.5.
1-2] Unit. [€—— l
Buantity[mol] Species Phaze TIK) P[atm]“_ Actlvity Data
f1 |Pb |liquid - [T f10 | Jos
= | [Pb [gas | [T [[A |
This is Ppy,.

Specify the state so that activity is meaningful.

—

We are preforming non-standard state calculations.

* For a gaz species, Platm/bar/pzi] iz its ideal partial pressure.
For a liquid or zolid, P iz the hydrozstatic prezsure above the phaze.

Select 'apply wolume data' to include malar wolume and compressibility data
it the "dP" term - thiz does not apply to gazes which are reated az ideal.

[¥ non standard states

[~ apply volume data

Mext >»

FactSage 7.3 I Compound: | 1414 databases !
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Application 3: Vapor Pressure of Lead

Lead Monomer Vapor Pressure.

G Reaction - Table

File Units Output

a

— lzothermal Mon-5tandard State Reaction:

D[ &

Figure

Help

TIK] Platm] Erergul]) Quantibmol) *olllitre)

The lead monomer vapor pressure is very low.

Temperature range and step.

Ph Phb
[TJiga=0.5]  [T.Pa]

TIK) Platm] Delta HW] | Delta GlJ] | Delta Volllire] | Delta SK/K) | Delta Cpld 7K) | T

490,00 1.9804E-16 199422 2 0o 1.9889E +17 394,630 -10.199

430.00 5.2156E-16 1893204 0.0 7.7093E+16 366, 366 -10.163

500,00 1.3207E-15 1892189 0.0 3.1085E +16 372,438 10127

510.00 3223315 189117.8 00 1.2933E+16 370,819 -10.091

520,00 7.5978E-15 189017 1 0.0 E.BIGIE+15 362,494 -10.057
1.7331E-14 1889167 0.0 25094E+15 356,447 -10.022

Wee wish to calculate the equilibrium vapor
pressure, which means A,.g = 0

"480 53010 l

| Specify 2 variables. !

| EH—

£ Back

|

2 variables need to be specified.
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Application 3: Vapor Pressure of Lead

Lead Monomer Vapor Pressure: plot the data.

E Reaction - Table

File Units Gutputl Figure
E |5 |

Dll:i-“‘lﬂ|

Help

] Energyld] Quantity(maol] Yalllitre]

— lsothermal Hon-5ta Plot
Full 5creen Pb Ph
T lig.a=05] (TP,
Save Figure ... ILia ———

TIK] |  Platm) | DeltaH@J) | Delta Gl |Delta Yolllie]l | Delta S[J/K) | Delta Cpld7K) | T
450.00 1.9804E 16 189422.2 ] 1.9883E+17 394 B30 -10.159
450.00 5.2156E-16 189320.4 0.0 7.7093E +16 396,368 10163
500,00 1.3207E-15 189218.9 0.0 3.1065E+16 378.438 10127
510.00 3223315 189117.8 0o 1.2983E+16 370.819 -10.091
520.00 7.5970E-15 189017.1 0a E.B1G1E+15 I63.434 -10.057
530.00 1.7331E-14 188916.7 il 25034E +15 356,447 -10.022

148053010

[

<¢ Back |
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Application 3: Vapor Pressure of Lead

Lead Monomer Vapor Pressure: plot the data.

{7 Reaction - Table — x

File Units Gutputl Figure | Help
O | E,”'l El E Axec... I ] Energyld] Quantity(maol] Yalllitre]

— Isothermal Hon-5ta Plat Ax P T
Full Bcreen & esi P(atm) vs T(K) x
) Y-variable X-variable Swap Axes
Savg Figure ...
T[K) |  Platm) || DeltaHUf [r-axiz — Feanis
480,00 1.9304E-16 189422 2
430,00 5.2156E-16 1893204
500,00 1.3207E15 189218.4 : :
i I rraRimLIm . ERT
510.00 3.2233E15 ’ 3BE-26
520,00 7.5978E-15 1890171 kL D ik 480
1.7331E14 1889167 ) )
tick every  [2BE-27 hick, every

Cancel | Refrezh |

148053010 [ | | |

<¢ Back | Clear |
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Application 3: Vapor Pressure of Lead

Lead Monomer Vapor Pressure: plot the data.

Delta H(J)
Delta G(J)
Delta Vol(litre)
Delta S(J/K)
Delta Cp(J/K)

X
log10{X)
In{X)

exp(X)
17X

T(K)

P(atm)

Delta HJ)
Delta G(1)
Delta Vol(litre)
Delta S(J/K)
Delta Cp()/K)
Delta ALl)

A
legl100Y)
In(Y)
exp(V)
1

7 Afes: loglO(P

[atm]) ws T(E]

I"r‘-varial::lle I l’(-varial::llla Swap Axes

— - awis — -anis
lag1 D[P atm
ISR ML MAERIALIT
PRI AR
tick eveny tick every

Cancel |

Refrezh |

You can choose the variable of axes and their format.
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Application 3: Vapor Pressure of Lead

Lead Monomer Vapor Pressure: plot the data.

&3 Figure  User: Materials Science, U. of Toronto - O *
File Add Edit View Help

D |lol =il x | 2 82 ax E

REACTION
Pb(T.lig,a=0.5) = Pb(T,P.g) &ctiage"‘
0 -
[ -10
j=
T _2[] -
r
H
= =30 -
&
=
]
=
40 -
50 -
60 F
‘TU 1 1 1 1
480 490 500 510 520 530
T(K)
v
< >

FactSage 7.3 181 175 X = 487.7037 Y = -10.061475
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Application 3: Vapor Pressure of Lead

Lead Dimer Vapor Pressure.

4§’ Reaction - Reactants I—’ FactPS is used. < = P
File Edit Units | Data Search | Help
D +|=[* | TiK) Platm) Energyls) Quantitimol) ollitre) |
| It is assumed that ap,, = 0.5.
1-2 J
Quantity[mol] Species Phaze TIK) P[atm]“_ Achtivity Data
2 |Pb |liquid ~| T [0 | Jos
=N Pt |gas 1 I |

This is Ppp, .

* For a gaz species, Platm/bar/pzi] iz its ideal partial pressure.
For a liguid or zolid, P iz the hydroztatic prezsure above the phaze.
Select 'apply wolume data' to include malar wolume and compressibility data
it the "dP"' term - thiz doeg not apply to gazes which are treated az ideal.

[¥ non standard states [~ apply volume data

FactSage 7.3 ! Compound: | 1/14 databases ! —
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Application 3: Vapor Pressure of Lead

Lead Dimer Vapor Pressure.

& Reacticn - Table

File Units Output Figure

Dll:i-”‘|ﬂ|

| <]

Help

— lzothermal Hon-5tandard State Reaction:

T[K] Platm] Energyl)] GQuantity(maol] Yalllitre]

2 Pb = Pb2
[Tlg.a=0.51 (T.F.q]

TIK] Platm] || DeltaH{J) | DeltaG[)) |Delta Vollliie) | Delta SH/K) | Delta Cpl/K) | T
450.00 1.7321E-29 320327 8 0.0 2 2739E+30 B67.350 -24.203
430.00 8.9064E-29 320036.2 0.0 4.5145E +29 B53.237 -24.109
500.00 4.2841E-28 319345.6 0.0 95769E +29 £39.691 -24.017
510.00 1.9354E-27 319605.9 0.0 21623E+28 G26.678 -23.925
520.00 8.2421E-27 3193671 BA7FIE+27 §14.168 -23.634
3.3197E-26 3191292 1.3101E+27 602131 -23.744

/48053010 |
Calculate |

<< Back |
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Application 3: Vapor Pressure of Lead

Lead Dimer Vapor Pressure: plot the data

ﬁ Figure  User: Materials Science, U. of Toronto —
File Add Edit View Help
Del@ol sl sl | 2 &= Qx| s seectd |
Ve
T REACTION
' 2 Pb(T,liq.a=0.5) = Pb2(T,P, Eh "
- (T.lig ) (T.P.g) ctSage
ﬁ T T T
0k
o]
- -10 -
T
T a0 b
]
:é: /
& -0 b
=
=
e
=
A0
50 -
60
_TU 1 1 1 1
480 490 500 510 520 530
T(E)
<
Fact5age 7.3 22 6 X = 475.92593 ¥ = 15.911885 |
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In-Class Exercise

Question 1.
Plot the “liquidus line” for ideal nickel alloys.

Tip: perform the equilibrium calculation for the melting reaction Ni(s) = Ni(l)
and note Ni(s) is pure solid whereas Ni(l) is in the solution state, i.e., ay; < 1
relative to pure liquid Ni.

(You can find help from the supplementary materials: “02 FACTSage_Raction
Module_Supplementary”)

Question 2.

Calculate the AFT for combustion of propane (C3Hg) in air (0 to 100% excess air
— meaning from stoichiometric air to twice as much).
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In-Class Exercise

Question 3.

In each case below, is the metal recovery possible from the slag and what is the
effect of temperature?

Note: for reduction by Fe, the FeO activity in the oxide melt will be assumed to
be 0.4; and for reduction by Si, the SiO, activity will be 0.3. Activities in molten
alloys and slags are relative to pure liquid (i.e., Raoultian pure substance
standard state). If no data for liquid oxide, then choose solid.

(3a) Treatment of arc furnace dust. Look at the reduction of ZnO, initially with an
activity of 0.1, by solid iron scrap. Temperature range is 1200~1600 °C. The zinc
must come off as vapor at 1 atm (partial pressure of zinc).

(3b) Recovery of cobalt from scrap superalloys. Look at the reduction of CoO
initially with an activity of 0.01 in a molten slag, by iron scrap. The cobalt will
form as a liquid in a molten alloy and should have an activity of 0.2. Temperature

range is 1500~1700 °C.
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In-Class Exercise

Question 3.

(3c) Recovery of cadmium from “NiCad” battery scrap. Look at the reduction of
CdO, initially with an activity of 0.002 in a molten slag, by solid iron scrap.
Temperature range is 1200~1600 °C. The cadmium must come off as vapor at 1
atm (partial pressure of cadmium).

Question 4.

Look at the vapor species for a metal (Fe, Ni, Zn, etc.) using the View Data Module. Then
use the Reaction Module to plot log(P) vs. 1/T (K) for the monomer species above the
pure liquid. Choose Y-axis numbers between 10 and 0.0001 initially [log(P) between 1
and —4] and use that to help you find the appropriate temperature range. (Choose one
metal)
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