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Question 1 [10]

General
1.1 Briefly describe the zeroth law of thermodynamics {2)

1.2 Give the formula for the standard free energy change and describe in words the condition when a
reaction is feasible. (2)

1.3 The free energy is composed of two terms that reflect two fundamental forces of nature; shortly
describe in words which two fundamental forces are operating and to which terms of the free
energy they relate. (2)

1.4 Are exothermic reactions always feasible? (2)

1.5 If gases are involved, what can you generally state about the entropy change of the reaction? Give
an example! (2)

Question 2 [8]

Heat

2.1 You have to design a plant that is able to evaporate 55 t/h of water to produce steam at 300°C; the
feed water is at 25°C, the steam at 1 atm. How much power do you need? (8)

Assume no losses; use mean heat capacities

Question 3 [12]

Equilibrium constant
Consider the reduction of metal oxides to the respective metals by hydrogen gas:

3.1 Formulate the reaction and define the equilibrium constant K for the reduction of a metal oxide of
the composition MO (4)

3.2 Calculate and compare the equilibrium constants at 1000°C for manganese oxide (Mn0O} and cupric
oxide (CuQ) (6)

3.3 Based on the values of the equilibrium constants, what qualitative statement can you make as
regards the usefulness of this reaction for the industrial production of the two metais? (2)
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Question 4 [12]

Gibbs
In an industriai process, the production of MnQ from Mn-dioxide, pyrolusite, at 750°C is
required.

4.1 Formulate the reaction in which pyrolusite is reduced to MnO with coke and calculate the
free energy change for this reduction process at the given temperature. (4)

4.2 Formulate the reaction in which pyrolusite forms MnO by dissociation and calculate the
free energy change for this process at the given temperature. (4)

4.3 Express in words which of the two reactions you would choose and why? (4)

Question 5 [22]

Processes
Consider the reduction of magnetite with coke to form iron

5.1 Formulate the overall reaction (2)

5.2 How much coke (in t} would you have to add for the reduction of 1 t of magnetite?
Assume stoichiometric requirements and coke to be pure carbon (2)

5.3 Estimate the volume of gas {in m3) that is produced by the reduction of 1 t of magnetite

Assume stoichiometric requirements (3)
5.4 if you were to completely combust the produced gas, how much energy could you recover? (4)
5.5 Determine whether the reduction of magnetite is an exo- or endo-thermic process {3)
5.6 As regards the change of entropy for the reaction, what could you predict? (1)

Do not calculate yet but give a reason for your answer
5.7 Demonstrate that the reaction is not feasible at standard conditions (3)

5.8 Estimate the temperature at which the reaction becomes feasible. {4)

The end




METALLURGICAL THERMODYNAMICS

Substance . Enthalpy Entropy Heat Capacity
Name "7 Formula  State Mol Mass Ho.as $%,.e Temp Range a b C..
glmw! Jmol  Jimol K K JAmol K)

T Mn sol 549 320] 208 - 1517 207  18.7] 286
: Mg lig 12100 00| 1517 - 2332 46.0
Manganese carbonate MnCO;  sol 114.9 - 894 100 858 208 - 700 58.1 85.4 106
Manganese oxide MnO sol 709]  -385221]  507] 208 - 1500 428 108 323
Mn-dioxide, pyrolusite MnC,  sol 869] -520020] 530] 208 - 623 351 60| 628
. Hg lig 2006 758 208 - 630 284 21| 274

D auesieer) Hogas  gas 61201 1748] 630 - 3000 208
Mercury oxide, red mercury HaQ sol 216.6 - 90 788 7031 298 - 800 36.6 276] 508
HgS sol 2327 53346 824 298 - 1098 439 154 335

[Mercury sulfide, cinnabar |\ coas  gas 127194  254.2) 1088 - 2000 366 = 05| 374
Methane CH, gas 16.0]  -74873] 186.2] 298 - 1000 193 548 543
N sol 58.7 209] 208 - 1728 1941 235 330
Nickel Nilig lig 17472]  40.0| 1728 - 3187 434
Nickel carbonate NICO,  sol 1187] -e94s54a]  8e2] 208 - 700 671 681 990
fckel carboriyl NICO), gas 170.8] -602910]  410.6] 208 - 2000 1527  29.1] 71348
Nickel oxide NIO sol 747] -239701]  380| 208 - 2228 2089 365 380
Nickel sulfide, millerite NIS sol 008] -87664]  53.0 208 - 1249 365 274 510
N-sulfide, heaziewoodte  NigS;  sol 208.1] -216313] 133.9] 208 - 1062 750
Nirogen N, gas 28.0 191.6] 208 - 1600 280 34| 308
Oxvgen O, gas 32.0 205.1] 298 - 5000 31.9 25 383
Palladium Pd sol 106.4/ 37.8) 298 - 1825 24.2 64 204
Palladium oxide PdO sol 1224 -115478] 388 298 - 1200 21.0 347 58
T Pt sol 195.1 416] 298 - 2046 243 54| 304
Ptliq liq 10685  51.3| 2045 - 4006 34.7

Si sal 26.1 188 298 - 1685 197 61| 255
jiicon Silig iiq 50208| - 48.6) 1685 - 3504 27.2
e SI0; ol 60.1] -910857] 415 298 - 1996 292 588 650
Sio2iq i -901202]  49.3] 1996 - 3000 85.8

Isver Ag sol 1078 427| 298 - 1238 243 25 280
Agig g 11297] 58| 1234 - 2433 235

) ) Ca,510, sol 1722 -2315216] 120.8] 298 - 2403 {450 408 164

Siag, calcium ortho sieale ) i g -2244000]  170.8| 2403 - 2800 209
- Fe;5I0, sol 2038 -1479902] 1452 298 - 1430 1255 605 153

|Skeg. fayate Fe2Si04q lig -1387728]  61.9] 1490 - 1700 241
s sol 321 321 8 - 388 168  204| 230

Suifur Siiq iiq 2122]  378| 388 - 882 300 68| 344
S2gas  gas 128500  228.2) 882 - 5000 352 19 4g2

S0, gas 641 -208813] 2482] 50 - 500 208 319l 380

et SO2h  hi : 500 - 5000 525 30| @07
arey Sngr sol -2002]  441| 208 - 298 258 26.8

Tin  white Sn sol 160.7 512| 208 - 605 218 184 288
Snlig lig 7 029 65.1f 505 - 800 255

Tin dioxide, cassiterite Sn0;  sol 1507]  -577831]  490| 208 - 1903 587 183 7as
lce sol -279 850 < 273 37.0

Water H,0 liq 180 -285830| 699 208 - 373 70 78l 755
H2Ogas gas -241827) 1888 373 - 1600 301  100| 38s

Zn sol 65.4 416] 298 - 693 222 105 277

Zinc Zniiq liq 7322]  522| 693 - 1180 314
Zngas  gas 130415  161.0] 1180 - 2000 20.8

Zinc carbonale, smithonite  ZnCO; sl 1254 -812780]  824] 298 - 500 389  138.1] 930
Zinc oxide, zinclte ZnO sol 814 -350460] 436 208 - 2248 414 95 533
Zinc sulfide, sphalenite ZnS sl o7.4]  201669]  57.7] 208 - 1293 447 108 zas
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R METALLURGICAL THERMODYNAMICS
Substance Enthalpy Entropy Heat Capacity
Name Formula State Mol Mass H §%y:  Temp Range a b C.ca
g/mol Jimol JKmat k) K x10°  Jimal K;

Acetylene C:H, gas 26.0 226 731 201.0] 298 - 3000 50.2 14.2| 729
- Al sol 27.0 283 298 - 933 19.8 144! 285
gminiym Allig liq 10711  398] o33 - 2790 347
] ] ] ALO; sol 102.0] -1675274 509| 298 - 800 582 835 101
Aluminium oxide, alymina i 800 - 2327 1122  127| 133
Ccd sol 112.4 . 51.8] 298 - 594 223 12.2 27.4
Cadrnium Cdlig lig 6192 62.2[ 594 - 1040 297
Cdgas pas 111 796 167.7] 1040 - 1500 208
Cadmium carbonate CdCO;  sol 172.4] - 751 865 925 298 - 800 431 1318 99e
Cadmium oxide CdO sol 128.4 - 258 990 54.8] 298 - 1500 43.0 9.7 51.5
Calcium oxide, kime Cad sol 56.1 -635 080 38.1] 298 - 3200 45.0 8.0/ 560
Ca-carbonate, calcite CaCO;  sol 100.1] -1 206 921 928) 208 - 1200 748  502| 110
Carbon, graphite C sol 12.0 57| 298 - 1100 49 17.2] 163
Carbon monoxide CO gas 28.0 =110 541 197.7) 298 - 5000 30.9 189 330
iy co, gas 4401 -393506] 2138 208 - 500 280 372 358
! COzhi 500 - 5000 519 30| 601
Cr sol 52.0 23.8| 208 - 2130 203 121 30.0
Chromium Criig lig 16900]  31.8] 2130 - 2045 393
Chromium(lil}-oxide Cr,0, sol 152.0] -1138 701 81.2] 298 - 2603 114.8 11.2 131
Iron-chrome spinel  chromife Fe [Cr,04] sol 223.8] -1458 124 142.0] 298 - 2123 1401 35.5 183
Copper Cu sol 63.5 332| 298 - 1358 220 74| 280
Culig Iiq 13 138 428] 1358 - 2843 328
] . Cu0 sol 143.1] - 170 707 823] 298 - 1508 564 258 797
Copperllyoxide, cuprite . 2 0iq liq -105939]  135.0] 1508 - 2000 89.0
Copper{il)-oxide, tenorite =~ CuO sol - 795]  -156083 426) 298 - 1337 408 139 488
Chalcopyrito CuFeS; sol 183.5]  -190 372 1250| 298 - 830 7886 638 114
Cu{l}suifide, chalcocite Cu,S sol 159.1 -81170 116.2) 288 - 1400 479 97.2| 857
Cu-Matte Cu2Slig lig - 68 326 125.3] 1400 - 2000 89.7
Cu(ll)-sulfide, covellite CuS sol 5.6, - 53095 66.5] 288 - 1300 44.4 110 530
Hydrogen H, gas 20 130.7] 298 - 5000 28.2 27 350
iron Fe sol 55.8 273 298 - 1811 2341 16.0] 3s7
Feliq iq 13 807 349] 1811 - 3158 45.0
' N ; FeO sol 71.8 - 2687 270 57.6| 298 - 1650 47.9 10.7| 580
iron(if)-axide, wastits lig -243212]  722| 1650 - 3687 6822
Iron(li)}}-oxide, magnetite Fe,0, sol 2315 -1118383 146.1] 298 - 1870 755 2401 207
Iron-iron spinel Fe [Fe,Q,]  Fe304liq  lig © =980 311 220.0| 1870 - 2000 213
lron{ill}-oxide, hematite FeO, sol 159.7 -824 248 B7.4{ 208 - 1700 78.1 09.8] 142.0
Iron carbonate, siderite FeCO, 50l 115.9 - 740 568 929] 208 - 800 48.7  112.1] 1060
Iron sulfide, pyrrhotite FeS sol 879 - 105 441 60.8] 208 - 1485 31.0 83.0| 68.0
Fe-Matte FeSlig lig - 72977 82.3] 1465 - 3000 62.6
iron sulflde, pyrite FeS, sol 120.0] - 171544 529] 208 - 1000 560 27.8] 73.0
Lead Pb sol 207.2 64.8] 298 - 600 242 8.7 284
Pblig iy 4770 727 80D - 1200 297
o PLO sol 2232| -218062 68.7] 298 - 1150 418  16.4| 531
Lead oxide, litharge PbOlq  ig -192540 907 1159 - 2000 65.0
PbS sol 239.3 - 08 634 91.3| 298 - 1386 466 9.5 540
g el PbSlia  liq -79808|  104.9] 1386 - 2000 66.9
Lead sulfate, anglesite PbSO,  sof 303.3] -923137 149.5] 298 - 1139 885 110.0] 144.0
Mg sol 243 327] 298 - 922 21.4 11.8 28.5
Magnesium Mglig lig 8 954 424] 922 - 1361 32.6
Mggas gas 146 440 148.6] 1361 - 2000 20.8
Mg-carbonate, magnesite MgCO, sol 84.3] 1095798 657 298 - 700 47.8 99.0| 94.0
{Mg-oxide, perikiase MgQ sol 40.3 - 601 241 26.9] 298 - 3105 428 6.0 530
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Vanable, constant or function Unit of measurement
t time 8 second = 1180 min
also measured in 1h hour- - = 3600 8
also measurad In 1d day = 24 h
m maes 8l 1 kg = 1000 g
also 1t = 1000 kg
n mole for chemical calculations _ mol = m /M mol
M Mole mass tabulated g/mol . .
v volume 1 mt cubicmeter = 1000 L fiter
Vina mof volume volume oocupiad by 1 mal of an ideal gas at 273 K 22.4 |/ mol
d density = m/V mass / volume tim’ or kg/L
density of water at 4°C ' = 1kg/L
p pressurs sl 1Pa Pascal = “ANIm*
old but useful 1 &tm atmosphere .= 101 325 Pa
T _temperature also measured in °C K Kelvin = 273 +°C
E energy Eme machanicel 1 Nm Newtonmeter = 14
Ems volume work pY 1atmxL Literatmosphere = 101.3J=Pam?
EnorQ  thermal 14 Joule = 1Ws
Eq electrical 1 Ws Wattsecond = 14
p power = enargy / time 1Jis . ™ 1 W Wett
Hy enthalpy heat content at constant pressure J ¢ mol = U=+py
S antropy = Qu /T J 1 {mol K)
G Gibbe free energy = Hy-TS% J/mol under standard conditions
Gr = “r+RT i K J/mol under non-standard conditions
H’208 5%06 %0 enthaipy, entropy o free energy values under standard conditions at reom temperature
AHAS AG change of enthalpy, entropy or Gibhs free energy in reactions Z preducte - Z reactants
AH"; AS AGY, change of enthaipy, entropy or Gibbs free energy under standard condtions at temp. T
AGy : = AG;+RTin K=AH; -TAS% +RTI K . General reaction isotherm
K equifibrium constant no units . products / T1 reactants
C=C, heat capacity at constant pressure J/ {mol K}
Cr malarhe. atT = [ a+b10°T)ar 44 (mai K) te be integrated from T,, to T,
Cman Mean h.c. = QJ/AT J / (mol K) valid over entire temperaturs interval
R universal gae constant 8.314 J/ (mol K)
F Faraday constant 96 484 Cb / mol = As / mol = 26.8 Alvmol
Ny Avogadro Number number of parficles or molecules per mola of matter = 6E+23 / mol
Oxygen in air oav = 21.0% byvalume oam = 23,2% by mass
Water M= 18.0 g/ mo! 1L=1kg = 55.5 molL
Cdnsumption of slectrical enargy 1 kWh = 1000x3800 We=J = 36 MJ
TR 16° miom  eg 1L microlter = 10 L
m w3 mi 1ms milisecond = 1098
10°=1 unit
k. 107 ko 1 km kilometer = 10°m
M 0%  mega 1 Mg megagram = 10°g = 11
el 107 giga 1G4 gigajoule = 10°J
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