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Not only crude oil and natural gas, metal resources will be exhausted in future. The number of year available
for such mineral resources has been estimated to be less than 30 years for lead, zinc and tin. On the other hand,
metal is different from oil and the natural gas and does not disappear when it is recycled. There exist possibility
and necessity to recycle the metal from wastes not only to avoid the exhaustion of the metal resources but also to
prevent environmenial poliution.

Every year Jjapan consumes a large amount of nonferrous metals. However, the supply depends almost
completely on the overseas mines (For examples: Copper: 99.9%, zinc: 92.0% at 2001). A simple and reliable
method to sulfidize the metal oxides in a waste is quite reasonable for recycling these nonferrous metals compared
to the difficulties in the specitic development of new recycling process for each specific kind of waste. The use of
sulfides in the reported sulfidization generally results in secondary contamination. On the other hand, little
attention has been paid to the use of elemental sulfur. This sulfur has been emitted as byproducts from oil
refineries and the mining industry, in addition to the natural occurrence, so that an inexpensive supply exists.

Once sulfur would be used for sulfidizing metal oxide by a simple method, it would be very useful to recover it
from waste such as fly ash. The simple method would be a milling operation, due to non-thermal operation,
leading to mechanochemical reaction. That is, it is known that milling operation induces mechanochemical
changes including mechanochemical effects such as activation, amorphization and phase transformation and
mechanochemical solid state reactions. There are increasing reports about mechanochemical phenomena
involving almost every branch of chemistry, of which mechanochemical treatment of sulfide minerals to raise

leaching kinetics and synthesis of some sulfides as functional materials are the examples.



A systematic investigation of sulfidization including complete sulfidization, surface sulfidization and minor
sulfidization/sulfur doping by means of mechanochemical treatment using element sulfur as starting sample has
been tried in this thesis. As the applications of mechanochemical sulfidization, development of a new
metal-recycling process is attempted. Further development of minor sulfidization, namely doping sulfur, has been

also tested for the synthesis of doped photocatalyst.

This thesis consists of six chapters, and followings are brief contents.

Chapter 1 has surveyed the importance and necessity about metal recycling and development of a new method
for sulphidizing metals and metal oxides. Then, an introduction is made toward the understanding of
mechanochemical effects and mechanochemical reactions.

Chapter 2 has dealt with the sulphidization reaction of nonferrous metal oxides such as CuQ, ZnO by
cogrinding with sulfur and iron powders as a reducer. The merit of this process is the use of elemental sulfur and
there is no much concern over the release of secondary toxic wastes related to the suifides. The mechanically
induced solid-state reaction results in the formation of nonterrous metal sultides without observable emission of
other hazardous gases. As a reference, other oxides such as TiO, and 800, are also examined. The necessary
conditions to achieve such sulfidization are clarified by thermodynamic discussions on both successful reaction
and unsuccessful one. Fe powder plays a significant role to reduce the oxides during the grinding, forming
magnetite. There exists the tendency for the formation of iron suifide during the grinding. The negative change in
AGaos is not sufficient to cause the reaction to occur. Successful suifidizing reactions exhibit a larger standard
Gibbs free energy change in absolute value than the corresponding formation reaction of iron sulfide.

Chapter 3 has studied the surface coating of sulphur on nonferrous metal oxide under mild milling conditions.
The improvement in the floatability of the oxide suspended in liquid under gaseous condition is achieved and
discussed by analyzing the surface compositions of the coated oxide. Direct sulfidization reaction resulfs in, the
sulfide product of heavy agglomerate. It is not easy to disperse and disaggregate these agglomerates. When
grinding conditions are controlied so as to prevent the reaction, no agglomeration takes place. As show in Figure 1,

the XPS analysis has indicated the difference between

Cu0+§ CuO sample and SiO, sample when ground with
| sulphur separately. The only observable S-S bonding
means that sulphur is just in a physically mixed state
with 810, sample. The existence of S-O and $-Cu
bonding confirms the chemically absorption of

sulphur sainple on the surface of CuO sample. As a

result, the surface properties of CuO and Si0; sample
ground with sulphur have changed in a different way.

When the sulfur is coated on the surfaces of the oxides
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) Binding Energy (eV) found to be dependent on kind of oxide. This
Figure 1: The XPS analysis shows significant results



phenomenon can be used to separate them.
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method allows the use of solid sulfur as the dopant and Figure 2: The relationship between light wavelength

easy doping has been achieved. A visible-light active

be

TiOyS: photocatalyst can

and the photoeatalytic ability for the
oxidation of NO of the prepared samples

synthesized by

cogrinding TiQ, with sulphur and subsequent heating at low temperature. As show in Figure 2, it is clearly

observed that the refercnce sample (a) exhibits low photocatalytic activity by the irradiation of light with

wavelength over 510 nm. On the contrary, about 20% NO has been removed in the range of the wavelength over

510 nm for sample (b), while nearly 40% NO is decomposed for sample (¢}. This means that sample (¢) has a high

photo-reactivity under visible-light irradiation. The photocatalytic ability of the prepared samples is found to be
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Figure 3: Raman spectra of the samples ground for
120 minutes with different added molar ratio of TiS,
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almost the same as that of the reference sample under ultraviolet
light. Similarly sulfur doping to other oxides such as ZnO has
been applied.

Chapter 5 has discussed the doping of TiO, by cogrinding
with TiS; and Raman spectroscopy has been done for the doped
oxide. The solid state reaction between two compounds offers an
easy doping operation without further heating treatinent. This
chapter introduces the basic information on the solid state
reaction between TiS; and TiO, by means of mechanochemical
method and evaluates the feasibility of Raman spectroscopic
analysis for the doped oxide. When TiO, is doped with nonmetal
elements, the oxygen stoichiometry will vary correspondingly.
The line positions due to the Raman active Eg mode in TiO,
have been reported to be sensitive to this oxygen deficiency. As

show in Figure 3, it is interesting to note that, with an increase



in added molar ratio of TiS,, the peak 438 em™ (Xg) mode has demonstrated a further clear shifting to a lower
mode based on the ground sample without TiS, addition while the peak 609 e’ related to Ti-O stretch mode
shows little shifting compared with the peak 438 cm’™’. Because both samples with and without TiS, additions
were ground under the exactly same conditions, effects of deflects, strains and impurity doping resulting from the
grinding treatment may be considered to be equal.

Chapter 6 has summarized the experimental results and conclusions drawn from the works done in each chapter.
It is concluded that the investigated mechanochemical sulfidization is applicable for recycling metals from wastes

and preparing suifur-doped photocatalyst.
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