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Extracting U from Ore and converting to UF6.

The vast majority of all nuclear power reactors in operation and under construction require 'enriched' uranium fuel in which the content of the U-235 isotope has been raised from the natural level of 0.7% to about 4%. The enrichment process removes 85% of the U-238 by separating gaseous uranium hexafluoride into two streams: One stream is enriched to the required level and then passes to the next stage of the fuel cycle. The other stream is depleted in U-235 and is called 'tails'. It is mostly U-238. 
So little U-235 remains in the tails (usually less than 0.3%) that it is of no further use for energy, though such 'depleted uranium' is used in metal form in yacht keels, as counterweights, and as radiation shielding, since it is 1.7 times denser than lead. 

A. Extracting U from Ore

The ore is crushed and ground to liberate the mineral particles. It is then leached with sulfuric acid: 
The UO2 is oxidized to UO3. Then, UO3 is reacted with sulfuric acid to dissolve it:
UO3 (s) + 2 H+(aq)  ====> UO22+(solid salt) + H2O


UO22+(solid salt)  + 3 SO42-(aq) ====> UO2(SO4)34-(aq)
KEY: The UO2(SO4)34- is soluble in water and leaches out of the crushed ore.

Concentration and Precipitation of Leached U Compounds
2R3N + H2SO4 ====> (R3NH)2SO4
2 (R3NH)2SO4 + UO2(SO4)34- ====> (R3NH)4UO2(SO4)3 (aq) + 2SO42- (aq) 
(R3NH)4UO2(SO4)3 + 2(NH4)2SO4 ====> 4R3N + (NH4)4UO2(SO4)3 + 2H2SO4 
Precipitation of ammonium diuranate is achieved by adding gaseous ammonia to neutralise the solution (though in earlier operations caustic soda and magnesia were used). 
2NH3 + 2UO2(SO4)34- (aq) ====> (NH4)2U2O7 (s) + 4SO42- (aq)
The diuranate is then dewatered and roasted to yield U3O8 product, which is the form in which uranium is marketed and exported.

U3O8 is then reacted to make pure UO3.
KEY: UO3 formed is pure.

B. Conversion to UF6 prior to Enrichment

Most nuclear reactors require uranium to be enriched from its natural isotopic composition of 0.7% U-235 (most of the rest being U-238) to 3.5-4% U-235. The uranium therefore needs to be in a gaseous form and the most convenient way of achieving this is to convert the uranium oxides to uranium hexafluoride.
After purification, the uranium oxide UO3 is reduced in a kiln by hydrogen to UO2. 
UO3(s) + H2(g) ====> UO2(s) + H2O ............ delta H = -109 kJ/mole
This reduced oxide is then reacted with gaseous hydrogen fluoride in another kiln to form uranium tetrafluoride, UF4, though in some places this is made with aqueous HF by a wet process. 
UO2(s) + 4HF(g) ====> UF4(s) + 2H2O(l) ............. delta H = -176 kJ/mole 
The uranium tetrafluoride is then fed into a fluidised bed reactor with gaseous fluorine to produce uranium hexafluoride, UF6. Hexafluoride is condensed and stored. 
UF4(s) + F2(g) ====> UF6(l or g)
KEY: UF6 is a liquid with a boiling point near 50 oC and can easily be handled as a gas.
C. Enrichment of 235U

KEY: Need to get greater fraction of 235U; lower fraction of 238U

Use difference in molecular speeds of the two gases: 

235UF6: Molecular mass = 349 amu
238UF6: Molecular mass = 352 amu

Two methods: diffusion through porous barriers (109 pores/cm2) and gas centrifuges.

Fuel-Level Enrichment: 4%
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Bomb-Level Enrichment: 90%
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Efficiencies: 


diffusion = 1.002/stage


Final Fraction = 0.7 x (1.002)#cycles
gas centrifuge: 1.2/stage


Final Fraction = 0.7 x (1.2)#cycles

Enrichment Plant
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On the Horizon: Laser Enrichment Process

Another notable event was USEC's decision in May 1999 to abandon the Advanced Vapor Laser Isotope Separation (AVLIS) enrichment process as its future technology. The AVLIS process used lasers passing through high-temperature uranium metal vapor to selectively excite the 235U isotope and separate it in order to produce reactor-grade enriched uranium. There were reports that although the physics of atomic laser separation were quite effective, the engineering obstacles associated with handling vaporous uranium metal may have been too difficult or costly to overcome. 
Reacting the Fuel: Fission Reactions

After enrichment, the hexafluoride is turned into UO2, which is made into pellets and these are assembled into fuel rods for the reactor.
In the reactor the nuclear fission chain reaction produces neutrons which cause further fission in U-235 atoms. The fission of a U-235 atom typically releases about 200 MeV*, or 3.2 x 10-11 Joule, (contrasting with 4 eV or 6.5 x 10-19 J per molecule of carbon dioxide released in the combustion of carbon). The fission reaction produces fission products such as Ba, Kr, Sr, Cs, I, and Xe with atomic masses distributed around 95 and 135.
For example, 
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Neutrons released can induce reactions in other 235U nuclei, which in turn release neutrons, propagating a chain reaction.
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In a typical coal or nuclear power station making steam to turn turbines, the thermal efficiency is usually around 33%. That is to say, the energy released by combustion or fission results in about one third as much energy being produced as electricity. 
The chain reaction is controlled by limiting the proximity of 235U nuclei to other 235U nuclei. In a reactor, this is done using “Control Rods,” which contain B. B absorbs neutrons readily, limiting their reaction with other 235U nuclei.
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Fast neutron reactors  (Also called fast breeder reactors)

Fast neutron reactors are a different technology from those considered so far. They generate power from plutonium by much more fully utilizing the uranium-238 in the reactor fuel assembly, instead of needing just the fissile U-235 isotope used in most reactors. If they are designed to produce more plutonium than they consume, they are called Fast Breeder Reactors (FBR). For many years the focus has been on the potential of this kind of reactor to produce more fuel than they consume, but today, with low uranium prices and the need to dispose of plutonium from military weapons stockpiles, the main interest is in their role as incinerators. 

In the closed fuel cycle it can be seen that conventional reactors produce two "surplus" materials; plutonium (from neutron capture, separated in reprocessing) and depleted uranium (from enrichment). The fast neutron reactor uses plutonium as its basic fuel while at the same time converting depleted (or natural) uranium, basically U-238, comprising a "fertile blanket" around the core, into fissile plutonium. In other words it "burns" and can "breed" plutonium*, as shown in Figure 13. Depending on the design, it is possible to recover from reprocessing the spent fuel enough fissile plutonium for its own needs, with some left over for future breeder reactors or for use in conventional reactors. 

Some of the U-238 in the reactor core becomes plutonium-239 and Pu-240. The Pu-239 is fissile in the same way as U-235, and typically releases about 210 MeV* per fission. Atomic masses of fission products are distributed around 100 and 135. 
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* Both U-238 and Pu-240 are "fertile" (materials), i.e. by capturing a neutron they become (directly or indirectly) fissile Pu-239 and Pu-241 respectively. 

