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23-1 General Properties
Atomic (Metallic Radii)
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Atomic radii of the d-block elements
FIGURE 23-1
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Electron Configurations and Oxidation States

• an inner core of electrons in the [Ar] configuration
• two electrons in 4s for eight members and one 4s electron 

for the remaining two (Cr and Cu)
• 3d electrons ranging from one in Sc to ten in Cu and Zn

For Titanium, [Ar]3d24s2, we note several features:
• several possible oxidation states, Ti2+, Ti3+ and Ti4+

• maximum oxidation state corresponds to group number (4)
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Positive oxidation states of the elements of the first transition series
FIGURE 23-2
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Ionization Energies and Electrode Potentials
Ionization energy is fairly constant across the first transition 
series and are similar to those of group 2 metals.

Standard electrode potentials gradually increase across the 
series, but all are more readily oxidized than hydrogen.
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Ionic and Covalent Compounds

Significant covalent character when forming compounds with 
non-metals.

BeCl2, AlCl3 (Al2Cl6) are molecular compounds.

Compounds display both ionic and covalent character. 

Lower oxidation states are essentially ionic, while thoise in 
higher oxidation states have covalent character.

MnO Mn2O7

ionic solid
mp 1785°C

red, oily, 
molecular liquid

boils at rt
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Schematic representation of the metal-catalyzed hydrogenation of C2H4

FIGURE 23-3

Catalytic Activity
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Color and Magnetism

Figure 23-4
Ferromagnetism and paramagnetism compared
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Comparison of Transition and Main-Group 
Elements

d orbitals are as important as s and p orbitals giving rise to 
behavioral differences between transition and main-group 
elements.
• Multiple versus single oxidation states
• complex-ion formation
• Color
• magnetic properties
• catalytic activity
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Concentration of an ore by flotation
FIGURE 23-5

23-2 Principles of Extractive Metallurgy
Concentration
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Roasting
ZnCO3(s)              ZnO(s) + CO2(g) (23.1)

2 ZnS(s) + 3 O2(g)             2 ZnO(s) + 2 SO2(g) (23.2)

ZnO(s) + C(s)             Zn(g) + CO(g) (23.3)

Reduction
∆

ZnO(s) + CO(s)             Zn(g) + CO2(g) (23.4)
∆
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Refining
ZnO(s) + 2 H+(aq) + SO4

2−(aq)            Zn2+(aq) + SO4
2−(aq) + H2O(l)

(23.5)
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Metallurgy.
FIGURE 23-6

Zone Refining
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The principle of zone refining
FIGURE 23-7
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Thermodynamics of Extractive Metallurgy
2 C(s) + O2(g)            2 CO(g) ∆rG° (a)(a)

2 ZnO(s) + O2(g)            2 ZnO(s) ∆rG° (b)(b)

2 C(s) + O2(g)            2 CO(g) ∆rG° (a)(a)

2 ZnO(s)             2 Zn (s) + O2(g) −∆rG° (b)−(b)

Overall: 2 ZnO(s) + 2 C(s)               2 Zn(s) + 2 CO(g) ∆rG° = ∆rG° (a)
−∆rG° (b)
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∆rG° as a function of temperature for some reactions of extractive metallurgy
FIGURE 23-8
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Alternative Methods in Extractive Metallurgy

Vacuum-distilled metallic titanium 
sponge produced by the Kroll process

Electrolytic production of Ti(s) 
from TiO2(s)
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Metallurgy of Copper

FeO(s) + SiO2(s)            2 FeSiO3(s) (23.9)
∆

Concentration of copper is done by floatation and roasting converts iron 
sulfides to iron oxides.  Below 800°C the CuS is not converted to the oxide.

Reduction of roasted ore at 1400°C causes melting and separation into two 
layers; the bottom layer is copper matte and the top layer is silicate slag.

Slag

Converstion

2 Cu2S(l) + 3 O2(g)            2 Cu2O(l) + 2 SO2(g) (23.10)
∆

2 Cu2O(l) + Cu2S(g)            6 Cu (l) + SO2(g) (23.11)∆

blister copper
Refining

Electrolytically refined to high-purity copper for electrical applications if needed.
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Slag formed during the smelting of copper ore.
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Pyrometallurgical Processes

Any metallurgical method based on roasting an ore, 
followed by reduction of the oxide to the metal.

• large quantities of waste produced in concentrating 
low-grade ores

• high energy consumption to maintian temperatures 
required
• control of gaseous emissions such as SO2
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Hydrometallurgical Processes
Materials are handled in aqueous solutions at moderate 
temperature.  Three steps are involved.

1. Leeching: Extraction of metal ions by a liquid, such as 
water, acids, bases or salt solutions.  Redox processes may be 
involved.
2. Purification and concentration: Separation of impurities by 
methods such as absorption on charcoal or ion exchange.
3. Precipitation: The desired metal is precipitated in an ionic 
solid, or reduced to the solid (often electrolytically).
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4 Au(s) + 8 CN−(aq) + O2(g) + 2 H2O(l)           4 [Au(CN)2]−(aq) + OH−(aq)
(23.12)

cyanation

2 [Au(CN)2]−(aq) + Zn(s)             2 Au(s) + [Zn(CN)4]2−(aq) (23.13)

displacement
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Typical blast furnace
FIGURE 23-9

23-3 Metallurgy of Iron and Steel
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Pig Iron
simplified process in blast furnace:

Fe2O3(s) + 3 CO(g)            2 Fe(l) + 3 CO2(g) (23.15)
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Steel

Three fundamental changes must be made to convert 
pig iron to steel:
1)reduction of carbon content from 3-4% to 0-1.5%.
2)removal of Si, Mn, P and other minor impurities through slag 
formation.
3)addition of alloying elements (Cr, Ni, V, Mo, W) to give steel its 
desired end properties.
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A basic oxygen furnace
FIGURE 23-10
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23-4 First-Row Transition Metal 
Elements: Scandium to Manganese

Scandium
• 0.0025% of earths crust, more abundant than many 

better known metals.
• Mostly obtained from uranium ore.
• Limited commercial use.
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Titanium

• 0.6% of earths crust, 9th most abundant element.
• low density and high structural strength and corrosion 

resistance.
• extensive use in aircraft and chemical industries, and in 

bone and dental implants.
• Titanium tetrachloride,TiCl4 is commercially important 

and is used to prepare other titanium compounds.
• Titanium dioxide, non-toxic TiO2 has displaced toxic 

lead carbonate in paints.
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Titanium joint implants at
the hip and knees.

White TiO2(s), mixed with other 
components to produce the desired color, 
is the leading pigment used in paints.



Slide 23 - 33 Petrucci’s General Chemistry: Chapter 23 © 2023 Pearson Education Ltd. All Rights Reserved

Vanadium

• 0.02% of earths crust, fairly abundant.
• Several complex ores such as vanadinite, Pb5(VO4)3Cl.
• Ferrovanadium contains 35 to 95% V in Fe.
• 80% of V production is for steel.
• Most important compound is V2O5 used as a catalyst for 

conversion of SO2 to SO3 in the contact process for 
production of sulfuric acid.

• various oxidation states and acid-base characteristics.
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Some vanadium species in solution
FIGURE 23-11
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Chromium
• 0.0122% in earths crust and one of the most important 

industrial chemicals.
• Hard and maintains a bright surface through the action 

of an invisible oxide coating.
• Resistant to corrosion and used to plate other metals.
• Variety of oxidation states
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Decomposition of (NH4)2Cr2O7

FIGURE 23-12
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Relationship between Cr2+ and Cr3+
FIGURE 23-13
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Manganese

• 1% of earths crust, fairly abundant.
• Important for steel production.
• Exhibits all oxidation states from +2 to +7. 
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Electrode potential diagrams for manganese
FIGURE 23-14
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Cobalt-samarium magnets are used in high-efficiency motors

23-5 The Iron Triad: Iron, Cobalt, and Nickel
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Oxidation States
The +2 oxidation state is commonly encountered in all three metals

For Co and Ni the +2 state is most stable, but for Fe it is +3



Slide 23 - 44 Petrucci’s General Chemistry: Chapter 23 © 2023 Pearson Education Ltd. All Rights Reserved

Some Reactions of the Iron Triad Elements
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Structure of some simple carbonyls
FIGURE 23-15



Slide 23 - 46 Petrucci’s General Chemistry: Chapter 23 © 2023 Pearson Education Ltd. All Rights Reserved

23-6 Group 11: Copper, Silver, and Gold

Gold leaf and copper wire Gold plating on a space antenna
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23-7 Group 12: Zinc, Cadmium, and Mercury
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Mercury differs from Zn and Cd in a number of ways in 
addition to physical appearance.

• little tendency to combine with oxygen, HgO is unstable.
• very few Hg compounds are water soluble or even hydrated.
• many Hg compounds are covalent, and except for HgF2, the 
halides are only slightly ionized in aqueous solution.
• Hg(I) forms a common diatomic ion with a metal-metal covalent 
bond, Hg2

2+.
• Hg will not displace H2(g) from H+(aq).
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Uses of the Group 12 Metals
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Mercury and Cadmium Poisoning

The area of contamination in Japan 
where mercury poisoning was observed.
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23-8 Lanthanides

Lanthanum (Z = 57) through lutetium (Z = 71) are called 
lanthanide, lanthanoid or rare earth elements.
• not very rare.
• occur primarily as oxides.
• mainly 4f orbitals, and because 4f play a minor role in 
chemical bonding, similarities are found among the elements.
• very similar properties among the elements.
• +3 is the most common oxidation state.
• difficult to extract fro their natural sources and to separate 
from one another.
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Magnetic levitation using a superconductor
FIGURE 23-16

23-9 High-Temperature Superconductors
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Structures of YBa2Cu3O7 and LOFeAs
FIGURE 23-17
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End of Chapter
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