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1.1 Sustainable development

One of the most commonly cited definitions of the sustainable development
states that the sustainable development is “economic development that meets the needs
of the present generation without compromising the ability of future generations to meet
their own needs” [1]. Meanwhile, the sustainable development can also be defined as
“the kind of human activity that nourishes and perpetuates the historical fulfilment of
the whole community of life on Earth” [2]. Basically, the sustainable development
aims at developing people (child survival, life expectancy, education etc.), economy
(wealth, productive sectors and consumption) and the society (institutions, social capital
and states), while sustaining nature (Earth, biodiversity and ecosystems), life support
(ecosystem services, resources and environment) and community (cultures, groups,

places and regions) [3].

When further considering the goal of sustaining the life support, the need for
preservation of energy and material resources is clearly of great importance. From the
energy demand point of view, the presently used energy resources such as fossil and
nuclear fuels are classified as finite energy resources, while the only permanent energy
supply on Earth is the solar energy. Thus, if sustainability is to be achieved, a
development of new technologies capable of capturing the solar energy is required to
meet the energy demand of human society in case that presently used energy resources
are depleted. By contrast, all material resources are limited to the present global
supplies and therefore recycling of material resources is an inevitable requirement to
accomplish the goals of sustainable development. The material resources recycling is
not a new process and the sustainable recycling of the material resources has been going
on Earth for about four billion years. However, during the last few centuries, this
natural recycling system has been adversely affected by the technological progress of
human society [4]. In order to counteract the adverse impacts of the technological
progress on the natural recycling system, a better understanding of the natural recycling
system as well as the effects of human activities on the natural recycling is necessary.
One of the ways of deeper understanding of this recycling system includes an evaluation
of the flows of various materials through the environment and the construction of so

called material cycles.



1.2 Material flows and material cycles

The number of various natural materials exploited by human society has
significantly increased since the time of industrial revolution, which ensued from
enormous progress in the development of technologically advanced society. These
materials, including engineering metals, are derived from natural deposits such as rocks;
sediments etc., and prior to their actual use as useful products; these raw materials
usually undergo a transformation process. Subsequently, at the end of life cycle,
eventually a large fraction of these materials is returned to the environment [5]. The
flows of these materials through the environment are commonly described using
material cycles. The material cycles have their origin in biogeochemistry and they are
composed of reservoirs — the compartments in which the material can be stored and the

material flows termed as material fluxes.

Reserves || Manufacturers p——p| Users | Landfills

[

Fig. 1.1: Four reservoir model of an anthropogenic open cycle [5]

An example of simple four-reservoir model of an anthropogenic open cycle is
given in Fig. 1.1 [5]. The cycle consists of the mobilization of raw material resources
from geological reserves, the material transformation during manufacturing, utilization
of manufactured materials/products by users, recycling of spent material/products and
disposal of spent materials/products to a landfill [5]. The most important thing to be
noticed is that the first reservoir (Earth’s crust) continuously supplies raw material,
while the last reservoir continually receives it. The term landfill used in this figure for
the last reservoir implies not only actual landfill as a repository for anthropogenic
material, but also includes terrestrial sediments, ocean sediments, seawater etc. The

landfill represent an accumulative reservoir, which means that the cycle shown in the



Fig. 1.1 remains opened (cycle is not in balance). In order to bring this cycle into the
balance, an introduction of a material flux from accumulative reservoir of landfill to
manufacturers or reserves compartments is an essential requirement. Example of such
additional material flux (dashed green line in the figure) was added to the cycle to
express the need for recycling of spent materials which are presently being disposed of

to landfill sites.

1.3 Metal cycles

This dissertation thesis focuses on the recovery of heavy metals of zinc, lead,
copper and nickel from industrial waste such as plating sludges and incineration fly
ashes, and hence only metal cycles of these four metals will be further discussed in

terms of mobilization, transformation, utilization in useful applications and disposal.

1.3.1 Mobilization

As shown in Fig. 1.1, the materials-heavy metals are at first mobilized from the
first reservoir (Earth’s crust). The mobilization itself can be divided into natural
mobilization, which constitutes of mobilization of heavy metals by plants and by sea
spray, and anthropogenic mobilization which is composed of heavy metals ore mining
as well as coal and petroleum mining. Subsequently, to determine the mobilization,
the average concentration of each metal in coal, petroleum, crust, seawater and dry
plants are required and the values used by Klee and Graedel [5] are given in Table 1.1.
Further, Klee and Graedel [5] used the annual mining production of each metal [6],
worldwide consumption of fossil fuels of 4741 Tg/yr [7], biomass burning of 8600
Tg/yr [8], suspended sediment flux of 1500 Tg/yr, expressing crustal weathering [9], sea
spray of 2x10"" Mg/yr [10] and plant primary production of 224,500 Tg/yr [11] and they
estimated the annual anthropogenic and natural mobilization, as shown in Table 1.2.
In this table, the total mobilization of heavy metals is divided into anthropogenic
mobilization (mining, fossil fuel burning and biomass burning) and to natural

mobilization (crustal weathering, sea spray and plant primary production) [5].



Table 1.1: Mobilization factors used in mobilization calculations [5]

Average Average Average Average Average
Element concentration in concentration in concentration in concentration in concentration in
coal [g/Mg] petroleum [g/Mg] crust [g/Mg] seawater [g/Mg] dry plant [g/Mg]
Cu 15 0.4 14 0.001 10
Pb 40 0.3 17 0.00004 2.7
Ni 20 66 19 0.001 3.0
Zn 50 0.8 52 0.8 45

Table 1.2: Calculation of mobilization rates and dominance [5]

Anthropogenic mobilization Natural mobilization Mobilization summary
Minin Fossil Biomass Total Crustal Sea spra Eﬁzt Total :
Element (Gelye agr | fuels burning (Te/year] weathering G /pe ar}][ fo duc t?(l) n [Telyear] Total ~ Anthropogenic
&y [Ge/year] [Gglyear] | &Y [Gg/year] &y P &y [Tg/year] as % of total
[Gg/year]

Cu 13,200 72 86 13 21 0.2 2,245 2.3 16 85
Pb 3,100 191 23 3.3 26 0.01 606 0.6 3.9 84
Ni 1,250 311 26 1.6 28 0.5 673.5 0.7 2.3 69
Zn 8,730 240 387 9.4 78 293 10,103 10 20 47




In Table 1.2, it can be seen that the anthropogenic mobilizations represent 47%,
84%, 85% and 69% of total mobilizations of zinc, lead, copper and nickel, respectively.
Furthermore, the anthropogenic mobilizations can be almost completely attributed to the
mining activities since mining represents 92%, 94%, 99% and 78% of total
anthropogenic mobilizations for zinc, lead, copper and nickel, respectively. To briefly
conclude this part, we can say that with an exception of zinc, the anthropogenic

mobilization plays a major role in heavy metals mobilization [5].

Finally, an interesting relation between anthropogenic mobilization and
solubility of a particular chemical form of element in water was discovered by Klee and
Graedel [5] as shown in Fig. 1.2. In particular, the heavy metals, which are generally
present in the nature either as relatively insoluble metal oxides (oxide ores) or metal
sulfides (sulfide ores) [12], were characterized by a much higher contribution of
anthropogenic mobilization to the total mobilization in the environment than sodium

and potassium which are typically present as easily soluble sodium and potassium

chlorides.
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Fig. 1.2: Plot of anthropogenic mobilization against the aqueous solubility of common

chemical forms of elements in nature [5]



1.3.2 Refining of heavy metals

As mentioned in Section 1.3.1, heavy metals are mainly present in the crust
either as metal sulfides or metal oxides. In the case of zinc and lead, the respective
principal metal ores are sphalerite (ZnS), which accounts for 90% of zinc production,
and galena (PbS) [13,14]. Concerning copper ores, either copper sulfide or oxide ores
are presently mined. Among numerous copper sulfide minerals, chalcopyrite (CuFeS,),
covellite (CuS), chalcocite (Cu,S), bornite (CusFeSs), enargite (CuzAsSs) and
tetrahedrite ((CuFe);2SbsS3) are the most widely exploited. Meanwhile, chrysocolla
(CuSi0Os3), malachite (CuyCOs), azurite (Cus(CO3)2(OH),) and cuprite (CuyO) are the
predominant copper oxide minerals [15]. Finally, nickel is in the nature present in
either magmatic sulfide ores such as pentlandite (Ni,Fe)oSg mined underground or in
lateritic hydrous nickel silicates and garnierites, which are surface mined [16,17]. The
content of heavy metals in presently mined ores is reported to be quite low and usually
varies in the range of 1 to 10% for zinc, 1 to 5% for lead [18], 0.5 to 1.0% for copper
[19,20] and 1 to 4% for nickel [16].

After extraction (mining), the ores are ground and subjected to a subsequent
beneficiation process of desirable minerals. In the case of sulfide ores, flotation, which
has already been used for more than hundred years, is reported to be still the most
modern, the most efficient, and the most widely applicable technique for separation of
metal sulfides from tailings. Flotation is based on the highly specific attachment of
particles of one desirable mineral or group of minerals, suspended in a solution
containing various flotation additives, to air bubbles. Consequently, the bubbles (with
mineral particles attached) are consequently brought to the surface and collected to

achieve separation of desirable mineral from tailings [21-23].

The froth flotation is the most important separation technique in the processing
of lead and zinc ores and its effectiveness depends on four major factors related to the
nature of ore body: the degree of oxidation of the ore, the abundance of iron sulfides,
the presence of copper minerals, and the basic or acidic nature of tailings [14,24].
Similarly, in copper ore processing, about 75% of total amount of copper is

concentrated from copper minerals using the froth flotation [15,25]. After flotation,



the concentrate is subjected to smelting and refining processes before the “pure” metal
is finally obtained. As an example, a typical flow sheet for copper metal production is

shown in Fig. 1.3.

Cu . Cu
Ore | Cusulfidel  Cconcentration | concentrate| Smelting | Blister | cathodes
Mining 0_’ (Crushing-Flotation) — Conversion Refining m
1% Cu 20-35% Cu 98-99.5% ) 0

Cu Cu

Fig. 1.3: Simplified diagram for the pyrometallurgical route in copper production [19]

1.3.3 Use of heavy metals

Copper: Copper is characterized as one of the most important metals owing to
its durability, ductility, malleability, and electrical and thermal conductivity. Copper is
used primarily as the pure metal or in alloys such as brass, bronze, gun metal, and
“Monel metal” (an alloy of nickel and copper and other metals (such as iron and/or
manganese and/or aluminium). The copper metal and copper alloys are used in
constructions, electrical and electronic products, transportation equipments, industrial
machinery and equipments, and consumer and general products [26]. It is reported that
a small percentage of copper production goes also into the manufacture of copper
compounds, mainly copper sulfate. Copper sulfate is used in agriculture, metal

finishing, mineral froth flotation, wood preservatives, and for water treatment [26].

Lead: The commercial importance of lead is a result of its ease of casting, high
density, low melting point, low strength, ease of fabrication, acid resistance,
electrochemical reaction with sulfuric acid, and chemical stability in air, water and soil.
The primary use of lead is in the manufacture of lead-acid storage batteries, including
SLI (Start, Light, Ignition) batteries used in cars, trucks, and other vehicles and
industrial type lead acid batteries. Further, lead is utilized in other applications such as
alloys used in bearings, brass and bronze and some solders; sheets and pipe for nuclear
and X-ray shielding; cable covering; noise control materials; chemical resistant linings;
ammunition; pigments and lead compounds used in glass making, ceramic glazes,

plastic stabilizers, caulk, and paints [27].



Nickel: Nickel is primarily used in alloys because it imparts to a product such
desirable properties as corrosion resistance, heat resistance, hardness, and strength.
Nickel alloys are often divided into categories depending on the primary metal with
which they are alloyed and their nickel content. Nickel salts are used in electroplating,
ceramics, pigments, and as catalysts. Sinter nickel oxide is used as charge material in
the manufacture of alloy steel and stainless steel.  Nickel is also used in
nickel-cadmium (NiCd) and nickel-metal hydride (NiMH) batteries. Among these
applications, the highest amount of nickel is consumed in the production of stainless
steel and heat-resistant steel followed by the production of nickel-copper and

copper-nickel alloys, electroplating etc. [25].

Zinc: The primary use of zinc metal is as a protective coating of other metals,
such as iron and steel. In general, the protective coating is achieved by various
methods including hot-dip galvanizing, continuous-line galvanizing, electro-galvanizing
(electroplating), zinc spraying, and painting with zinc-bearing paints. Further, zinc
metal is frequently alloyed with other metals (e.g., aluminium, copper, titanium, and
magnesium) to impart a range of properties and zinc alloys are used for casting and
wrought applications, dye-casting, construction, and in other alloys (e.g., brass and
bronze) which may be found in electrical components of many household goods. In
addition, zinc compounds such as zinc oxide have dental, medical, and household

applications [28].

1.3.4 Production and consumption of heavy metals

The consumption of heavy metal has exponentially increased from the beginning
of the industrial revolution owing to the fast development of an advanced society.
Figure 1.4 shows the increase in the world mine production (so called primary
production) of heavy metals of copper, lead, nickel and zinc. In details, it can be seen
that the primary production of copper and zinc steeply increased over the last decade,
while the productions of lead and nickel were relatively stable over the last several

decades.
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The exact values of primary production vary from source to source and the
values given in references [6] and [29] for the year of 2002 were as follows: the primary
production of copper, zinc, lead and nickel amounted to 13.6 million tons, 8.36 million
tons (8.89 million tons according to reference [29]), 2.91 million tons (2.83 million tons

according to reference [29]) and 1.34 million tons, respectively [6].

Generally, the world consumption of heavy metals is much higher than the mine
production (primary production) of heavy metals and the deficit in the primary
production is balanced by the metal recycling (so called secondary production). For
instance, in 2002, the total productions of zinc and lead were 9.71 million tons and 6.67
million tons, respectively. Meanwhile, the total world consumption of zinc was 9.38

million tons and the total world consumption of lead was 6.65 million tons [29].

Figure 1.5 shows the world primary production compared with the world
reserves in a long-term picture for the heavy metals of copper, lead, nickel and zinc.
The productions given in this figure are cumulative primary productions in 1800s and
1900s, while the reserve base is defined as a part of an identified resource that meets
specified minimum physical and chemical criteria related to current mining and
production practices, including those for grade, quality, thickness, and depth [30,31].
It should be noted that much of the primary production has been incorporated in
long-life products, many of which will ultimately be recycled back into the supply-chain.
However, just with an exception of lead, in whose case the secondary production is
already more important than primary production, recycling (secondary production) is
very unlikely to meet the world’s annual needs for metal. This implies a continuous
need for discovery and development of new sources of supply as well as development

of advanced recycling technologies to increase the secondary production [30].

Based on the world primary production and data available on reserve bases, an
estimation of reserve lives of copper, lead, nickel and zinc was attempted by several
researches. Table 1.3 shows the estimation of reserve lives of these heavy metals as
given in literature [30,31]. Given the estimations in this table, it can be concluded that
the heavy metals reserves would be depleted within this century, which increases the

need for heavy metals recovery/recycling.
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Table 1.3: Estimated reserve-lives of selected heavy metals

Heavy Reserve base Reserve life Reserve base Reserve life
metal [million tons]" [years] D [million tons] ? [years] 2)
Cu 650 35 610 61
Pb 143 41 120 43
Ni 140 50 110 100
Zn 430 36 330 46

1) cited from Reference [30] (the estimation based on data from ILZSG — International Lead and
Zinc Study Group, ICSG — International Copper Study Group and INSG — International Nickel
Study Group)

2) cited from Reference [31] (the estimation was based on data from US Geological survey, 1997)

1.3.5 Recycling: physical and chemical separation

As discussed in previous section, the natural deposits of heavy metals would be
soon depleted and therefore, a recycling system should be developed to decrease the
need for primary production of heavy metals and to achieve as complete cycling of
heavy metals as possible. Presently, the metal recycling system generally focuses on
collecting “pure” metals and metals alloys from end-use products, such as vehicles,
construction waste (electrical and plumbing systems, heat exchangers and so on),
electrical appliances etc. [31]. After collection, the metals are simply re-melted and
combined with primary refined metal. The process is relatively simple, but a complete
recycling of metals is not accomplished. Consequently, the metals are disposed of to

landfill sites, as a part of municipal or industrial waste.

Furthermore, the metals are many times collected in the form of a mixed waste
stream and thus a separation of desirable metals is required. The presently used

separation processes are basically divided into physical and chemical separation.

Physical Separation of ferrous and nonferrous metals, including copper, lead

nickel and zinc, from mixed waste stream is based on differences in physical
characteristics such as density and electromagnetic properties to separate metals from

other materials and from one another. A high efficiency can be achieved using
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physical separation and the metals recovered in such a manner are classified as

secondary metal source [31].

Chemical separation can be used to recover heavy metals from many kinds of

industrial waste such as wastewaters, waste liquors, solid waste etc. Among these, the
wastewaters and waste liquors are considered to represent the majority of industrial
waste subjected to chemical separation. The efficiency of metals recovery depends on
the metal concentrations in the wastewaters/waste liquors, properties of the solvent (pH,
viscosity), and also on the presence of other metals and chemicals in wastewaters/waste
liquors [32]. The actual recovery from wastewaters/waste liquors is achieved by
chemical precipitation, ion-exchange techniques or membrane technologies [31]. In
addition, Wernick and Themelis [31] also reported that standard hydrometallurgical as
well as pyrometallurgical processes can be used to remove metals from some industrial

wastes.

1.3.6 Recycling of copper, lead, nickel and zinc

Copper: In 1999, the Division for Sustainable Development of the Department
of Economic and Social Affairs of the United Nations reported that copper recycling
fluctuated in the range of 35% to 41% over the period of 1976 to 1997 [33]. Similarly,
in 1996, Henstock [34] reported that the overall efficiency of copper recycling from
waste was about 50% which also indicated that an enormous amount of copper was lost
from the economy. The copper missing in Henstock’s statistics was supposed to be
either still in use (thus unaccounted for the statistics), lost into waste disposal (landfills)
or dissipated [34]. The current waste disposal into the landfill includes for example
the disposal of treated or untreated municipal and industrial waste to landfills (including
plating sludges), the disposal of incineration residues (treated or untreated) of municipal
and industrial solid waste etc. Finally, regarding the dissipated copper, presently
dissipative uses of copper include agricultural applications as well as corrosion and
about 5% of all copper wasted is dissipated in a way that contributes to contamination

of soils [35,36].
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Lead: The fact that the main utilization of lead is in automotive industry in
lead-acid batteries significantly contributes to the highest recycling efficiency of lead
among the other metals [37]. Worldwide, the storage batteries account for more than
60% of total lead consumption, while the lead recycling was reported to reach a value of
about 50% in 1997 (after steady increase from about 30% in 1976) [33]. The strong
relation between lead utilization in storage batteries and lead recycling is further
illustrated on the example of the United States, where in 2003, 84% of lead was used in
manufacturing the storage batteries. Meanwhile, it was also reported that 81% of
refined lead production in 2002 was recovered from recycled scrap, among which the
primary source was represented by recycled lead-acid batteries [27].  Another
applications of lead involves utilization of lead and lead compounds in pipes; wiring;
painting industry (pigments, anti-fouling paints); glass, ceramics and pottery (coatings,
paints); plastics (inorganic filler in fire-retardant plastics, stabilizing agents) etc. [27].
The recovery of lead from these “additional” applications is undoubtedly much
complicated due to the variety of products resulting in the losses of lead from economy,
for example in the form of various household and industrial waste etc. In particular for
household waste, Jung et al. [38] reported that lead was distributed in this waste as
follows: 37% bulky waste, 33% paper/textile/plastics, 29% incombustible waste and 1%
plastic packaging [38].

Nickel: The International Nickel Study Group estimated that about 25% of
nickel is recycled worldwide [39], while the majority of nickel recycled comes from
metal products (stainless steel, nickel plate, alloys etc.). However, a minor part of
stainless steel and other nickel-containing items discarded by households and
commercial establishments is also landfilled, or incinerated along with normal
commercial and municipal waste. Another source of nickel loss from economy is the
electroplating industry, where the nickel containing rinsing wastewater is discharged.
Typically, nickel is removed from electroplating wastewater by the treatment with
hydroxide, lime, and/or sulfide to precipitate a corresponding metal compound. The
plating sludges generated in the treatment of plating wastewater are mainly disposed to
a landfill site, since the recovery of heavy metals from mixed metal plating sludges by

smelting was reported to be difficult due to the sludge heterogeneity as well as the
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presence of inorganic salts. Finally, ion exchange and adsorption techniques using
activated carbon, activated alumina, and iron filings are also used for treating

nickel-containing rinsing wastewater [25,40].

Zinc: Based on the data provided by International Lead and Zinc Study Group,
the zinc recycling was estimated to reach only about 8.4% in 2002 [29], which seems to
be in good agreement with the estimations of zinc losses from the economy. It is
reported that about 70% of total zinc losses from the economy originated from the
corrosion of zinc coating used as protection against corrosion on the steel products
(plating). Another 15% of losses were attributed to the wear of tyres, which contain
about 2% of ZnO [13]. Henstock, in his work on recycling of non-ferrous metals,
concluded that the recycling of zinc is an extremely complex subject due to the variety
of chemical forms (metallic and non-metallic) in which zinc is used [34]. Similarly,
Gordon et al. [13] reported that the factors limiting zinc recycling are the difficulty of
removing zinc from steel before re-melting, the loss of zinc from electric arc steel
making furnaces, and the cost of recovering zinc from furnace dust. Further, no
method of recovering zinc from rubber tyres has been found, and it is often difficult to
separate zinc die-cast parts from automobiles [41]. The difficulties in zinc recovery
results in zinc losses through various waste streams including municipal solid waste,
construction and demolition waste, waste from electrical and electronic equipment, end

of life vehicles etc. [13,42].

From the above given data, it seems to be clear that the recycling of heavy
metals is not yet sufficient and should be further improved to prevent the depletion of
heavy metal resources in the near future. At first, an improvement can be undoubtedly
accomplished through an improvement of collection and separation methods of heavy
metals from all kinds of municipal and industrial wastes. Second, a new recovery
ways should be studied to recycle heavy metals involved in industrial and municipal
wastes such as plating sludges, or incineration residues remaining after thermal
treatment of municipal and industrial solid wastes, since these wastes represent major

sources of heavy metals losses from economy.

15



14 Plating industry: generation and disposal of plating sludges

Metal plating is one of the many metal finishing processes which are basically

divided as follows:

cleaning (solvent cleaning, aqueous cleaning, abrasive cleaning, ultrasonic
cleaning etc.)

chemical and electrochemical conversion coatings (changing or converting
the surface layer to impart various properties to the surface)

plating (electroplating of various types of metals onto metal surfaces)

other metallic coating (including hot dipping and mechanical plating)
organic and other non-metallic coating

stripping (removal of previous metallic coatings from parts or removal of

coatings from articles that have to be reworked) [43].

Generally, metal finishing processes involve treatment of a metal work-piece in

order to modify its surface properties, impart a particular attribute to the surface, or

produce a decoration.  Plating is a subset of such finishing operations that involves

putting a coating of metal over a base metal substrate to give various desirable

properties to the object. ~ Metal coating is another subset of finishing operations and

involves the application of paint or powder coating to a metal work-piece. Products

from metal finishing operations can range from structural steel to jewellery [43].

The overall reasons to carry out a metal finishing process are summarized as follows:

decoration

protection against corrosion,

providing resistance to oxidation, high temperatures, or UV radiation
imparting mechanical properties, such as resistance to fatigue, improvement
of ductile strength, or longevity

resistance to the use of abrasives

imparting electrical and thermal properties such as semi-conduction,

thermal resistance, fire resistance, etc. [43].
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In Japan, plating represents an important part of metal finishing processes and
the plating industry annually consumes 6,054 tons of zinc; 5,732 tons of copper; 4,079
tons of nickel; 1,398 tons of chromium; 1,394 tons of tin as well as 80 tons of silver and
8,939 kilograms of gold to achieve desirable properties of products [44]. However, as
well as many other useful processes, electroplating also generates various wastes, such
as rinsing wastewaters, plating sludge, other chemical waste including spent bathes,

cleaning liquors etc. [43].

1.4.1 Copper, nickel and zinc plating

Copper plating: Copper plating can be divided into several groups according the

initial copper source such as copper cyanide plating which uses copper in the form of
cuprous cyanide [CuCN], which must be complexed with either potassium or sodium
cyanide to form soluble copper compounds in aqueous solutions. Copper cyanide
plating baths typically contain 30 g/L of copper cyanide and either 59 g/L of potassium
cyanide or 48 g/L of sodium cyanide. Other types of baths used in copper plating
include copper pyrophosphate and copper sulfate baths. Copper pyrophosphate
[Cu,P,07] plating, which is relatively non-toxic, is used for plating of plastics and
printed circuits, but requires more control and maintenance of the plating baths than
copper cyanide plating. Copper pyrophosphate plating baths typically contain 53 to 84
g/L of copper pyrophosphate and 200 to 350 g/L of potassium pyrophosphate. Copper
sulfate [CuSO4] baths are more economical than copper pyrophosphate baths, in terms
of preparation and operation, and are used for plating of printed circuits, electronics and
plastics as well as for electroforming and decorative purposes. Copper sulfate plating
baths typically contain 195 to 248 g/L of copper sulfate and 11 to 75 g/L of sulfuric acid
[45].

Nickel plating: Nickel plating is used for either decorative, engineering or

electroforming purposes. Typically, the nickel plating baths contain a nickel source at
a concentration varying from 60 to 84 g/L, and boric acid used as a catalyst at a

concentration range from 30 to 37.5 g/L.. In addition, in the case of decorative nickel

17



plating, organic agents such as benzene disulfonic acids, benzene trisulfonic acid,

benzene sulfonamide, formaldehyde etc. are added to the plating baths [45].

Zinc plating: The most widely used zinc plating solutions are categorized as acid
chloride, alkaline non-cyanide, and cyanide. The most widely used zinc alloys for
electroplating are zinc-nickel, zinc-cobalt, and zinc-iron. Zinc plating baths contain 15
to 38 g/L of acid zinc chloride [ZnCl,], 6.0 to 23 g/L of alkaline non-cyanide zinc
(concentrated solution of ZnO and NaOH), or 7.5 to 34 g/L of zinc cyanide [Zn(CN);].
Acid zinc-nickel plating baths contain 120 to 130 g/L of zinc chloride and 110 to 130
g/L of nickel chloride [NiCl,]. Alkaline zinc-nickel plating baths contain 8.0 g/L of
zinc metal and 1.6 g/L of nickel metal. Acid zinc-cobalt plating baths contain 30 g/L
of zinc metal and 1.9 to 3.8 g/L of cobalt metal. Alkaline zinc-cobalt plating baths
contain 6.0 to 9.0 g/L of zinc metal and 0.030 to 0.050 g/L of cobalt metal. Acid
zinc-iron plating baths contain 200 to 300 g/L of ferric sulfate and 200 to 300 g/L of
zinc sulfate. Alkaline zinc-iron plating baths contain 20 to 25 g/L of zinc metal and

0.25 to 0.50 g/L of iron metal [45].

The heavy metals employed in electroplating are mainly deposited on the
surface of electroplating products, but a part of these metals is discharged from the
plating industry as rinsing wastewater. The rinsing wastewater contains soluble
metallic salts at elevated concentrations and must be treated in order to remove
dissolved heavy metals. In Japan, the concentrations of heavy metals must be reduced
below the permissible limits of 3 mg/L and 5 mg/L for Cu and Zn, respectively [46].
For comparison, the daily permissible limits allowed for common metal finishing
facilities discharging more than 38,000 litres of wastewater per day defined by the U.S.
Environmental Protection Agency are 4.5 mg/L, 4.2 mg/L and 4.1 mg/L for Cu, Zn and

Ni, respectively.

1.4.2 Treatment of rinsing wastewater

Presently, the heavy metals can be removed from the rinsing wastewater by

chemical precipitation, in which the dissolved heavy metals are converted to insoluble
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hydroxides, oxides, carbonates or sulfides [47-50]. Further, ion exchange [51],
adsorption, chelation [52] or combination of chemical precipitation with reverse
osmosis, ion exchange or electrodialysis [53] can be used to reduce the heavy metal
concentrations below the permissible limits. Among these techniques, the chemical
precipitation is the most widespread and chemical precipitation is carried out using
either NaOH or Ca(OH),, while the pH value is kept within the range of 9.20 to 9.50 for
at least 15 minutes. As far as the pH value is kept in this range, the content of various
heavy metals involved in mixed-metal wastewaters can be reduced below the
permissible limits [47,48]. The precipitate (so called plating sludge) containing
various metal compounds is then dehydrated [54], and solidified with a stable binder in
order to prevent the heavy metals from dissolving in the landfill sites [55]. As
solidification binders, cement, lime, fly ash [56-58] and asphalt emulsions are usually

employed [59].
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The actual plating procedure, including the treatment of rinsing wastewater,
varies according to the initial metal source (metal cyanide, chloride, sulfate etc.), type of
plating (acid or alkaline) as well as according to particular plating shop. Figure 1.6
shows a flow chart of an alkaline non-cyanide zinc plating shop equipped with the
system for reuse of recovered chemical [60]. In this plating shop, dissolved zinc was
precipitated as zinc hydroxide. The efficiency of zinc hydroxide removal from plating
wastewater was reported to be 84% and approximately 30% of recovered zinc
hydroxide was recycled to the plating baths leaving about 70% of zinc hydroxide for

further treatment or disposal.

1.4.3 Composition of plating sludges

The treatment of plating wastewater brings about a generation of a large amount
of plating sludges, which in Japan amounts to 65,000 tons/year. For a comparison, an
amount of approximately 150,000 tons/year of plating sludges was generated in EU
countries (before the EU expansion in May 2004) [61]. Generally, the sludges are
classified as hazardous waste basically due to the presence of heavy metals. The
concentrations of heavy metals vary from plating shop to plating shop, which results

from various plating procedures used.

Magalhaes et al. [61] have attempted to classify the sludges using 39 samples of
plating sludges from different plating shops and, in their work, the plating sludges were
divided into five main groups. The average composition of the sludges from each
group is given in Table 1.4. When the contents of heavy metals of zinc, copper and
nickel are compared with those in presently mined ores, which vary from 1 to 10% zinc,
1 to 5% lead [18], 0.5 to 1.0% copper [19,20] and 1 to 4% nickel [16], it can be seen
that with an exception of Group III, the content of these heave metals is higher in
plating sludges than in mineral ores. Therefore, from the viewpoint of environment
protection as well as conservation of metal resource, a development of effective systems

for recycle and reuse of the metals involved in plating sludges is required.
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Table 1.4: Elemental composition of plating sludges [61]

Metal content [%]
Al Ca Cu Cr Fe Ni /n Total

Group I 030 234 025 0.78 39.3 1.29 11.7 55.97
GroupIl | 0.39 147 0.73 4.22 6.66 0.57 28.4 42.41
Group III | 354 0.69 0.01 1.03 0.16 0.06 0.01 37.40
GroupIV | 328 570 098  4.28 1.66 0.91 1.18 17.99

GroupV | 0.40 0.08 391 5.27 0.43 36.03  2.26 48.39

GroupI  —sludges processed with FeCl,

Group II  —sludges from Zn-plating processes

Group III - sludges from Al-anodizing processes

Group IV —sludges from mixed/multiple processing/plating operations
Group V. —sludges from Cr-plating for decoration processes

1.5 Incineration of solid waste: generation and treatment of fly ashes

The currently used waste treatment methods of solid waste strongly depend on
the type of waste and these methods are aimed to achieve the following objectives:

- to destroy the total organic matter content

- to destroy contaminants

- to concentrate inorganic contaminants

- to reduce the mass and volume of the waste

- to recover the energy content of the waste

- to preserve raw materials and resources [62].

This dissertation thesis deals with the treatment of molten incineration fly ashes
either from municipal solid waste incinerator or automobile shredder residue incinerator.

Hence, the detailed information is provided only on these two kinds of waste.

1.5.1 Municipal solid waste (MSW)

The generation of municipal waste in selected countries in 2000 was reported to
be 760 kg per capita of municipal waste in the United States of America, 560 kg in the
United Kingdom, 540 kg in Germany, and 410 kg in Japan [63]. The total amount of
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municipal solid wastes generated annually in Japan is about 50 millions tons and more
than 70% of municipal solid waste produced is incinerated to decrease its volume [64],
while the incineration residues (bottom ash and fly ash) represent 7-20 wt% of the
original waste [65]. The incineration residues contain heavy metals such as Zn, Pb, Cu,
Sn, Cr and Cd at elevated concentrations, and therefore, the incineration residues are
classified as a hazardous waste. The content of heavy metals in the incineration
residues is strongly dependent on the composition of the waste incinerated and on the
type of incinerator. Jung et al. [65] divided the waste input into three main categories:
(1) combustible waste (usually representing more than 90% of the waste feed), (2)
shredded bulky waste, and (3) other (sludge, plastics, incombustible waste). In their
work, it was found that the content of heavy metals in the incineration residues
increased with an increase in the amount of shredded bulky waste input (composed of
various wastes such as plastics, textiles, plastic films, paper, power cords, electric circuit

boards, cans, rubber and wood).

1.5.2 Automobile shredder residues (ASR)

The automobile shredder residues (ASR) are the fraction obtained from the
process of shredding end-of-life-vehicles, after recovery of iron and steel by magnetic
separation. In Japan, approximately 5 millions vehicles are discarded every year,
which results in a generation of 9.09 millions tons of automobile shredder residues and
most of these residues are disposed of to a landfill site [66]. Similarly, in European
Union, 75% of the total weight of end-of-life-vehicles is recycled, but the remaining
25% of so called automobile shredder residues is disposed of to a landfill because of its
complexity [67]. Alternative treatment way to landfilling is the energy recovery
process at municipal incinerator, cement kiln or blast furnace. The ASR contain more
than 40% of plastics, 21% of elastomers, 10% of textiles, 3% of ceramic and electric
materials (3%), and 5% of paint protecting coating. Concerning the heavy metals,
ASR contain Zn and Cu at a concentration of about 1%, Pb at a concentration of about

0.25% and less than 0.05% Cd and Cr [67,68].
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1.5.3 Treatment of incineration residues

Presently, the incineration residues from the thermal treatment of either
municipal solid waste or automobile shredder residues are commonly disposed of to
landfill sites and various pre-treatment techniques are carried out to prevent the heavy
metals from leaching into the environment. Among the pre-treatment techniques, the
stabilization/solidification with hydraulic binders [69], asphalt [70] or asphalt emulsion
[71] are the major treatment ways. The stabilization/solidification techniques are
relatively cheap and are based on the reduction of leachability of heavy metals by the
formation of impermeable matrix enclosing the toxic heavy metals inside this matrix.
However, the stabilization/solidification techniques also increase the amount of waste
disposed of to landfill sites and no heavy metals recovery is carried out. Therefore,
various extraction techniques using either acidic or alkaline medium have been

investigated to achieve the heavy metals recovery [72,73].

Besides, thermal treatments such as vitrification [74], melting or sintering are
applied to prevent heavy metals from the leaching to the environment. In Japan, the
vitrification and melting processes are preferred by many municipal incineration plants
due to the volume reduction of residues, decomposition of dioxins, reuse of molten

residue and the reduction of metal leachability [75].
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Fig. 1.7: Electric-arc melting furnace (a) and plasma melting furnace equipped with

single torch (b) [76]
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Basically, the melting processes can be divided into two groups: fuel-burning
process (such as surface melting furnace, coke-bed melting furnace etc.) and electric
melting processes (such as electric-arc melting furnace, plasma melting furnace etc.)
[76]. Figure 1.7 shows an electric-arc melting furnace and plasma melting furnace
equipped with single torch [77]. In addition, a gasification-melting process which
integrates gasification process at lower temperature (under oxygen atmosphere) with the

melting process of residual solid matter (bottom ash and fly ash) can also be used and

this treatment process has become popular in Japan [65,75].

After melting, the incineration residues are not rendered completely harmless
and so called molten incineration fly ash (MFA), which contains considerable higher
amounts of heavy metals such as zinc, lead and copper than incineration fly ash (IFA),
is generated. Table 1.5 shows the concentration ranges of zinc, lead and copper in the
incineration fly ashes and bottom fly ashes (input of melting processes), concentration
ranges of zinc, lead and copper in molten incineration fly ashes and slag (output of
melting processes).

As a comparison, the contents of these heavy metals in mineral

ores are also given in this table.

Table 1.5: Content of Cu, Pb and Zn in incineration residues and mineral ores

Cu [%] Pb [%] Zn [%]
Incineration fly ash (IFA)" 0.04-025 0.10-034  043-33
Bottom fly ash (BA)" 0.07-0.36  0.02-0.16  0.15-0.37
Molten incineration fly ash (MFA)? | 0.07-1.51  0.16-6.63  0.88—17.7
Slag? 0.02-030  0.00-0.05  0.01-0.27
Molten incineration fly ash (MFA)” 0.11-1.6 0.13-9.2 0.27-42.5
Metal contents in ores” 05-1 1-5 1-10

1) Range of heavy metals content in IFA and BA as reported in [75]
2) Range of heavy metals content in MFA and slag as reported in [75]

3) Range of heavy metals content in MFA as reported in [77]
4) Range of heavy metals in mineral ores as reported in [18-20]
After melting, the molten incineration fly ashes are stabilized to prevent heavy
metals from leaching and dispose of to landfills [76]. However, the recycling of heavy
metals from molten incineration fly ashes should be targeted in the future, since the

content of heavy metals is comparable to those of mineral ores.

24



1.6 Recovery of heavy metals

1.6.1 Plating sludges

McLay and Reinhard [40] reported that the number of companies interested in
using metal-bearing sludges, such as smelters, as a feedstock in their manufacturing
processes has recently increased, but actual recovery of heavy metals from the mixed
metal sludge by smelting was found to be difficult. The reason lies in the fact that the
metal finishing sludges contain a mixture of various heavy metals and are highly
variable in composition. Furthermore, the metal sludges can also contain a significant
amount of inorganic salts in the entrained water. In particular, halides are reported to
be troublesome in a smelting process, most likely due to conversion of metals to metal
chlorides, which are easily volatilized during smelting process and thus lost in the form

of volatilized matter [40].

Nevertheless, several attempts have been performed to recover heavy metals
from mixed plating sludges using various techniques. For example, Renard [78]
reported that the efficiency of heavy metals leaching as high as 99% was achieved when
heavy metals were leached from plating sludges using sulfuric acid. After leaching,
heavy metals were precipitated using sodium sulfide at various pH values to achieve
selective separation of heavy metals [78]. The heavy metal sulfides obtained can be
consequently treated at smelters to obtained pure metals. In addition to metal leaching
followed by sulfide precipitation [78], other recovery techniques such as metal leaching
combined with electro-winning [79], solvent extraction [80] and pyrometallurgical and
hydrometallurgical processes [81] have also been studied, but unfortunately the

application of these processes has not proceed beyond laboratory scale.

1.6.2 Incineration fly ashes

For the heavy metals recovery from fly ash, various extraction techniques using
mainly an acidic medium have been widely investigated. For instance, Katsuura et al.

[72] reported that 35% HCI, 63% HNO; or aqua regia (a mixture of 35% HCI and 63%
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HNOs at a ratio of 3:1) could be used to achieve a high extraction of heavy metals from
fly ash. Similarly, Nagib and Inoue [73] found that 62.5 wt% Zn and 39.5 wt% Pb
from incineration fly ash were extracted by 10 wt% HCI, while the same acid dissolved
94.0 wt% Zn and 77.0 wt% Pb from molten incineration fly ash. Further, in the case
of 20 wt% acetic acid, 62.0 wt% Zn and 94.0 wt% Pb was extracted from incineration
fly ash, and 97.0 wt% Zn and 98.0 wt% Pb from molten incineration fly ash. In the
case of alkaline leaching with 3N NaOH followed by water washing, about 98.0 wt%
Pb and 35.3 wt% Zn was dissolved from molten incineration fly ash. Finally, Nagib
and Inoue [73] concluded that the acidic leaching was more effective than alkaline
leaching due to a low solubility of Zn in an alkaline pH range; nevertheless higher

purity of Pb and Zn leachate was achieved with NaOH [73].

After the extraction treatment, the heavy metals could be precipitated as metal
sulfides, hydroxides, carbonates or chelates. Katsuura et al. [72] reported that, among
the above mentioned precipitation techniques; the precipitation of heavy metals as
heavy metal sulfides was comparatively better in terms of processing properties and
cost. However, the precipitation of metal sulfides at pH range of 6.0 to 8.0 required
various safety measures to prevent generation of poisonous H,S gas. Subsequently,
the precipitate formed could be subjected to heavy metal refining process at smelters.
Okada et al. [77] reported that the heavy metals could be readily recovered from the
precipitate by the imperial smelting process, in case that the precipitate contained at
least 40 wt% Zn (there was no limit value for Pb) and not more than 0.2 wt% Cl, 3.5
wt% Si and 0.05 wt% Sn. However, if the content of undesirable elements of Cl, Si or
Sn exceeds these limits, a dilution of the precipitate/treated fly ash with large quantity

of ore is required [77].

1.6.3 Sulfidation treatment

When further considering heavy metals recovery at the smelters, it is necessary
to remind that heavy metals are in the nature commonly present as sulfide ores such as
galena (PbS), sphalerite (ZnS) or covellite (CuS). Prior to the smelting, the

enrichment of heavy metals in these metallic ores is widely carried out by means of
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flotation technique [13]. Based on the currently used process of metal refining from
natural ores, it is considered that the heavy metals involved in plating sludges or molten
incineration fly ash may be directly converted to metal sulfides by mixing a plating
sludge/fly ash with an aqueous solution of Na,S. Subsequently, the plating sludge or
molten incineration fly ash treated with Na,S in such a manner could be subjected to
separation of heavy metal sulfides formed, by means of a flotation technique, and
subsequently to heavy metal refining process at smelters. Consequently, in the
sulfidation treatment with Na,S, the acid extraction pre-treatment and the possible
generation of H,S gas in the heavy metals precipitation step could be avoided. The
sulfidation treatment of solid samples is not a completely new technology, since a
similar approach has been already applied to improve flotation of various oxidized
copper minerals such as chrysocolla, brochantite [82] and malachite [83,84]. Further,
sulfidation process combined with flotation has been also studied for remediation of soil
and sediments polluted with heavy metals such as cadmium, copper, lead and zinc

[85,86].

In this work, sulfidation treatment of solid waste of plating sludges and molten
incineration fly ashes was targeted as a possible way for heavy metals recovery. In the
plating sludges, the heavy metals are present as metal hydroxides, metal oxides or
various metal hydroxides sulfates while in the molten incineration fly ashes, metal
chlorides or oxides are the prevailing chemical forms. Solubility data of metal
chlorides, oxides, hydroxides, sulfates as well as sulfides are given in Table 1.6.
Among the many chemical forms of heavy metals, the lowest solubility was observed

for metal sulfide, which is in agreement with Fig. 1.2.
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Table 1.6: Solubilities of Cu, Ni, Pb and Zn compounds [87,88]

Heavy Compounds Solubility at 25°C Solubility product
metal [g/100-water] constant at 25°C
Cu CuCl, 44.61%% -
CuO - 1.5%10720 1939
Cu(OH), - 1.5%1020 (1939
CusS - 1.0%1078 1952
CuS 8.0%1073¢ 1952
CuSO, 18.21937 -
Ni NiCl, 39.61%32 -
NiO - -
Ni(OH), - (1.0-1.8)*1071¢ 1939
NiS - 2.0%1072 (1932
NiSO, 41.21939
Pb PbCl, 1.0719% -
PbO - 1.2%101° (192D
Pb(OH), _ 1110720 @t22°C;1952)
PbS - 6.8%10%° (1940
PbSO, 0.00451%39 -
Zn ZnCl, 81.211909 -
Zl’lO [89] _ 2.27410-17 (1965)
Zn(OH), - 4.0°10716 (1950
ZnS - 8.0¥107% (1952
ZnSO, 36,7940 -

The latest data from the summary of solubility data [87,88] were chosen. The year of
publication of the particular solubility data is given in the superscript.

The conversion of metal compounds to metal sulfides is supposed to start with
the dissolution of heavy metals in water as shown in Egs. (1.1) — (1.4), where Me stands

for Cu, Ni, Pb or Zn.

MeCl, s Me*" + 2CI (1.1)
MeO + H,0 s Me*" + 20H (1.2)
Me(OH), $ Me** + 20H" (1.3)
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MeSO, S Me?" + SO4* (1.4)

In the subsequent step, the Me®" ions released are precipitated with sulfide ions

of sodium sulfide as expressed in Eq. (1.5).
Me*" + S s MeS(s) (1.5)

As shown in this reaction mechanism, it is assumed that the conversion of metal
compounds to metals sulfides proceeds through an ion exchange reaction, and thus the
reaction rate is supposedly affected by the solubility of particular chemical form of
heavy metal. At first, considering the conversion of highly soluble metal chlorides and
sulfates, relatively high conversion rate of metal chlorides and sulfates to metal sulfides

is to be expected.

By contrast, the solubility of metal oxides and hydroxides is generally quite low
and the molar concentration of metals dissolved in distilled water is limited by Kj,
(solubility product constant) of the particular metal (Table 1.6). In the case of
Cu(OH),, the maximum molar concentration of Cu*" ions dissolved in distilled water is

given by general formula Eq. (1.6).

K sprcuom,] = 1.5x10™ = /Cu** Jx[OH " ]*

=20
= [Cu* :3%:1.55x10_7m01/L 1.6
4

From this equation, it can be concluded that only limited amount of Cu®" ions
arising from dissolution is present in solution and the bulk part of copper hydroxide
remains un-dissolved. However, if the free Cu*" ions are removed from the solution
by precipitation with S* ions, the dissolution of Cu(OH), should continue. ~Similarly,
a maximum molar concentration of Cu”" ions dissolved in distilled water of in the case

of metal sulfide of CuS can be determined using Eq. (1.7)

Kgous =8.0x107 = [Cu® Jx[S* ]
= [Cu* ] =+/8.0x107° =2.83x10"*mol/L (1.7)
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It can be seen that the maximum molar concentration of Cu®" ions in the case of
CuS is much lower than in the case of Cu(OH),, confirming that Cu”" ions should
indeed be removed from the solution as insoluble CuS. Thus, when Cu(OH); is mixed
with aqueous solution containing sulfide ions, the Cu®" ions arising from the dissolution
of Cu(OH), are precipitated to establish the equilibrium conditions for CuS resulting
from Kgpjcus;-  As a consequence of Cu*" ions removal, further dissolution of Cu(OH),,
driven by equilibrium conditions for Cu(OH), occurs, which ultimately leads to
complete conversion of Cu(OH), to CuS. Notwithstanding, a lower reaction rate than

that in the case of metal chlorides and sulfates is to be expected.

At last but not least, it should be noted that the heavy metal oxides and
hydroxides are known to be of amphoteric nature, which means that their solubility
increases with an increase in pH owing to the formation of soluble cuprites, zincates,
plumbates etc. By contrast, the solubility of metal sulfides decreases with an increase
in pH [87,88]. Thus, an increase in the reaction rate as well as in the conversion is

supposed to occur at an alkaline pH range.

1.6.4 Flotation

After the sulfidation treatment, the heavy metals can be separated from treated
plating sludges or molten incineration fly ashes using flotation technique together with
mineral ores of heavy metals. Taggart stressed that the flotation is the most modern,
the most efficient, the most widely applicable, and in many respects the most complex
of all methods of concentration [22].  Generally, flotation is based on highly specific
attachment of particles of one desirable mineral or group of minerals, suspended in a
solution containing various flotation additives, to air bubbles. Consequently, the
bubbles (with mineral particles attached) are brought to the surface and collected to

achieve separation of desirable mineral from tailings [21-23].

Presently, using the flotation technique, a sequential separation of lead, zinc,
copper and iron sulfides from residual non-metallic tailings can be accomplished.

Figure 1.8 shows a typical flow sheet for polymetallic ore flotation [90]. From this
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figure, it can be seen that the treated plating sludge or molten incineration fly ash could

be subjected as a feed to the separation process by means of flotation together with

| Float |¢—— BulkPb, CuFlotation |— Sink |

Condition to depress Pb Condition to activate Zn

Flotation Flotation
Cu Float Zn Float

Condition to activate Fe «

JI Flotation L|
Fe Float Sink

Condition to activate Ba ¢————

__Flotation | i
| Sink to tailings pond |

Fig. 1.8: Typical flow sheet for polymetallic ore flotation [90]

metallic ores.

1.7 Objectives and scope of the dissertation thesis

The research presented in this dissertation work addresses the recovery of heavy
metals from industrial solid wastes such as plating sludge and molten incineration fly
ashes. In these types of waste, heavy metals are present in various chemical forms,
and thus the conversion of heavy metals to a single chemical form allowing subsequent
separation of heavy metals is required. From this point of view, the conversion to
metal sulfides seems to be the best option since the metal ores are generally composed
of metal sulfides. After the sulfidation treatment, the treated plating sludges and
molten incineration fly ashes could be directly subjected to the flotation and subsequent
metal refining process at smelters alone or together with mineral ores. In this work,

the sulfidation behaviour of metal reagents such as Cu(OH),, ZnO and Ni(OH),, copper
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and zinc simulated plating sludges, real plating sludges and molten incineration fly
ashes was investigated. And more precisely, the effects of sulfidation time, solid to
liquid ratio, sulfide to metal molar ratio and pH on the conversion of metal compounds

to metal sulfides were studied.

This dissertation thesis can be divided into two main parts; the first part
summarizes the results of study carried out on the sulfidation treatment of plating
sludges, while the second part provides the result obtained for sulfidation treatment of
molten incineration fly ashes. The sulfidation treatment of plating sludges is further
divided into three chapters which deal with the sulfidation treatment of metal reagents
(Chapter 2), simulated plating sludges and real plating sludges (Chapters 3 and 4).
The sulfidation treatment of molten incineration fly ashes is divided into a fundamental
study on sulfidation of fly ash from municipal or industrial waste incineration process
(Chapter 5) and a more detailed study on sulfidation behaviour of molten incineration

fly ashes (Chapter 6).

Brief summary of each chapter is given as follows:

Chapter 2 focuses on the sulfidation behaviour of metal reagents of Cu(OH),,
Zn0O and Ni(OH),. In this chapter, the effects of reacting time, solid to liquid ratio and
pH on the conversion of these metal compounds to metal sulfides were studied.
Further, the formation of sulfidation products was analyzed using X-ray powder

diffraction (XRD).

Chapter 3 presents the results on the sulfidation treatment of simulated copper
plating sludge and real copper plating sludge. More precisely, the effect of the S* to
Cu”*" molar ratio (S to Me*" molar ratio in the case of real plating sludge) on the
formation of copper sulfide was investigated. The formation of various copper
sulfides observed in this study was explained in terms of oxidation-reduction potential

and Eh-pH diagram.

Chapter 4 aims at investigating the sulfidation treatment of simulated zinc
plating sludge and the effects of time, pH and solid to liquid ratio on the conversion of

zinc compounds to ZnS. Further, an attempt was made to describe the conversion
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using Elovich kinetics model. Finally, the validity of the results obtained with

simulated zinc plating sludge was verified using a real sludge with high content of zinc.

Chapters 5 deals with the sulfidation treatment of two molten incineration fly
ashes; molten incineration fly ash from municipal solid waste incinerator and
automobile shredder residue incinerator. In particular, the effects of treating time and

2- 2+ . . . .
S” to Me” molar ratio on the conversion were investigated.

Chapter 6 provides the results of a more elaborated study on the sulfidation
behaviour of molten incineration fly ashes and the experiments in this chapter were
carried out for five different molten incineration fly ashes. Particularly, the effects of
treating time, S to Me”" molar ratio and pH on the conversion were thoroughly
investigated. The formation of metal sulfides was confirmed using X-Ray powder
diffraction (XRD) and scanning electron microscopy — energy dispersive spectrometry
(SEM-EDS). In addition, the enrichment of heavy metals during sulfidation treatment

as a result of the removal of soluble salts was evaluated using an enrichment factor.

Finally, Chapter 7 summarizes the results of this dissertation thesis and also

gives some suggestions for future research work.

33



1.8 Literature cited

[1] World Commission on Environment and Development, Our common future,
Oxford: Oxford University Press, 1987.

[2] J.R. Engel, Introduction: The ethics of sustainable development, In: J.R. Engel and
J.G. Engel, (eds.): Ethics of environment and development: Global challenge,
international response, London: Belhaven Press and Tucson: University of
Arizona Press, 1990.

[3] T.M. Parris, R.W. Kates, Characterizing and measuring sustainable development,
Annu. Rev. Environ. Resour. 28 (2003) 559-586.

[4] H. Bossel, Indicators for sustainable development: Theory, Method, Applications,
A report to the Balaton Group, IISD (International institute for sustainable
development), Canada, 1999.

[5] R.J. Klee, T.E. Graedel, Elemental cycles: A status report on human or natural
dominance, Annu. Rev. Environ. Resour. 29 (2004) 69—107.

[6] U.S. Geological Survey, Mineral commodity summary, Minerals Information
Center, Reston, VA, 2002: http://minerals.usgs.gov/minerals/pubs/mes/ [cit. 15"
October 2006].

[71 U.S. Department of Energy — Energy Information Administration (DOE-EIA),
International Energy Annual 2000: http://www.eia.doe.gov/emeu/iea/wec.html [cit.
15" October 2006].

[8] M.O. Andreae, P. Merlet, Emission of trace gasses and aerosols from biomass
burning, Glob. Biogeochem. Cycles 15 (2001) 955-966.

[9] J.O. Nriagu, Human influence on the global cycling of trace metals, Paleogeogr.
Palacoclimatol. Palacoecol. 82 (1990) 113-20.

[10] H. Park, W.H. Schlesinger, The global biogeochemical cycle of boron, Glob.
Biogeochem. Cycles 16, 1072 (2002): DOI: 10.1029/2001GB001766.

[11] P.M. Vitousek, P.R. Ehrlich, A.H. Ehrlich, P.A. Matson, Human appropriation of
the products of photosynthesis, BioScience 36 (1986) 368—373.

[12] J.E. Tilton, World Metal Demand: Trends and prospects, resources for the future,
Washington, D.C., 1990.

[13] R.B. Gordon, T.E., Graedel, M. Bertram, K. Fuse, R. Lifset, H. Rechberger, S.
Spatari, The characterization of technological zinc cycles, Resour. Conserv. Recy.
39 (2003) 107-135.

[14] U.S. Environmental Protection Agency — Office of Solid Waste, Extraction and
beneficiation of ores and minerals, Volume 1: Lead-Zinc, Technical resource
document, EPA 530-R-94-011, NTIS PB94-170248, 1994.

[15] U.S. Environmental Protection Agency — Office of Solid Waste, Extraction and
beneficiation of ores and minerals, Volume 4: Copper, Technical resource
document, EPA 530-R-94-011, NTIS PB94-200979, 1994.

[16] J.M. Duke, Nickel in rocks and ores, In: Nriagu J.O. (ed.) “Nickel in the
environment”, New York, NY: John Wiley and Sons, Inc., 1980.

[17] J.S. Warner, Occupation exposure to airborne nickel in producing and using
primary nickel products, In: Sunderman F.W. Jr, Aitio A., Berlin A. (eds.) “Nickel
in the human environment”, IARC scientific publication no. 53. Lyon, France:
International Agency for Research on Cancer, 1984.

[18] B.A. Wills, Mineral Processing Technology, 4™ ed. Oxford, Pergamon, 1988

34



[19] S. Alvarado, P. Maldonado, 1. Jaques, Energy and environmental implications of
copper production, Energy 24 (1999) 307-316.

[20] T.E. Graedel, M. Bertram, K. Fuse, R.B. Gordon, R. Lifset, H. Rechberger, S.
Spatari, The contemporary European copper cycle: The characterization of
technological copper cycles, Ecol. Econ. 42 (2002) 9-26.

[21] K.A. Crozier, Flotation: Theory, reagents and ore testing, Oxford Pergamon Press,
1992.

[22] A.F. Taggart, Elements of ore dressing, John Wiley&Sons, Inc. New York, 1951.

[23] U.S. Environmental Protection Agency, Office of Water, Effluent Guidelines
Division, Development document for effluent limitations guidelines and standards
for the ore mining and dressing point source category, Washington, D.C., 1982.

[24] N.L. Weiss (ed.), SME Mineral processing handbook, Volume 2. New York:
Society of Mining Engineers, 1985.

[25] Agency for Toxic Substances and Disease Registry (ATSDR), Toxicological
profile for nickel, U.S. Department of Health and Human Services, Public Health
Service, Atlanta, GA, 2005: http://www.atsdr.cdc.gov/toxprofiles/tp15.html [cit.
15™ October 2006].

[26] Agency for Toxic Substances and Disease Registry (ATSDR), Toxicological
profile for copper, U.S. Department of Health and Human Services, Public Health
Service, Atlanta, GA, 2005: http://www.atsdr.cdc.gov/toxprofiles/tp132.html [cit.
15" October 2006].

[27] Agency for Toxic Substances and Disease Registry (ATSDR), Toxicological
profile for lead, U.S. Department of Health and Human Services, Public Health
Service, Atlanta, GA, 2005: http://www.atsdr.cdc.gov/toxprofiles/tp13.html [cit.
15" October 2006].

[28] Agency for Toxic Substances and Disease Registry (ATSDR), Toxicological
profile for zinc, U.S. Department of Health and Human Services, Public Health
Service, Atlanta, GA, 2005: http://www.atsdr.cdc.gov/toxprofiles/tp60.html [cit.
15" October 2006].

[29] International Lead and Zinc Study Group (ILZSG): http://www.ilzsg.org/
ilzsgframe.htm [cit. 15™ October 2006].

[30] P. Crowson, Astride mining: Issues and policies for the minerals industry, London,
Mining Journal Books Ltd., 2003.

[31] LK. Wernick, N.J. Themelis, Recycling metals for the environment, Annu. Rev.
Environ. Resour. 23 (1998) 465-497.

[32] L.A. Smith, J. Means, E. Barth, Recycling and reuse of industrial wastes, Battelle
Memorial Institute, Columbus, OH, 1995.

[33] O. Dzioubinski, R. Chipman, Trends in consumption and production: Selected
minerals, DESA Discussion paper No.5, ST/ESA/1999/DP.5, United Nations
(1999).

[34] M. Henstock, The recycling of non-ferrous metals, International Council on
Metals and the Environment, Ottawa, 1996.

[35] L. Reijnders, A normative strategy for sustainable resource choice and recycling.
Resour. Conserv. Recyc. 28 (2000) 121-133.

[36] J.B. Lagarth, Sustainable metal resource management—the need for industrial
development: efficiency improvement demands on metal resource management to
enable a (sustainable) supply until 2050, J. Cleaner Prod. 4 (1996) 97-104.

35



[37] D. Larrabee, Chapter 14 — Metals: Lead, U.S. Industry & Trade Outlook. New
York, NY: McGraw Hill Inc., 1997.

[38] C.H. Jung, T. Matsuto, N. Tanaka, Flow analysis of metals in a municipal solid
waste management system, Waste Manage. (2006) In press DOI:
10.1016/j.wasman.2005.11.018.

[39] International Nickel Study Group (ILZSG): http://www.insg.org/ [cit. 15™ October
2006].

[40] W.J. McLay, F.P. Reinhard, Waste minimization and recovery technologies, Met.
Finish. 97 (1999) 817-858.

[41] J.E. Dutrizac, et al. (eds.), Lead and zinc processing, Montreal: The Metallurgical
Society of CIM, 1998.

[42] S. Spatari, M. Bertram, K. Fuse, T.E. Graedel, E. Shelov, The contemporary
European zinc cycle: 1-year stocks and flows, Resour. Conserv. Recyc. 39 (2003)

137-160.
[43] Enterprise Ireland, Sector specific best practice guide — Best practices in metal
plating  and  finishing,  http://www.envirocentre.ie/downloads/metal%20

Plating%?20Finishing.pdf [cit. 15™ October 2006].

[44] Federation of Electroplating Industry Association of Japan, Report on
comprehensive recycle of valuable metals, Tokyo, Japan, 2004.

[45] U.S. Environmental Protection Agency, Compilation of air pollutant emission
factors, AP-42, Volume [I. Chapter 12: Metallurgical industry,
http://www.epa.gov/ttn/chief/ap42/ch12/index.html [cit. 15™ October 2006].

[46] Ministry of Environment of Japan, National effluent standards — Water pollution
prevention law, 2004.

[47] J.T. Weber, Wastewater treatment, Met. Finish. 1 (1999) 797-816.

[48] T. Hayashi, T. Fukuta, Trends in waste treatment in electroplating in Japan,
Conference proceedings - Surface/Finishing 1996, Cleveland, USA, 1996.

[49] T. Fukuta, T. Ito, K. Sawada, Y. Kojima, H. Matsuda, K. Yagishita, Improvement of
nickel-precipitation from aqueous nickel solution by sulfuration with sodium
sulfides, J. Chem. Eng. Jpn. 36 (2003) 493—498.

[50] T. Fukuta, T. Ito, K. Sawada, Y. Kojima, E.C. Bernardo, H. Matsuda, Separation of
nickel from plating solution by sulfuration treatment, Asian J. Chem. Eng. 4
(2001) 24-31.

[51] N. Sapari, A. Idris, N.H.A. Hamid, Total removal of heavy metal from mixed
plating rinse wastewater, Desalination 106 (1996) 419—422.

[52] P. Bose, M.A. Bose, S. Kumar, Critical evaluation of treatment strategies
involving adsorption and chelation for wastewater containing copper, zinc and
cyanide, Adv. Environ. Res. 7 (2002) 179-195.

[53] Ch. Peng, H. Meng, J. Zhang, S. Lu, Treatment of electroplating wastewater, J.
University of Science and Technology Beijing 10 (2003) 8—11.

[54] N. Levy, Sludge treatment in the metal-finishing industry, Met. Finish. 98 (2000)
80-83.

[55] J.C. Dyer, N.A. Mignone, Handbook of industrial residues, Noyes Publications,
Park Ridge, New Jersey, 1983.

[56] S. Asavapisit, D. Chotklang, Solidification of electroplating sludge using alkali
activated pulverized fuel ash as cementitious binder, Cement Concrete Res. 34
(2004) 349-353.

36



[57] S. Asavapisit, S. Naksrichum, N. Harnwajanawong, Strength, leachability and
microstructure characteristics of cement-based solidified plating sludge, Cement
Concrete Res. 35 (2005) 1042—-1049.

[58] J.E. Chang, T.T. Lin, M.S. Ko, D.S. Liaw, Stabilization/solidification of sludges
containing heavy metals by using cement and waste pozzolans, J. Environ. Sci.
Health Part A Tox. Hazard. Subst. Environ. Eng. 34 (1999) 1143-1160.

[59] V. Bednarik, M. Vondruska, M. Koutny, Stabilization/solidification of galvanic
sludges by asphalt emulsions, J. Hazard. Mater. 122 (2005) 139-145.

[60] U.S. Environmental Protection Agency — Risk Reduction Engineering Laboratory,
Alkaline noncyanide zinc plating and reuse of recovered chemicals,
EPA/600/SR-94/148, 1994.

[61] J.M. Magalhaes, J.E. Silva, F.P. Castro, J.A. Labrincha, Physical and chemical
characterisation of metal finishing industrial wastes, J. Environ. Manage. 75
(2005) 157-166.

[62] T. Sabbas, A. Polettini, R. Pomi, T. Astrup, O. Hjelmar, P. Mostbauer, G. Cappai, G.
Magel, S. Salhofer, C. Speiser, S. Heuss-Assbichler, R. Klein, P. Lechner,
Management of municipal solid waste incineration residues, Waste Manage. 23
(2003) 61-88.

[63] Organization for Economic Co-operation and Development, OECD
Environmental Data, Compendium 2002; http://www.oecd.org/dataoecd/53/43/
2958188.pdf [cit. 15™ October 2006].

[64] Environmental Agency Government of Japan, Kankyouhakusyo Kakuron, p. 101,
Gyosei, Tokyo, Japan, 2000 (in Japanese).

[65] C.H. Jung, T. Matsuto, N. Tanaka, T. Okada, Metal distribution in incineration
residues of municipal solid waste (MSW) in Japan, Waste Manage. 24 (2004)
381-391.

[66] K. Kurose, T. Okuda, W. Nishijima, M. Okada, Heavy metals removal from
automobile shredder residues (ASR), J. Hazard. Mater. B137 (2006) 1618-1623.

[67] M. Nourreddine, Recycling of auto shredder residue, J. Hazard. Mater. (2006)
doi:10.1016/j.jhazmat.2006.02.054.

[68] K.H. Kim, H.T. Joung, H. Nam, Y.C. Seo, J.H. Hong, T.W. Yoo, B.S. Lim, J.H.
Park, Management status of end-of-life vehicles and characteristics of automobile
shredder residues in Korea, Waste Manage. 24 (2004) 533-540.

[69] T. Mangialardi, A.E. Paolini, A. Polettini, P. Sirini, Optimization of the
solidification/stabilization process of MSW fly ash in cementitious matrices, J.
Hazard. Mater. 70 (1999) 53-70.

[70] K. Sawada, H. Matsuda, M. Mizutani, Immobilization of lead compounds in fly
ash by mixing with asphalt, sulfur and sodium hydroxide, J. Chem. Eng. Jpn. 34
(2001) 878-883.

[71] M. Vondruska, M. Sild, M. Koutny, V. Bednarik, Stabilization/solidification of
waste incinerator salt and ash by asphalt emulsion, Environment Protection
Engineering 28 (2002) 129-142.

[72] H. Katsuura, T. Inoue, M. Hiraoka, S. Sakai, Full-scale plant study on fly ash
treatment by the acid extraction process, Waste Manage. 16 (1996) 491-499.

[73] S. Nagib, K. Inoue, Recovery of lead and zinc from fly ash generated from
municipal incineration plants by means of acid and/or alkaline leaching,
Hydrometallurgy 56 (2000) 269-292.

37



[74] Y.J. Park, J. Heo, Vitrification of fly ash from municipal solid waste incinerator, J.
Hazard. Mater. 91 (2002) 83-90.

[75] C.H. Jung, T. Matsuto, N. Tanaka, Behavior of metals in ash melting and
gasification-melting of municipal solid waste (MSW), Waste Manage. 25 (2005)
301-310.

[76] S. Sakai, M. Hiraoka, Municipal solid waste incinerator residue recycling by
thermal processes, Waste Manage. 20 (2000) 249-258.

[77] T. Okada, Y. Tojo, N. Tanaka, T. Matsuto, Recovery of zinc and lead from fly ash
from ash-melting and gasification-melting processes of MSW — Comparison and
applicability of chemical leaching methods. Waste Manage. (2006):
Doi1:10.1016/j.wasman.2005.12.006.

[78] D.E. Renard, Metal recovery from leached plating sludge, Plat. Surf. Finish. 74
(1987) 46-48.

[79] F. Veglio, R. Quaresima, P. Fornari, S. Ubaldini, Recovery of valuable metals from
electronic and galvanic industrial wastes by leaching and electrowinning, Waste
Manage. 23 (2003) 245-252.

[80] J.E. Silva, A.P. Paiva, D. Soares, A. Labrincha, F. Castro, Solvent extraction
applied to the recovery of heavy metals from galvanic sludge, J. Hazard. Mater.
B120 (2005) 113-118.

[81] G. Rossini, A.M. Bernardes, Galvanic sludge recovery by pyrometallurgical and
hydrometallurgical treatment, J. Hazard. Mater. 131 (2006) 210-216.

[82] S. Raghavan, E. Adamec, L. Lee, Sulfidization and flotation of chrysocolla and
brochantite, Int. J. Miner. Process. 12 (1984) 173—191.

[83] S. Castro, H. Soto, J. Goldfarb, J. Laskowski, Sulphidizing reactions in the
flotation of oxidized copper minerals, II. Role of the adsorption and oxidation of
sodium sulphide in the flotation of chrysocolla and malachite, Int. J. Miner.
Process. 1 (1974) 151-161.

[84] R. Zhou, S. Chander, Kinetics of sulfidization of malachite in hydrosulfide and
tetrasulfide solutions, Int. J. Miner. Process. 37 (1993) 257-272.

[85] M. Vanthuyne, A. Maes, The removal of heavy metals from contaminated soil by
combination of sulfidisation and flotation, Sci. Total. Environ, 290 (2002) 69—-80.

[86] M. Vanthuyne, A. Maes, P. Cauwenberg, The use of flotation techniques in the
remediation of heavy metal contaminated sediments and soils: overview of
controlling factors, Miner. Eng, 16 (2003) 1131-1141.

[87] W.F. Linke, Solubilities: Inorganic and metal-organic compounds A — Ir, Volume
I 4h Edition, American Chemical Society, Washington D.C., 1958.

[88] W.F. Linke, Solubilities: Inorganic and metal-organic compounds K — Z, Volume
11, 4h Edition, American Chemical Society, Washington D.C., 1965.

[89] T.P. Dirkse, The solubility product constant of ZnO, J. Electrochem. Soc., 133
(1986) 1656—1657.

[90] M.C. Fuerstenau, (ed.), Flotation, Volume 2, New York: Society of Mining
Engineers, 1976.

38



CHAPTER 2

Fundamental study on the sulfidation of metal compounds involved in plating

sludges
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This chapter presents the results of sulfidation treatment conducted separately
for metal reagents of Cu(OH),, ZnO or Ni(OH),. As a sulfidation agent, Na,S
solution was used. The XRD results showed that Cu(OH), was completely converted
to copper sulfides within 1 hour at all S:L ratios. In the case of ZnO, the formation of
ZnS was confirmed by XRD, but the conversion of ZnO to ZnS was found to be
strongly dependent on S:L ratio as well as on the pH value. The maximum conversion
of ZnO to ZnS of 60.3% was obtained after 7 days at S:L ratio of 1:25 (pH of 13.7).
Finally, the maximum conversion of Ni(OH); to nickel sulfides was determined by
means of TG analysis to be only 32.4% after 7 days at the S:L ratio of 1:25, but the

formation of nickel sulfides was not confirmed by XRD analysis.




2.1 Introduction

In Japan, heavy metals such as copper, zinc, nickel and chromium in the form of
their metallic salts are used in the plating industry. Generally, these metals are
deposited on the surface of the products being plated, but during rinsing of the plated
products, a part of heavy metals-plating solution is washed out and discharged as a
rinsing wastewater. The rinsing wastewater contains soluble metallic salts such as
ZnSQOy4, CuSO4, and NiSO4 at high concentrations of about 100-300 mg/L. In the
treatment of rinsing wastewater, the concentration of heavy metals has to be decreased
to values below the permissible limits [1]. In Japan, the permissible limits for
wastewater discharge from electroplating industry are 3 mg/L and 5 mg/L for Cu and Zn,
respectively [2]. To remove the heavy metals from rinsing wastewater, and thus, to
meet the permissible limits, chemical precipitation with either NaOH or Ca(OH); is
used and the pH of the rinsing wastewater is adjusted to a value in the range of 9.2 to
9.5. The precipitation is allowed to proceed for at least 15 minutes [1,3] and the
precipitate/plating sludge arising thereof is separated by coagulation, sedimentation and
filtration processes. The plating sludge is then disposed and appropriate measures
have to be taken to ensure the long-term stability at the site location [4]. For this
purpose, plating sludge is treated with a stable binding material, such as cement, lime,
fly ash [5-7] or asphalt emulsion [8], while further solidification pre-treatment, such as

conversion of metals to sulfides or silicates can be employed [9].

Currently, as a result of the treatment described above, the valuable metals are
rather disposed of to landfill than subjected to the process of heavy metals recovery. It
results from the fact that the heavy metals are present in the sludge in various chemical
forms such as metal hydroxides [1] or metal hydroxide sulfates [10] as well as from the
presence of inorganic salts [11]. Therefore, in order to recover heavy metals, the
conversion of heavy metals to a uniform chemical form is required. In this work, the
conversion of heavy metals to metal sulfides is proposed since the heavy metal sulfides
can be separated by means of the flotation technique, a commonly used separation
technique for sulfide ores [12-14]. After the sulfidation treatment, the treated sludge

could be directly subjected to the metal refining process.
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In this chapter, the sulfidation treatment was carried out using the metal reagent
of Cu(OH);, ZnO or Ni(OH),, typically involved in plating sludge, in order to
investigate the conversion characteristics of these metals to metal sulfides. To achieve
the conversion of Cu(OH),, ZnO and Ni(OH), to metal sulfides, the metal reagents were
separately contacted with Na,S aqueous solution for a period varying from 1 hour to 7
days, and the effects of solid to liquid (S:L) ratio, sulfidation time and pH of the
reacting systems on the conversion were investigated. The evaluation of conversion
was based on thermogravimetric analysis as well as on X-ray powder diffraction

analysis of the dried sulfidation products.

2.2 Experimental part

2.2.1 Materials

Copper hydroxide and nickel hydroxide of reagent grade (Wako Pure Chemical
Industries, Ltd.) were employed in this study since the metal hydroxides are typically
present in plating sludges. In the case of zinc which is also present in plating sludge in
the hydroxide form, zinc oxide of reagent grade (Wako Pure Chemical Industries, Ltd.)
was used for the experiments because of unavailability of Zn(OH),. The solid ZnO

dissolves in water according to Eq. (2.1) [15].

ZnO(s) + H,0 S Zn*" + 20H 2.1

As a sulfidation agent, Na;S-9H,O of reagent grade (Wako Pure Chemical
Industries, Ltd.) was employed.

2.2.2 Treatment procedure

The sulfidation treatment of metal reagents was performed in a batch system,
and the experimental procedure is described as follows. At first, a volume of 50 mL or
250 mL aqueous Na,S solution, prepared in advance, was poured into a plastic container,

while the amount of Na,S-9H,O dissolved in distilled water was such that an initial
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molar ratio of S to Me®" was adjusted to 1.5. Second, an appropriate amount of
Cu(OH),, Ni(OH), or ZnO was charged into each container to achieve a solid to liquid
(S:L) ratio of 1:250 (weight concentration of about 4 g/L), 1:50 (weight concentration of
about 20 g/L) or 1:25 (weight concentration of about 40 g/L). Third, the plastic
containers were shaken on a vertical shaker for a period of 1 hour to 7 days, and finally,

the slurry was filtered using a 1 pm pore size filter paper.

2.2.3 Analyses of filtrates and filter cakes

The filter cake was dried for 2 days at an ambient temperature of about 25°C,
and then subjected to thermogravimetric (TG) analysis (TGA-50, Shimadzu Corporation,
Japan) which was carried out under N,-O, atmosphere at a ratio of 4:1, gas flow rate of
50 mL/min and a temperature increase of 2°C/min. Furthermore, the dried filter cake
was subjected to X-Ray powder diffraction (XRD) analysis (RINT-2500 TTR, Rigaku
Model, Japan) with scanning mode of 20/0. The filtrates were subjected to the
determination of heavy metals using inductively coupled plasma (ICP) equipment

(Vista-MPX Simultaneous ICP-OES, Varian, Inc.).

2.3 Results and discussion

The plating sludges are composed of metal hydroxides which are characterized
by low solubility product constants. Hence, only limited amounts of metal ions arising
from dissolution are present in solution and the bulk part of metal hydroxides remains
un-dissolved. However, if the free metal ions are continuously removed from solution
by precipitation with S*" ions, the dissolution of metal hydroxide is allowed to proceed,
due to a shift in equilibrium position, which ultimately leads to a complete conversion
of metal hydroxides to metal sulfides. The reaction mechanism is shown in Egs.

(2.2)-(2.3) where Me”" stands for Cu®*, Zn*" or Ni** cation.
Me(OH),(s) $ Me*" + 20H (2.2)

Me”" + S* s MeS(s) (2.3)
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2.3.1 Conversion of Cu(OH); to CuS

2.3.1.1 Effect of time on conversion of Cu(OH), to copper sulfide

The effect of time on the conversion of Cu(OH), to copper sulfide was
investigated for a time period varying from 1 hour to 7 days at a S:L ratio of 1:50, while
the initial molar ratio of S to Cu”" was adjusted to a value of 1.5. The evaluation of
conversion of copper hydroxide to copper sulfide was based on XRD analyses and the
XRD patterns obtained are shown in Fig. 2.1. It was found that Cu(OH), was readily
converted to a copper sulfide, namely Cu;S4 (roxbyite), within 1 hour. Moreover,
other copper sulfides such as Cu,S, CugSs, Cus;S;¢ with the molar ratio of copper to
sulfur of approximately 2 to 1 where identified in the sulfidation products at diffraction

angle range of 47 to 49 degrees.

® CuS
m CuS, Cu(OH),*+Na,S for 7 days

" e Py
- g aat

tipioe

M Cu(OH),+Na,S for 4 days
A s i

i w Mg o Y
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A Cu(OH)2+NaZS for 1 hour

)

J J A l A N Cu(OH),-reagent
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lefractlon angle 26/6 [°]

Fig. 2.1: Effect of time on XRD patterns of Cu(OH), treated with Na,S at S:L ratio of
1:50

Intensity [cps]
i

Given the preceding observations, it was concluded that the general reaction
mechanism shown in Eq. (2.3) did not hold for the conversion of Cu(OH), to CuS, and a

new reaction mechanism obtained from chemical reaction and equilibrium software
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(HSC Chemistry Ver.3.02) was proposed, as shown in Egs. (2.4) and (2.5). It is also
considered that a similar reaction mechanism could be applied to the formation of CusS,,
CusgSs, Cus;S;6 identified in the sulfidation products, since these sulfides have the molar

ratio of copper to sulfur of about 2 to 1.

20U +28% 5 2Cu" + S, AG(298K)=-123.1 ki/mol - (24)
2Cu" + ST 5 CusS AG(298K)=-272.4kJ/mol  (2.5)
2Cu* + 357 S CwpS(s) + S AG(298K)= -395.5 kJ/mol (2.6)

The Eq. (2.6) represents the overall reaction consisting of the
oxidation-reduction reaction of Cu*" (reduced to Cu") with S* (oxidized to S,*) as
shown in Eq. (2.4) and the following precipitation reaction of Cu” with S* (Eq. (2.5)).
The overall Gibbs free energy of -395.5 kJ/mol calculated using HSC Chemistry
Ver.3.02 was almost twice greater than the Gibbs free energy for the reaction given by
Eq. (2.3), which suggests that the reaction given by Eq. (2.6) should proceed
preferentially. When the treatment period was further extended up to 7 days a gradual
conversion of CusS4 to CuS (covellite) was observed, but the exact reaction mechanism

remained unclear.

To confirm the conversion of Cu(OH), to copper sulfides (CuxSy), a sulfidation
product obtained by contacting Cu(OH), with Na,S for 1 hour at the S:L ratio of 1:50
was subjected to TG analysis and the results are shown in Fig. 2.2. It can be seen that
the reagent of Cu(OH), decomposed to CuO at a temperature of about 145°C. By
contrast, no significant weight loss was observed when Cu(OH), was treated with Na,S
for 1 hour, which confirmed the conversion of copper hydroxide to Cu.Sy. When the
sulfidation product was further heated, a partial oxidation of Cu,Sy to CuSO4 occurred
at the temperature above 250°C. Finally, copper sulfate decomposed to copper oxide

at a temperature of about 650°C [16].
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Fig. 2.2: TG analysis of Cu(OH), and Cu(OH), treated with Na,S at S:L ratio of 1:50

for 1 hour

2.3.1.2 Effect of S:L ratio on conversion of Cu(OH); to copper sulfide

The content of copper compounds, as well as the content of zinc and nickel
compounds usually varies from sludge to sludge, and therefore it was necessary to find
a range of S:L ratio suitable for the conversion of copper hydroxide to copper sulfide.
Besides, an amount of Na,S-9H,O dissolved in water to establish given S* to Cu*"
initial ratio of 1.5 for each S:L ratio significantly affected pH value of the reacting
system.  Hence, the evaluation of the effect of S:L ratio on conversion of Cu(OH), to
copper sulfide was necessary and was carried out by contacting Cu(OH), with Na,S
solution for 1 hour at S:L ratios of 1:250 and 1:25. In these experiments, the pH value
increased from 12.8 for S:L ratio of 1:250 to 13.6 for S:L ratio of 1:25. Figure 2.3
shows the XRD patterns of the sulfidation products obtained at different S:L ratios and
it was confirmed that the conversion of Cu(OH), to copper sulfide could be successfully

carried out in a wide range of S:L ratio.
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Fig. 2.3: XRD patterns of Cu(OH), treated with Na,S for 1 hour at different S:L ratios

In addition to the above, a determination of copper in filtrates obtained by
filtration of the slurry using a 1 pm pore size filter paper was performed and it was

found that the concentrations of copper in filtrate were lower than 5 mg/L.

2.3.2 Conversion of ZnO to ZnS

2.3.2.1 Effect of S:L ratio on the conversion of ZnO to ZnS

The conversion of ZnO to ZnS was studied for a period of 1 hour to 7 days at
S:L ratios of 1:25, 1:50 and 1:250, and the initial molar ratio of S* to Zn*" was set at 1.5.
The conversion of ZnO to ZnS was determined using TG analysis, as shown in Fig. 2.4.
When ZnS was heated above 550°C under N»-O, atmosphere, ZnS was oxidized to ZnO,
which was accompanied by a weight loss owing to the lower molecular weight of ZnO.
A complete conversion of ZnS to ZnO was achieved at a temperature of 900°C. In the
case of ZnO treated with Na,S, a partial oxidation of ZnS, formed during the sulfidation
treatment, to ZnSO4 was observed when the sample was heated beyond 260°C. Then,

the ZnSO4 formed was decomposed to ZnO at a temperature of about 780°C.  Besides,
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it was observed that the conversion of ZnS to ZnO started at a lower temperature of
about 500°C compared to that of ZnS reagent. It is considered that both the oxidation
of ZnS to ZnSO4 and conversion of ZnS to ZnO at a lower temperature resulted from
irregularities in crystal lattice of ZnS formed by sulfidation treatment of ZnO.
Consequently, the irregular crystals were more susceptible to oxidation and

decomposition than those of ZnS reagent.

1.1

ZnO - reagent

1.0 l
j ZnO+Na,S; S:L - 1:50
L 09 l
S
= 2ZnS + 30, — 2Zn0O + 280,
~—
Eo 08 ZnS - reagent
%)
=

0.7 F Temperature increase 2°C/min; Atmosphere N,-O, (4/1);

Flow rate 50 mL/min
0'6 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
Temperature [°C]

Fig. 2.4: TG analysis of ZnO, ZnS, and ZnO treated with Na,S for 7 days at S:L ratio of
1:50

In Fig. 2.5, the conversion of ZnO to ZnS derived from TG analyses is plotted
against time for different S:L ratios. It was found that conversion increased with an
increase in S:L ratio, and the conversion values obtained after 7 days were 21.5%,
44.1% and 60.3% for S:L ratios of 1:250, 1:50 and 1:25, respectively. This increase
was partially attributed to an increase in pH value owing to higher amounts of
Na,S-9H,0 dissolved in water to establish the initial molar ratio of S* to Zn*" of 1.5.

The pH values of the reacting systems for each S:L ratio are also indicated in Fig. 2.5.
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The significance of pH arose from an increase in solubility of ZnO with an

increase in pH owing to the formation of more soluble zincates according to Egs. (2.7)

and (2.8) [15].
Zn*" +30H S Zn(OH)5

Zn*" +40H S Zn(OH)4*

2.7)

(2.8)

It 1s therefore postulated that solubility of ZnO was a controlling factor of the

extent and rate of conversion of ZnO to ZnS, while the precipitation of ZnS (Eq.

(2.9)-(2.11)) was supposedly instantaneous, since the concentrations of Zn measured in

the filtrates were less than 1 mg/L.
Zn*" + S*'s ZnS(s)
Zn(OH); + S*s ZnS(s) + 30H

Zn(OH),> + S*°S ZnS(s) + 40H

(2.9)
(2.10)

(2.11)

In order to further increase the conversion ratio, ZnO at an amount

corresponding to S:L ratio of 1:25 was contacted with Na,S solution prepared by
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dissolving Na,S-9H,0 in 1M NaOH of which the pH value was 13.9. Interestingly, it
was found that the conversion ratio achieved after 7 days was only 51.3%. It was
hypothesized that at a high pH value, ZnS could have been precipitated on the surface of
ZnO particles, which led to an enclosure of ZnO, and thus, the complete conversion of

ZnO to ZnS was prevented.

To confirm the formation of ZnS, dried sulfidation products were subjected to
XRD analyses and the XRD patterns are depicted in Fig 2.6. A relative increase in
intensity of characteristic peaks of ZnS compared to those of ZnO was observed when
pH was increased from 12.95 to 13.7, which confirmed the results obtained using TG
analysis (Fig. 2.5). By contrast to the results of TG analysis for ZnO shaken at pH of
about 13.9, the characteristic peaks of ZnS were remarkably higher compared to those
of ZnO, but the conversion ratio achieved was only 51.3%. It seems to confirm that

unreacted ZnO was enclosed in ZnS particles formed.

® ZnS ZnO+Na,S; S:L ratio of 1:25 (NaOH)
" \,...[I — _J ;_JL_ n | o~
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10 20 30 40 50 60 70 80

Diffraction angle 26/0 [°]
Fig. 2.6: XRD patterns of ZnO treated with Na,S for 7 days at different S:L ratios
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2.3.2.2 Effect of pH of the reacting system on conversion of ZnO to ZnS

As described in the previous section, the conversion of ZnO to ZnS was
significantly affected by changes in S:L ratio, which were also accompanied by changes
in pH of the reacting systems. Therefore, the effect of pH of the reacting system on
conversion of ZnO to ZnS was further investigated at the S:L ratio of 1:250 and
treatment period of 7 days. The pH value of the reacting system was varied by
dissolving Na,S-9H,0 in distilled water with 1M NaOH additions of 20, 50, 100, or 150
mL to make up the total volume to 250 mL. The conversion results obtained are
shown in Fig. 2.7 and it was confirmed that the conversion strongly depended on pH

value owing to a higher solubility of ZnO.
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"""""""""""" + NaOH

=0T +50 mLNaOH " u
N S N +150 mL
= & NaOH
.g 40 T S:L - 1:50
7] K
Lo ot
5 &
Z3 F +20 mL NaOH
c
O “““““

20

S:L -1:250
M S:L varied from 1:250 to 1:25
10 F
< S:L - 1:250 (NaOH additions)
0 1 1 1 1 1
12.80 13.00 13.20 13.40 13.60 13.80 14.00
pH []

Fig. 2.7: Conversions of ZnO to ZnS obtained after 7 days treatment at different pH

value of reacting system

The maximum conversion was 59.4%, obtained at a pH value of 13.6. When
the pH value of the reacting system was further increased, the conversion was reduced
to only 49.7%, which corresponded to the previously obtained results at S:L ratio of

1:25. Given the preceding observations, it is inferred that at a pH value above 13.7,
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ZnO started to rapidly dissolve into the Na,S solution and Zn*" ions were
instantaneously precipitated with S* forming a thin and almost monolithic layer on ZnO
particles. The subsequent dissolution of ZnO was thus prevented leading to a lower

conversion.

2.3.3 Conversion of Ni(OH), to NiS

The investigation on conversion characteristics of Ni(OH), was performed by
contacting Ni(OH), with Na,S solution for 7 days at S:L ratio varying from 1:250 to
1:25. The sulfidation products were analyzed using XRD and the XRD patterns
obtained are shown in Fig. 2.8. It can be seen that the sulfidation products were

composed of Ni(OH), and no peaks of nickel sulfide were identified.

Ni(OH),*+Na,S; S:L ratio of 1:25

Ni(OH),+Na,S; S:L ratio of 1:50
7
i‘ ™
z Ni(OH),+Na,S; S:L ratio of 1:250
2
g
=
]

Ni(OH),- reagent
-.‘ ‘m‘"‘:mu aad
10 20 30 40 50 60 70 80

Diffraction angle 26/0 [°]
Fig. 2.8: XRD patterns of Ni(OH), treated with Na,S for 7 days at different S:L ratios

These results suggest that the reagent of Ni(OH), remained unconverted, and
thus, to further analyze the sulfidation products, the samples were subjected to TG

analysis. The TG analysis showed two significant weight losses at the temperatures of
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about 230°C and 690°C. The first weight loss corresponded to the decomposition of
residual Ni(OH), to NiO, while the second weight loss was attributed to the conversion
of nickel sulfides to NiO. Since the nickel sulfide was not identified using XRD
analyses, and moreover the molar ratio of Ni*" to S* in sulfidation products remained
unknown, the determination of conversion of Ni(OH), to nickel sulfide was based on

the determination of residual Ni(OH)s.

As a result, it was found that only 17.5% of Ni(OH), was converted to nickel
sulfide after 7 days at a S:L ratio of 1:250 and the conversion increased only to 28.9%
when the S:L ratio was increased to 1:25. Therefore, it was concluded that Ni(OH),
was not easily convertible to nickel sulfide when treated with Na,S, due to the low
solubility of Ni(OH),. It was reported that theoretical solubility of Ni(OH), was only
about 0.2 mg/L and about 5 mg/L at pH value of 12 and 14, respectively [17], while the
solubility of nickel from plating sludge at pH value of 12.5 was about 2 mg/L [18].
Based on the solubility data and also on the fact that the highest conversion was
achieved at S:L ratio of 1:25 (pH value of 13.6), the effect of pH was further
investigated. The reagent of Ni(OH), was for 7 days contacted with Na,S solution,
prepared by dissolving given amounts of Na,S-9H,0 in 1M NaOH, at the S:L ratios of

1:250, 1:50 and 1:25. However, no increase in the conversion was observed.

Besides, it was found that sulfidation treatment of Ni(OH), brought about the
formation of small particles of nickel sulfide which were not separable even by filtration
using a 0.22 um filter paper. To determine the concentration of nickel in the filtrate,
an aliquot portion of each filtrate was dissolved in aqua regia, a mixture of hydrochloric
acid and nitric acid, and then analyzed using ICP. The concentrations of nickel
measured in the filtrates were 57 mg/L, 610 mg/L and 1 505 mg/L for S:L ratios of
1:250, 1:50 and 1:25, respectively. The nickel concentrations in the filtrate
corresponded to 0.42%, 3.98% and 4.91% of the initial sample weight for S:L ratios of
1:250, 1:50 and 1:25, respectively. When the conversion was determined based on the
nickel balance in the filtrate and the filter cake, the maximum conversion of 17.8%,
20.5% and 32.4% were obtained for the samples of Ni(OH), treated for 7 days at the
S:L ratios of 1:250, 1:50 and 1:25, respectively.
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2.4 Conclusions

The conversion of Cu, Zn and Ni to metallic sulfides was studied by contacting
separately the reagents of Cu(OH),, ZnO or Ni(OH), with Na,S solution at various S:L
ratios for time period varying from 1 hour to 7 days. After sulfidation treatment, the
samples were dried and subjected to XRD and TG analyses to evaluate the conversion

of these metals to metal sulfides. The main conclusions are summarized as follows:

® [t was found that Cu(OH), was completely converted to Cu.Sy (mainly CusSs)
which had the molar ratio of copper to sulfur of about 2 to 1. The conversion was
achieved within 1 hour of contacting Cu(OH), with Na,S solution and was
irrespective of S:L ratio. When the contact period was extended up to 7 days (S:L

ratio of 1:50), a gradual conversion of Cu;S4 to CuS (covellite) was observed.

® The conversion of ZnO to ZnS was found to be strongly dependent on pH of the
reacting system, which resulted from an increase in solubility of ZnO at higher pH
values owing to the formation of more soluble zincates. The conversion ratio of
ZnO to ZnS increased from 21.5% at pH value of 12.95 (S:L ratio of 1:250) to
60.3% at pH value of 13.7 (S:L ratio of 1:25), after 7 days. Interestingly, when the
pH value of the reacting system was further increased by using 1M NaOH, and ZnO
was treated with Na,S at S:L ratio of 1:25, the conversion obtained after 7 days was
only 51.3%. It is considered that at a pH value above 13.7, ZnO started to rapidly
dissolve into the Na,S solution and Zn*" ions were instantaneously precipitated with
S* forming a thin and almost monolithic layer on ZnO particles. The subsequent

dissolution of ZnO was thus prevented leading to a lower conversion.

® The conversion ratio of Ni(OH); to nickel sulfide was kept at a low value of about
17.8% for a S:L ratio of 1:250 and increased to only 32.4% when Ni(OH), was
treated for 7 days at a S:L ratio of 1:25. It is considered that a relatively low
conversion of Ni(OH), to nickel sulfide resulted from a low solubility of Ni(OH), at
high pH values.

® Finally, based on the results separately obtained for the metal reagents of Cu(OH),,
ZnO or Ni(OH),, the sulfidation treatment of real plating sludges was proposed.
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In particular, it is considered that a real plating sludge could be treated with Na;S in
order to convert heavy metals to metal sulfides. Subsequently, the metal sulfides
formed could be selectively recovered by means of flotation technique, as shown in
Fig. 2.9. In the flotation process shown, the separation of copper sulfide is
achieved in the first step, followed by zinc sulfide separation in the second step;
however further investigation to increase the conversion of zinc compounds to zinc
sulfide is essential. Finally, the flotation residue composed mainly of nickel

compounds could be treated to recover nickel resource.

Treated plating sludge:
CuS, ZnS, Ni -compounds

Separation by means
of flotation

CuS

/nS

Ni - compounds

Fig. 2.9: Proposed separation procedure of plating sludge treated with Na,S
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CHAPTER 3

Sulfidation treatment of copper plating sludges

mCuS A CuS,

. B Cu-sludge - real - 1h (75-125 um)

Cu - sludge - real - 1h (<32 um)

Cu - sludge - sim - 1h (75-125 um)

Intensity [cps]
>
>

Cu - sludge - sim - 1h (<32 um)

10 20 30 40 50 60 70 80
Diffraction angle 26/6 [°]

Time [minute]
0 1 2 3 4 5 6 7 8 9 10
-50 T T T T T T T T T

—O— Simulated sludge: Molar ratio of 1.00
—O— Simulated sludge: Molar ratio of 1.50
-150 - A- Real sludge: Molar ratio of 1.00
- ©- Real sludge: Molar ratio of 1.50

-250

ORP [mV]

-450

-550

In this chapter, the sulfidation treatment with Na,S solution was separately
carried out for simulated and real copper plating sludge in order to confirm the results
obtained for Cu(OH),. Similarly to Cu(OH),, copper compounds were converted to
various copper sulfides within the first 5 minutes. The XRD analyses of the
sulfidation products showed that in the case of real copper sludge and simulated
copper sludge (S* to Cu®" molar ratio of 1.00), CuS was the main sulfidation product.
By contrast, Cu;Ss (Roxbyite) was mainly found in the case of simulated copper
sludge at the molar ratios of S* to Cu®" of 1.50 and 1.25. The formation of different

copper sulfides was explained using ORP measurements and Eh-pH diagram.




3.1 Introduction

Electroplating is a technique used for surface finishing of metals, ceramics and
plastics. In Japan, heavy metals such as zinc, copper, nickel, chromium and tin are
commonly used by electroplating and copper accounts for about 30% (5,732 tons/year)
of the total amount of metals consumed [1]. In Chapter 2, the sulfidation treatment
was carried out for metal reagent of Cu(OH), and it was found that copper hydroxide
can be easily converted to various copper sulfides. Thus, in the next step, the
sulfidation treatment was conducted for simulated and real copper plating sludge in
order to confirm the results obtained for Cu(OH),. Similarly as in Chapter 2, Na,S
aqueous solution was used as a sulfidation agent, and the initial molar ratio of S* to
Cu”" (S* to Me”" in the case of real plating sludge) was adjusted to 1.00, 1.25 or 1.50.
The solid to liquid (S:L) ratio was fixed at 1.00:50 (1.00 g sludge to 50 mL Na,S
solution). The S:L ratio of 1:50 was chosen with respect to the results presented in
Chapter 2, where the effect of S:L ratio on the conversion was investigated for copper
hydroxide in the range of S:L ratio of 1:250 to 1:25 and it was found that, in this range,
the conversion of copper hydroxide to copper sulfide was not affected by the S:L ratio.
The residual amount of sulfide ions remaining in the solution after contacting the
simulated or real copper plating sludge with Na,S solution for a period of 5 minutes to
24 hours was analyzed using an ion selective electrode. Further, the sulfidation
products were identified by means of an XRD analysis and the formation of various
copper sulfides was explained using Eh-pH diagram. Finally, the effect of particle size

on the conversion was studied in the particle size range of 0 to 125 pum.

3.2 Experimental part

3.2.1 Preparation of copper plating sludge

3.2.1.1 Simulated copper plating sludge

The simulated copper plating sludge was prepared according to flow chart
shown in Fig. 3.1(a). An amount of 12.8 g CuSO4-5H,0 of reagent grade (Wako Pure
Chemical Industries, Ltd.) was dissolved in a 400 mL distilled water. Then, the pH
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value of the solution was increased from about 4.20 to 9.40+0.1 using 1M NaOH
solution, under continuous stirring, to make up a total volume of about 500 mL. As a
consequence of the increase in pH, copper ions were precipitated as insoluble copper
hydroxide and copper hydroxide sulfates such as posnjakite and brochantite [2,3]. The
precipitation was allowed to proceed for 30 minutes and then the slurry/precipitate
formed was filtered using a filter paper with pore size of 1 um.  The precipitate was,
then, rinsed in 500 mL distilled water for another 30 minutes, in order to purify the
copper precipitate. During rinsing, the pH value was kept constant at the value of
9.40+0.1. In the subsequent step, the precipitate was again filtered using a filter paper
with pore size of 1 um. Finally, the precipitate was dried in a muffle furnace at a
temperature of 75°C for 24 hours. The precipitate obtained in such a manner was
denoted as simulated copper plating sludge. Before the sulfidation experiments, the
simulated copper plating sludge was thoroughly ground and screened using sieves with

mesh diameters of 32 um, 45 pm, 63 pum, 75 um and 125 pm.

a) I CuSO; solution I b) I

b—| IM NaOH |

Stirring for 30
minutes; pH 9.3-9.5 I

[ Filtration— 1 um__| Shaking

v v

Rinsing for 30 I Filtration — 1 um |
minutes; pH 9.3-9.5

¢ | Filtrate
<

I Filtration — 1 pm I

Na,S solution | I Copper plating sludge

Plastic container I

" Filter cake/precipitate I

v

| Drying — 75°C; 24 hrs |

Grinding, screening:
32 um, 45 pm, 63 pum,
75 pm and 125 pm

- S* content analysis
by ion selective
electrode

- Me content analysis
using ICP

Drying for two days at
ambient temperature

v

XRD analysis

Particle size analysis

Fig. 3.1: Experimental flow chart of preparation of simulated copper plating sludge —

Fig. 3.1(a) and sulfidation treatment — Fig. 3.1(b)
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3.2.1.2 Real copper plating sludge

The sample of real copper plating sludge acquired from Sanshin MFG. Co., Ltd.,
Japan was used. In a similar way to that of simulated copper plating sludge, the real
plating sludge was dried in a muffle furnace at a temperature of 75°C for 24 hours, and
then thoroughly ground and screened using sieves with mesh diameters of 32 um, 45

um, 63 um, 75 um and 125 pm.

3.2.2 Determination of plating sludge composition

The elemental composition of the simulated and real copper plating sludge was
determined in triplicate by dissolving 100 mg of each sample in aqua regia (a mixture of
HCI1 and HNOs at a ratio of 3:1). Then, the solutions arising thereof were analyzed
using inductively coupled plasma (ICP, Vista-MPX Simultaneous ICP-OES, Varian,
Inc.). The composition of both plating sludges is given in Table 3.1. It can be seen
that the copper content in simulated plating sludge was more than twice higher than that
of real plating sludge. In addition, other heavy metals such as nickel, zinc, lead etc., as

well as high amounts of sodium and calcium were found in real copper plating sludge.

Table 3.1: Composition of real and simulated copper plating sludge

Simulated sludge Real sludge
Content [mg/g] Content [mg/g]

Cu 623+11.9 257+8.75
Cd - 1.02+0.01
Cr - 2.30+0.01
Fe - 3.60+£0.16
Mn - 0.39+0.01
Ni - 48.2+1.12
Pb - 12.7+£0.15
Sn - 15.6+0.59
Zn - 19.5+£0.51
Na 8.20+0.29 28.6+£0.94
Ca - 46.8+1.42
K - 0.57+0.04
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Furthermore, in order to analyze the crystallographic composition, the samples
were subjected to X-ray powder diffraction (XRD) analysis with scanning mode of 26/0,
under the condition of 50 kV/100 mA (RINT-2500 TTR, Rigaku Model). Finally, in
the case of simulated copper plating sludge, the amount of copper sulfate remaining in
the sludge in copper hydroxide sulfates was determined by means of thermogravimetric
analysis (TGA-50, Shimadzu Corporation, Japan) under N,-O, atmosphere (ratio of
N2:0; 0of 4:1), at a gas flow rate of 50 mL/min and a heating rate of 2°C/min.

3.2.3 Treatment procedure

The sulfidation treatment of both sludges was carried out in a batch system,
according to the diagram shown in Fig. 3.1(b). A volume of 50 mL aqueous Na,S
solution, prepared by dissolving Na,S-9H,O of reagent grade (Wako Pure Chemical
Industries, Ltd.) in distilled water to adjust the initial molar ratio of S* to Me*" to 1.00,
1.25 or 1.50, was poured into a plastic container. In the case of copper simulated
sludge, Me*" stands only for Cu?*, and thus the molar ratio of S* to Me?" is referred to
as S” to Cu”" molar ratio. By contrast, in the case of real plating sludge, the initial
molar ratio of S* to Me”" of 1.50, 1.25 or 1.00 refers to the sum of all heavy metals
present in the real sludge (Table 3.1). In the next step, an appropriate amount of the
sludge was charged into each plastic container adjusting a solid to liquid (S:L) ratio to
1.00:50 (sample weight concentration of about 20 g/L.). Then, the plastic containers
were shaken on a vertical shaker for a period of 5 minutes to 24 hours. Finally, the

slurry was filtered with a 1 um pore size filter paper.

3.2.4 Analyses of filtrates and filter cakes

The filtrates were subjected to the determination of heavy metals using ICP.
The concentration of sulfide ions remaining in the filtrates was measured by S* ions
selective electrode (S-125, Ion meter IM-55G, DKK-TOA Corp.). In the

measurements of residual concentrations of S ions, the pH of the sample solution was
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kept at a value higher than 13.0, in accordance with the standard procedure for the
measurement of S* ions, and then, the ionic strength of the sample solution was

adjusted by L-ascorbic acid.

The filter cakes were dried at an ambient temperature of about 25°C for 2 days,
and then subjected to X-Ray powder diffraction (XRD) analysis. In addition, the
particle size distribution of sulfidation products was measured by means of a laser
scattering particle size distribution analyzer (Horiba LA-920, Horiba Ltd., Tokyo,
Japan).

3.2.5 Determination of oxidation-reduction potential

The oxidation-reduction potential (ORP) of the reacting system was measured
using an ORP electrode (PST-5721C, DKK-TOA Corp.). The ORP electrode was
immersed into the plastic container filled with Na,S solution, which was placed on a
magnetic stirrer, to obtain the initial ORP value. Subsequently, a 1 gram of the copper
sludge was charged into the plastic container adjusting a solid to liquid (S:L) ratio to
1.00:50, and the change in the ORP value during sulfidation was recorded continuously.
To avoid the consumption of sulfide ions in the sample solution by oxidation, the plastic

container, with the ORP electrode immersed inside, was sealed with a wrap film.

3.3 Results and discussion

3.3.1 Sulfidation behaviour of simulated copper plating sludge

3.3.1.1 Effect of S° to Cu’" ratio on the composition of sulfidation products

The simulated plating sludge screened to a particle size lower than 32 um was
contacted with Na,S solution at the initial molar ratios of S* to Cu*" of 1.00, 1.25 and
1.50, which corresponded to the pH value of the reacting system of 13.15, 13.25 and
13.30, respectively. In this work, no pH adjustment was performed and the pH value

of the reacting system resulted from the amount of Na,S-9H,0 dissolved in distilled
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water to adjust an initial molar ratio of S* to Cu®". Figure 3.2 shows the time change
of the consumption of S* ions at different S to Cu®" molar ratios obtained for

simulated copper plating sludge.
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Fig. 3.2: Time change of residual concentration of S* ions for simulated copper plating

sludge

It can be seen from the figure that S* ions were almost completely consumed
within the first 5 minutes, which indicated a high reaction rate of sulfidation of copper
compounds to copper sulfides. Similar to this study, the high sulfidation rate has been
reported for the sulfidation of brochantite [Cus(OH)sSO4] and chrysocolla
[CuO-Si0,-2H,0] with ammonium sulfide [4], further for the sulfidation of chrysocolla
and malachite [CuCO;-Cu(OH),;] with sodium sulfide [5], and for the sulfidation
treatment of malachite with sodium sulfide and sodium tetrasulfide [6]. However, in
the reported research works, the sulfidation rate of oxidized copper ores was found to be
the highest at mildly acidic or neutral pH, and the sulfidation rate significantly
decreased when the pH value was increased to a value of about 11.0. In particular,
Raghavan et al. [4] reported that at the pH value of 7.4, the sulfide ions were consumed

within the first 5 minutes of contacting brochantite with ammonium sulfide, while at a
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pH value of 10.5, a contacting time of 30 minutes was required. By contrast, a high
sulfidation rate was obtained in this study at the pH value higher than 13.0 for the
simulated copper plating sludge containing a mixture of brochantite, posnjakite and
copper hydroxide. It is considered that the difference in the sulfidation rate resulted
from a significantly lower crystallinity of minerals involved in plating sludge compared
to that of copper ores. Hence, the crystals of brochantite, posnjakite and copper
hydroxide involved in simulated copper plating sludge were more susceptible to
sulfidation treatment and therefore a high reaction rate was achieved resulting in the

complete sulfidation within the first 5 minutes.

To identify the products of sulfidation reactions, the XRD analysis of
sulfidation products was carried out and the results are shown in Fig. 3.3, together with

XRD patterns of raw simulated copper plating sludge.
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Fig. 3.3: XRD patterns of simulated copper plating sludge obtained after 5 minutes at

different S* to Cu®*" molar ratios

At first, as shown in this figure, the presence of Cu(OH),, posnjakite
[CusSO4(OH)6-2H,0], and brochantite [CusSO4(OH)s] was confirmed in the raw

simulated copper plating sludge. The amount of copper sulfate remaining in the
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sludge in copper hydroxide sulfates was determined by means of TG analysis. It was
found that the crystalline water was evaporated in the temperature range of 140°C to
380°C and then the remaining CuSOj4 of posnjakite and brochantite was decomposed to
CuO in the temperature range of 580°C to 710°C. Based on the weight loss
accompanying the decomposition of CuSO4 to CuO, the amount of CuSO4 remaining in

copper hydroxide sulfates was estimated to be about 13.5 wt%.

Then, when the simulated copper plating sludge contacted with Na,S at the S*
to Cu”" molar ratio of 1.00 was analyzed using XRD, the cupric (Cu*") sulfide was
found as the main product of sulfidation, while no peaks of the raw sludge were
observed. From this result, it was considered that cupric ions of copper hydroxide,
brochantite and posjankite reacted with S ions to yield CuS at a molar ratio of S* to

Cu®" of 1.00, as expressed by Eq. (3.1).

Cu*™ + S sCuS(s) AG(298K)= -204.8 kJ/mol (3.1)

By contrast, various cuprous (Cu+) sulfides, such as Cu,S, Cu;S4, CugSs and
Cu;1S16 with a molar ratio of copper to sulfur of about 2 to 1 were formed when the
sulfidation experiments were conducted at S* to Cu®" molar ratio of 1.25 and 1.50.
This result suggests that the cupric ions were, at first, reduced to cuprous ions and were
subsequently precipitated as various cuprous (Cu') sulfides. Based on this result, it
was considered that, at higher S* to Cu*" molar ratios, the sulfidation of copper

occurred according to the following reactions expressed by Egs. (3.2) and (3.3).

2Cu”>" +2S8* 52Cu" + S, F AG(298K)=-123.1 kJ/mol (3.2)
2Cu” + $* sCusS AG(298K)= -272.4 kJ/mol (3.3)
2Cu™" + 387 sCu,S(s) + So™ AG(298K)= -395.5 kJ/mol (3.4)

The Eq. (3.2) shows the oxidation-reduction reaction of Cu®" (reduced to Cu®)
with S* (oxidized to S,*) followed by the precipitation of Cu,S as expressed by Eq.
(3.3). The Eq. (3.4) summarizes the overall reaction mechanism and Gibbs free energy
of this reaction (calculated using HSC Chemistry Ver.3.02) was found to be -395.5

kJ/mol, which was almost twice greater than the Gibbs free energy of the reaction given
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by Eq. (3.1). Thus, from thermodynamic point of view, it was considered that the

sulfidation of copper should proceed via Egs. (3.2) and (3.3) rather than Eq.(3.1).

3.3.1.2 Effect of ORP on sulfidation of copper

In order to clarify the mechanism of sulfidation of copper, the ORP
measurements were carried out and the results expressed in terms of ORP against

standard hydrogen electrode are shown in Fig. 3.4.
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Fig. 3.4: Time change of oxidation-reduction potential for simulated copper plating

sludge

In this figure, it can be seen that the ORP value steeply decreased when the
sludge was added to the plastic container filled with Na,S solution, irrespective of S* to
Cu”*" molar ratio. The decrease in the ORP value was caused by the oxidation half

reaction (Eq. (3.5)), which coexisted with the reduction half reaction of Cu** to Cu”

given by Eq. (3.6).
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287 58, + 2¢ ,=-0478V  (3.5)

o[S¥ /S*

2Cu* +2¢e $2Cu" E

o[ Cu** /Cu']

=0.1607 (3.6

By using the Nernst equation for half reaction given by Eq. (3.5), the ORP can be
determined using Eq. (3.7).

2

a,
E:Eo—ﬁln >
nF a

(3.7),

82

where E [V] is the oxidation reduction potential (ORP) of the reacting system, E, is the
standard oxidation reduction potential of S,%/S* couple [V], R is gas constant [J/(K
mol)], 7 is absolute temperature [K], # is the number of electrons transferred [-], F is the
Faraday’s constant [C/mol], @g2- is the activity of S* ions [-] and @ s is the activity
of S,” ions [-]. Inserting the value of E, for S,*/S* couple and n to Eq. (3.7), and
further assuming that the activity coefficients of S,> and S* are equal to one, gives Eq.

(3.8)

s |’
E= —0.478—?—;111% (3.8),

where [S*] is the concentration of S* ions and [S,>] is the concentration of S,* ions.

At the beginning of the sulfidation, the conversion is negligible, and thus, the
concentration of S,> ions is assumed to be almost zero. Hence, the initial ORP value
calculated by Eq. (3.8) becomes almost negative infinite, which explained the steep
decrease in ORP value shown in Fig. 3.4. Subsequently, the concentration of S,
increased with the progress of sulfidation reactions resulting in an increase in

oxidation-reduction potential, as also shown in Fig. 3.4.

Further, the stability as well as the formation of copper sulfides of Cu,S and CuS
strongly depends on the pH and potential values of the reacting system. Therefore, an
Eh-pH diagram (Eh stands for oxidation-reaction potential) of Cu-S-H,O system was

constructed based on the assumption that only copper compounds of Cu, CuS, Cu,S and
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CusSO4(OH)g were present in

reacting system [4].

Figure 3.5 shows the Eh-pH

diagram constructed for S* to Cu®* molar ratio of 1.50 and a temperature of 298.15K by

using the thermodynamic data given in Table 3.2.

Table 3.2: Thermodynamic data for Eh-pH diagram

Species (state) [k?/(rifol] Reference
H,0 (liq) -237.19 [7]
H,S (aq) -27.82 [7]
HS" (aq) 12.09 [7]

S* (aq) 85.81 [7]
Cu (c) 0.00 [7]
CusS (¢) -53.60 [7]
CusS (¢) -86.19 [7]
CusSO4(OH)e -1818.45 [8]

In this diagram, the potential boundary between Cu,S and CuS at the pH range
of 12.9 to 14.0 was determined based on the Eq. (3.9)

2CuS(s) +2¢ S Cu,S(s) + S*

(3.9).

In the given pH range, sulfide ions are present in the solution in the S* form,

and therefore, the Cu,S/CuS potential boundary is not affected by the pH value of the

reacting system. The value of oxidation-reduction potential for Cu,S/CuS potential

boundary is then determined using the Nernst equation expressed by Eq. (3.10)

RT

E=-0554 ~—__In [s>]

(3.10)

where the value of -0.554 V represents the value of standard oxidation reduction

potential of Cu,S/CuS couple [V], calculated using the thermodynamic data given in

Table 3.2.
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Fig. 3.5: Eh-pH diagram of Cu-S-H,O system at 298.15K

It can be seen that at a constant temperature, the value of Cu,S/CuS potential
boundary depends only on the concentration of S* ions. Subsequently, the potential
boundary between Cu,S and CuS was calculated to be -0.538 V at the S* to Cu*" molar
ratio of 1.50 (pH value of 13.30), and the value just slightly increased to -0.536 V at the
molar ratio of S* to Cu®" of 1.25 (pH value of 13.25). Based on the ORP results
obtained for the molar ratios of S* to Cu®" of 1.25 and 1.50 (Fig. 3.4), it was considered
that the potential, at first, dropped below the Cu,S/CuS boundary leading to the
formation of Cu,S rather than CuS. Then, as a consequence of a higher conversion,
the ORP of the reacting system increased to a value of about -0.460 V at the molar ratio
of $* to Cu®" of 1.50, which brought about a shift in the ORP value from the stability
region of Cu,S to the stability region of CuS. As a result of the shift in the ORP value
of the reacting system, a gradual conversion of Cu,S to CuS was supposed to occur.

Therefore, to support this conclusion, the contacting period of the simulated copper
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plating sludge with Na,S was further extended up to 24 hours at the molar ratio of S* to
Cu’* of 1.50.

Figure 3.6 shows the XRD patterns of sulfidation products obtained and it is

shown that Cu.S, was indeed partially converted to CuS after 24 hours, which

supported the above given conclusion.
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Fig. 3.6: XRD patterns of simulated copper plating sludge obtained at S* to Cu®" ratio

of 1.50, after different time

In the case of S* to Cu”” molar ratio of 1.00 (Fig. 3.4), the initial decrease in the

ORP value was lower compared to those of S to Cu®" molar ratios of 1.25 and 1.50.

Hence, it is assumed that the ORP value at the beginning of the sulfidation did not drop

below the potential boundary of Cu,S/CuS, which was calculated to be -0.533 V for this

S to Cu®*" molar ratio.

Consequently, the copper compounds in the plating sludge

were rather converted to CuS than to Cu,S.
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3.3.2 Sulfidation behaviour of real copper plating sludge

3.3.2.1 Effect of S* to M’ ratio on the composition of sulfidation products

The sulfidation treatment of real plating sludge was conducted in the same way
as that of simulated sludge. The molar ratio of S to Me”" was adjusted to 1.00, 1.25
or 1.50, where Me”" stands for the sum of all heavy metals involved in the sludge
(Table 3.1). The pH values of the reacting systems were 12.91, 13.01 and 13.10 for
S* to Me”*" molar ratios of 1.00, 1.25 and 1.50, respectively. Figure 3.7 shows the
time change of the residual concentration of S* ions for different molar ratios of S* to

N
Me?*,

1.2

—— Molar ratio of 1.00
—O- Molar ratio of 1.25
—— Molar ratio of 1.50

—0

Residual amount of S*/initial amount of S* [-]

1 1 1 1 1 —a AV

0 10 20 30 40 50 60 70
Time [minute]

Fig. 3.7: Time change of residual concentration of S* ions for real copper plating

sludge

As shown in this figure, S* ions were almost completely consumed within a
short period of 5 minutes indicating a high sulfidation rate of copper compounds, which
was similar to the results obtained for simulated plating sludge (Fig. 3.2), except that
the residual concentrations of S* ions were kept higher. This difference in the residual

concentration of S* ions between the simulated plating sludge and the real plating
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sludge was attributed to lower sulfidation rates of heavy metals such as nickel and zinc
contained in the real plating sludge, as reported in Chapter 2. Further, the
concentrations of the heavy metals in the filtrates were determined by ICP and it was
found that the concentrations of copper and nickel were kept below 2 mg/L, while the
concentrations of zinc, iron, lead, etc. were kept below 0.1 mg/L (the lowest standard

used in ICP analyses).

To identify the crystallographic composition of sulfidation products, the XRD
analysis of the sulfidation products of the real plating sludge, was carried out. Figure
3.8 shows the XRD patterns obtained and it was found that CuS was formed as the main
sulfidation product within 5 minutes, irrespective of S* to Me*" molar ratio. While, no
characteristic XRD peaks of copper compounds were observed for the raw sample of

real plating sludge indicating a low crystallinity of the copper compounds.

H CuS A CaSO42H20

[ - Molar ratio of 1.50
WWWWM‘”WMW
u u Molar ratio of 1.25

[ ] n Molar ratio of 1.00

A A A Cu sludge - raw (32 um)

Intensity [cps]

e,

10 20 30 40 50 60 70 30
Diffraction angle 26/0 [°]

Fig. 3.8: XRD patterns of real copper plating sludge obtained after 5 minutes at

different S* to Me>" molar ratios
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3.3.2.2 Effect of ORP on sulfidation of copper

Figure 3.9 shows the time change of ORP of the reacting system of real plating
sludge during sulfidation treatment. In the case of simulated plating sludge (Fig. 3.4),
the potential steeply dropped to a value of about -0.490 V and then increased to a value
of about -0.460 V, at S to Cu*" molar ratio of 1.50. To the contrary, somewhat
different behaviour was obtained for real plating sludge at S* to Me*" molar ratio of
1.50, as shown in Fig. 3.9. It can be seen that the potential decreased more slowly,
compared to that of simulated plating sludge, basically to attain a value of about -0.455
V at the S* to Me*" molar ratio of 1.50. It was considered that the difference in ORP
behaviour observed between the simulated plating sludge and the real plating sludge
resulted from the presence of other ions in the reacting system. Given the difference in
the ORP behaviour, it was assumed that the potential value of the reacting system was
kept above the Cu,S/CuS potential boundary, which led to the formation CuS rather
than Cu,S. The Cu,S/CuS potential boundary was determined to be -0.531 V, in the

case of S* to Me*" molar ratio of 1.50 and the corresponding pH value of 13.10.

Time [minute]
0 1 2 3 4 5 6 7 8 9 10
'200 ) T T T T T T T T

-~ S* to Me”" ratio of 1.00
- S* to Me”" ratio of 1.25
-S> to Me”" ratio of 1.50

-300

ORP [mV]

-400

-500

Fig. 3.9: Time change of oxidation-reduction potential for real copper plating sludge
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3.3.3 Effect of particle size on sulfidation of copper sludges

In order to study the effect of particle size on the sulfidation of copper
compounds to copper sulfides, the experiments were conducted for the simulated and
real plating sludge screened to the particle size ranges of 0-32 pum, 45-63 pm and
75-125 um.  The molar ratio of $* to Cu®" (S* to Me”" for the real plating sludge) was
fixed at 1.50 and the sulfidation time was set at 1 hour. Figure 3.10 presents the XRD
patterns of the sulfidation products obtained for the simulated plating sludge and the
real plating sludge. As can be seen in the figure, no significant difference in the XRD
patterns of simulated and real plating sludge was observed when the particle size was
increased from a smaller particle size of 0 to 32 um to a larger particle size of 75 to 125
um. Thus, it was concluded that the conversion of copper compounds to copper
sulfides, in the particle size range used, was not dependant on the particle size. Lower
intensities of XRD peaks of copper sulfides in the case of the real plating sludge
compared to those of simulated plating sludge were attributed to a lower crystallinity of

the copper sulfides formed.

mCuS A CyS,
HE |

Cu - sludge - real - 1h (75-125 pm)
g =
Cu - sludge - real - 1h (<32 um)

A A Cu - sludge - sim - 1h (75-125 um)

Intensity [cps]

Cu - sludge - sim - 1h (<32 pm)

10 20 30 40 50 60 70 80
Diffraction angle 26/0 [°]

Fig. 3.10: XRD patterns of simulated- and real- copper plating sludge obtained for

different particle size of initial sludge
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3.3.4 Particle size analysis of sulfidation products of copper sludges

Figure 3.11 shows the particle size distribution of the sulfidation products
formed at the molar ratio of S* to Cu®" of 1.50 (S* to Me** for the real plating sludge)

and the sulfidation time of 1 hour.
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Fig. 3.11: Particle size distribution analyses of sulfidation products of simulated- and

real- copper plating sludge

As can be seen in the figure, the particle size of sulfidation products was
remarkably affected by the initial particle size of the raw sludge. In the case of particle
size of raw sludges of 0 to 32 um, the average particle sizes of the sulfidation products
were 8.87 um and 7.52 um for simulated and real copper plating sludge, respectively.
By contrast, the average particle sizes of sulfidation products of 25.25 um for simulated
copper plating sludge and 43.21 um for real copper plating sludge were obtained when
the particle size of the raw sludge in the range of 75 to 125 um was chosen. From
these findings, it is concluded that the conversion of Cu compounds to copper sulfides
rather started with the formation of copper sulfides on the surface of the original sludge

particles than with the precipitation of new particles of copper sulfides in the solution.
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This result is in agreement with the findings reported for malachite, where the copper
sulfides were found to quickly form a primary layer on the malachite specimen and
subsequently a secondary layer enclosing unreacted malachite inside [6]. Similarly,
Castro et al. [7] reported that in the sulfidation treatment of CuO, the sulfide ions were
at first adsorbed on the surface of CuO particles followed by the reaction of sulfide ions
with CuO. However, in this study, an amount of unreacted sample enclosed under the
sulfide layer is assumed to be negligible, since no XRD peaks of raw sample were
found when the simulated copper sludge contacted with Na,S was subjected to XRD

analysis.

Finally, the reduction in the particle size during sulfidation treatment was
attributed to the disintegration of the original sludge present in the form of agglomerates

of particles as fine as 1 um.

34 Conclusions

The sulfidation treatment of simulated and real copper plating sludge was
carried out at S* to Cu®" (S* to Me”") molar ratios of 1.00, 1.25 and 1.50, for a period
of 5 minutes to 24 hours. Some concluding findings obtained in this study are

summarized as follows:

® The copper compounds involved in simulated and real plating sludge were easily
converted to copper sulfides within the first 5 minutes of contacting the sludges

with Na,S.

® The XRD analyses of sulfidation products of simulated copper plating sludge
obtained after sulfidation treatment for 5 minutes showed that the formation of
copper sulfides is strongly affected by S* to Cu*” molar ratio used. In the case of
S* to Cu®*" molar ratio of 1.00, cupric sulfide of CuS was identified as the main
sulfidation product, while various cuprous sulfides such as Cu,S, Cu;Ss, CugSs,
Cus1S;6 were formed at S% to Cu®" molar ratio of 1.25 and 1.50. The formation of
various copper sulfides was attributed to the changes in ORP of the reacting system

at different S to Cu®" molar ratios.
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In the sulfidation treatment of real plating sludge, cupric sulfide of CuS was found
as the main sulfidation product irrespective of S** to Me*" molar ratio, which was
attributed to a different ORP behaviour compared to that of simulated copper
plating sludge.

The effect of particle size of the initial sludge was investigated in the range of 0 to
125 pm, at the S* to Cu®" (S* to Me®" for the real plating sludge) molar ratio of
1.50. It was found that the conversion was independent of the particle size of the

initial sludge used.

The particle size distribution analysis of sulfidation products contacted with Na,S
for 1 hour at the molar ratio of S* to Cu®" (S to Me*" for the real plating sludge) of
1.50 showed that particle size distribution of sulfidation products strongly depended

on the initial particle size of the raw sludges.
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35

Nomenclature

[S7] concentration of S* ions [mol/L]

[S:7] concentration of S,> ions [mol/L]

ag2- activity of S* ions [-]

@52 activity of S,* ions [-]

AG Gibbs free energy [kJ/mol]

AG{’ Gibbs free energy of formation [kJ/mol]

E oxidation-reduction potential of the reacting system [V]
E, standard oxidation-reduction potential of S,*/S* couple [V]
F Faraday’s constant [C/mol],

n number of electrons transferred [-]

R gas constant [J/(K mol)]

T temperature [K]
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CHAPTER 4

Sulfidation treatment of zinc plating sludges
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In this chapter, the sulfidation treatment was conducted for simulated zinc
plating sludge and real plating sludge containing high amount of zinc in order to
confirm the results obtained for ZnO. Similarly to ZnO, the conversion was found to
be strongly dependant on S:L ratio (pH value of the reacting system) and a maximum
conversion of 80.9% was obtained after 48 hours at an S:L ratio of 1.00:50 (pH of
13.23). The XRD analysis of sulfidation product obtained under such conditions
showed only peaks of ZnS suggesting that the rest of zinc sludge remained unreacted

inside the agglomerates of ZnS. Finally, the results obtained with real plating sludge

confirmed that zinc compounds can be converted to ZnS.




4.1 Introduction

Electroplating is a technique used in surface finishing of metals, ceramics and
plastics. In Japan, heavy metals such as zinc, copper, nickel, chromium and tin are
commonly used and zinc accounts for more than 30% (6,054 tons/year) of the total
amount of metals consumed [1]. In Chapter 2, the sulfidation treatment with Na,S
solution was carried out for metal reagent of ZnO and it was found that ZnO can be
converted to ZnS, but the conversion was much slower than in the case of Cu(OH),.
Further, the conversion was found to be dependent on S:L ratio used as well as on the
pH value of the reacting system. Therefore, the conversion results obtained for ZnO
were verified using zinc simulated plating sludge. Finally, the experiments were also
carried out for a real plating sludge with high content of zinc in order to confirm the

formation of ZnS.

In the case of simulated sludge, the initial molar ratio of S* to Zn®>" was set at
1.50 and the solid to liquid (S:L) ratio was varied from 0.25:50 to 1.00:50. Meanwhile,
in the case of real sludge, the S:L ratio was fixed at 1.00:50 and the initial molar ratio of
S* to Me*" (Me stands for all metals present in the sludge) was varied from 1.00 to 1.50.
The conversion of zinc compounds to zinc sulfide was evaluated by measuring the
residual concentrations of sulfide ions. Further, the formation of zinc sulfide was
analyzed using X-ray powder diffraction (XRD) and scanning electron microscopy —
energy dispersive spectroscopy (SEM-EDS). In addition, an attempt was made to
describe the sulfidation characteristics of zinc compounds involved in the zinc

simulated plating sludge by using Elovich kinetic model [2-5].

4.2 Experimental part

4.2.1 Preparation of zinc plating sludge

4.2.1.1 Simulated zinc plating sludge

Figure 4.1 (a) shows the flow chart used for the preparation of simulated zinc
plating sludge. An amount of 14.5 g ZnSO4-7H,0 was dissolved in a 400 mL distilled

water, and then the pH value of the solution was increased to 9.40+0.10 using 1M
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NaOH aqueous solution making up the total volume to 500 mL. The pH value of
9.40+0.10 was chosen with respect to neutralization conditions generally used in the
treatment of mixed-metal wastewater streams to lower heavy metal solubilities below
the permissible limits [6]. According to Eq.(4.1), zinc ions reacts with hydroxyl ions

to form insoluble zinc hydroxide.

Zn** + 20H s Zn(OH)x(s) 4.1)

In our experiments, the precipitation was allowed to proceed for 30 minutes, and
then the slurry/precipitate was filtered using a filter paper with pore size of 1 um.
After the filtration, the precipitate was rinsed in 500 mL distilled water for another 30
minutes at a constant pH value of 9.40+0.10, in order to purify the zinc precipitate.
Subsequently, the precipitate was filtered and dried in a muffle furnace at a temperature
of 75°C for 24 hours. The dried precipitate was ground in an agate mortar and
screened to particle size lower than 75 um. The precipitate treated in such manner is

hereafter referred to as the simulated zinc plating sludge.

a) | ZnSO, solution | b) | Na,S solution | | Zinc plating sludge |
M NaOH \/
Stirring for 30 4 -
minutes; pH 9.3 — 9.5 | Plastic container |

il -

I Filtration — 1 um I Treatment for 1 hour

¢ to 48 hours
Rinsing for 30 - - *
minutes; pH 9.3 — 9.5 [ Filtration _ 1 ym |

v

[ Filtration — 1 um | | Filtrate || Filter cake/precipitate |

I Drying — 75°C; 24 hrs |

Grinding and sieving
Particle size <75 um

v

- Analysis of residual
content of $* ions

- Analysis of Me*
content using ICP

Drying for two days at
ambient temperature

v

XRD analysis
SEM-EDS analysis
Particle size analysis

Fig. 4.1: (a) Flow chart of preparation of simulated zinc plating sludge — (b) Flow chart

of sulfidation treatment
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4.2.1.2 Real plating sludge with high content of zinc

The sample of real plating sludge acquired from Sanshin MFG. Co., Ltd., Japan
was used. In a similar way to that of simulated zinc plating sludge, the real plating
sludge was dried in a muffle furnace at a temperature of 75°C for 24 hours, and then

thoroughly ground and screened using sieves with mesh diameter of 75 pum.

4.2.2 Determination of plating sludge composition

In order to determine the elemental composition of the simulated and real zinc
plating sludge, an amount of 100 mg of each sludge was dissolved in aqua regia (a
mixture of HCl and HNO; at a ratio of 3:1) and the solution arising thereof was
analyzed using inductively coupled plasma (ICP) equipment (Vista-MPX Simultaneous
ICP-OES, Varian, Inc.). The composition of both plating sludges is given in Table 4.1.
The average content of zinc in the simulated zinc sludge was found to be 602
mg-Zn/g-sludge. By contrast, the content of zinc in real sludge was only 87.9
mg-Zn/g-sludge, and also other heavy metals such as Cr, Sn etc. were found in the real

sludge

Table 4.1: Composition of simulated and real zinc plating sludge

Simulated sludge Real sludge
Content [mg/g] Content [mg/g]

Zn 602+17.1 87.9+4.82
Cu - 0.33+0.04
Cd - -
Cr - 61.7£1.90
Fe - 5.30+0.20
Mn - 0.29+0.01
Ni - 2.74+0.05
Pb - 0.10+£0.07
Sn 63.0£1.56
Na 12.2+0.58 7.81+£0.35
Ca - 3.24+0.30
K - 2.23+0.36
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Further, the simulated and real zinc plating sludges were subjected to X-ray
powder diffraction (XRD) analysis with scanning mode of 26/6, under the condition of
50 kV/100 mA (RINT-2500 TTR, Rigaku Model), and to scanning electron
microscopy—energy dispersive spectrometric (SEM-EDS) analysis (JSM-6330F-JEOL,
JED-2140-JEOL). Finally, the simulated zinc plating sludge was analyzed using TG
analyzer (TGA-50, Shimadzu) under N,-O, atmosphere of N»:80%-0,:20%, at gas flow

rate of 50 mL/min and heating rate of 2°C/min.

4.2.3 Sulfidation of zinc plating sludge

4.2.3.1 Simulated zinc plating sludge

The sulfidation of the simulated zinc plating sludge was conducted in a batch
system according to the procedure shown in Fig. 4.1(b), and all experiments were
carried out in triplicates. First, a volume of 50 mL of Na,S aqueous solution, of which
the initial molar ratio of S* to Zn*" was adjusted to 1.50, was poured into the plastic
containers. The molar ratio of S* to Zn*" of 1.50 was chosen in order to keep the S*
ions in excess throughout the whole sulfidation period. Second, the simulated zinc
sludge was charged into each plastic container in appropriate amount to achieve the S:L
ratio of 0.25:50 (weight concentration of about 5 g/L), 0.50:50 (weight concentration of
about 10 g/L) or 1.00:50 (weight concentration of about 20 g/L)). Then, the plastic
containers were shaken on a vertical shaker for 1 to 48 hours. Finally, at the end of the

experiment, the slurry was filtered with a filter paper of 1 um pore size.

4.2.3.2 Real zinc plating sludge

The sulfidation treatment of real sludge was carried out in the similar way as in
the case of simulated zinc plating sludge (Fig. 4.1(b)). The solid to liquid (S:L) ratio
was set to 1.00:50 (sample weight concentration of about 20 g/L), while the initial molar
ratio of S to Me”" was adjusted to 1.00, 1.25 or 1.50. In the case of real sludge, the

initial molar ratio of S to Me*" refers to the sum of all heavy metals present in the real
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sludge (Table 4.1). Finally, the sulfidation period of 5 minutes to 12 hours was used

for the experiments with the real sludge.

4.2.4 Analyses of filtrate and filter cake

The concentration of the residual sulfides in the filtrate of simulated zinc plating
sludge was analyzed using an ion chromatography (Shimadzu, electroconductivity
detector type: CDD-10Avp) equipped with a column-Tosoh, TSK gel IC-Anion-PW
6837, 50x4.6 mm [.D. Then, the conversion of zinc compounds to zinc sulfide was
calculated according to Eq. (4.2)

ng —nHg, —Ng

X = :
n, (4.2),

n

where X is the conversion [-], ns, is the initial amount of sulfide ions [mol], ngp, is the
amount of sulfide ions consumed during blank experiment [mol], ns. is the amount of
residual sulfide ions [mol], and nz, is the total amount of Zn involved in plating sludge
[mol]. The amount of the sulfide ions, ng, [mol] consumed by the oxidation of S* ions
to SO,~ with oxygen present in water (blank experiment) was determined as a
difference between the initial amount of sulfide ions (ngs,) and the residual amount of
sulfide ions after performing the blank experiment. In this work, the blank
experiments were carried out by shaking only the aqueous Na,S solutions in plastic
containers for a period of 1 to 48 hours. The amounts of Na,S-9H,O dissolved in
water to perform the blank experiments were exactly the same as in the case of

experiments performed with simulated zinc plating sludge.

In the case of real plating sludge, the concentration of sulfide ions remaining in
the filtrates was measured by S” ions selective electrode (S-125, Ion meter IM-55G,
DKK-TOA Corp.). In the measurements of S* ions residual concentrations, the pH of
the sample solution was kept at a value higher than 13.0, in accordance with the
standard procedure for the measurement of S* ions, and then, the ionic strength of the

sample solution was adjusted by L-ascorbic acid.
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Finally, the filter cakes were dried at an ambient temperature of about 25°C for 2
days, and then subjected to X-Ray powder diffraction (XRD) analysis. In addition, the
particle size distribution of raw sludge and sulfidation products was studied by means of
a laser scattering particle size distribution analyzer (Horiba LA-920, Horiba Ltd., Tokyo,
Japan).

4.3 Results and discussion

4.3.1 Characterization of simulated zinc plating sludge

From the results obtained by XRD and TGA, it was found that Zn(OH), was not
the main precipitation product formed during the preparation of simulated zinc plating
sludge. Instead, the precipitate was mostly composed of various zinc sulfate hydroxide
hydrates which are, in this work, denoted by general formula of [Zn,(OH),*(SO4)-nH,O].
The TGA results showed that crystalline water in the sludge was evaporated in the
temperature range of 165°C to 300°C and the remaining ZnSO4 was decomposed to ZnO
in the temperature range of 670°C to 780°C. Based on the weight loss resulting from
the decomposition of ZnSO4 to ZnO, the amount of ZnSO,4 involved in zinc sulfate

hydroxide hydrate was estimated to be about 17 wt%.

The SEM images of the simulated zinc plating sludge taken at different

magnifications are shown in Fig. 4.2.

Fig. 4.2: SEM images of simulated zinc plating sludge
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As seen in this figure, the particle of zinc plating sludge is an agglomerate of
fine floccules of zinc compounds with a diameter of about 1 um. It is considered that

the particles agglomerated during filtration and drying process.

4.3.2 Sulfidation treatment of zinc simulated plating sludge

4.3.2.1 Effect of solid to liquid (S:L) ratio on conversion

The experiments were performed at three different S:L ratios and the results of

conversion of Zn compounds to ZnS determined by Eq. (4.2), are plotted against time in
Fig. 4.3.
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Fig. 4.3: Time plot of conversion of zinc in simulated zinc plating sludge and the results

of conversion rate modelling using Elovich kinetic equation

In this figure, the conversion increased rapidly within the first 6 hours for all S:L
ratios followed by a slower progress in conversion for the rest of the experimental
period. Moreover, the progress in the conversion seemed to stop after 12 hours at the

S:L ratio of 1.00:50, and the maximum conversion obtained after 48 hours was 0.809.
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The increase in the S:L ratio was accompanied by an increase in the pH value of
the reacting system owing to a higher amount of Na,S-9H,O dissolved in water to
establish the given molar ratio of S* to Zn®" of 1.50. Hence, higher values of the
conversion at higher S:L ratios were partially attributed to a higher pH value of the
reacting system. The significance of pH arises from an increase in the solubility of Zn
compounds with an increase in pH, owing to the formation of more soluble zincates,

according to Egs. (4.3) and (4.4) [7].
Zn*" + 30H S Zn(OH)5" (4.3)

Zn*" + 40H s Zn(OH),* (4.4)

Based on the increase in conversion of zinc compounds to ZnS with an increase
in pH of the reacting system, it is considered that the solubility of zinc compounds is
influential in the sulfidation of Zn compounds to ZnS in the simulated zinc plating
sludge. On the contrary, the precipitation of Zn>" ions as insoluble ZnS according to
Egs. (4.5)-(4.7) is supposed to be instantaneous and thus having negligible effect on
reaction rate. Such a conclusion is supported by the measurements of zinc
concentrations in the filtrates, during which it was found that the zinc concentrations in

all filtrates measured by ICP were less than 1 mg/L.

Zn*" + S*'s ZnS(s) (4.5)
Zn(OH); + S*'s ZnS(s) + 30H (4.6)
Zn(OH)s* + S*°S ZnS(s) + 40H 4.7

4.3.2.2 Analyses of treated zinc plating sludge

After the sulfidation treatment, the simulated zinc plating sludge was subjected

to XRD analysis and the XRD patterns obtained are shown in Fig. 4.4.
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Fig. 4.4: XRD patterns of simulated zinc plating sludge before and after sulfidation

treatment
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It was confirmed that ZnS was formed as a product of sulfidation of zinc
compounds. As indicated in the XRD diagram, characteristic zinc sulfide peak became
higher with an increase in sulfidation time as well as with an increase in S:L ratio. It
can be observed that only ZnS was present, when the sample was contacted with Na,S
solution for 12 hours at S:L ratio of 1.00:50. Based on the XRD results and the results
of conversion (Fig. 4.3), it was concluded that a part of the unreacted zinc hydroxide

and zinc sulfate hydroxide hydrate was enclosed inside the agglomerates of ZnS.

Figure 4.5 shows the SEM-EDS results of the zinc sludge treated with Na,S for
12 hours at the S:L ratio of 1.00:50.

Fig. 4.5: SEM-EDS images of treated simulated zinc plating sludge
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From the SEM image, it can be seen that the sulfidation product is composed of
fine particles of ZnS. Further, the EDS maps show that zinc, sulfur and oxygen atoms
are located at a nearly the same positions, but the number of oxygen atoms detected is
significantly lower than those of zinc and sulfur. This result may support the
above-mentioned conclusion that some unreacted zinc hydroxide or zinc sulfate

hydroxide hydrate was enclosed inside the agglomerates of ZnS.

To conclude this part, it is supposed that the agglomerates of ZnS enclosing
unreacted zinc plating sludge should be separable by flotation, since the flotation is
based on the surface interactions of particles with flotation agents. Thus, the proposed
sulfidation treatment followed by flotation could be used to selectively recover zinc

from mixed plating sludges.

4.3.2.3 Evaluation of controlling factors for sulfidation of zinc compounds

As mentioned in Section 4.3.2.1, the conversion of zinc compounds involved in
plating sludge to zinc sulfide increased with an increase in S:L ratio and with an
increase in the pH value of the reacting system. It is therefore important to evaluate
the effect of these two parameters on the sulfidation of zinc compounds. For this aim,
the zinc simulated plating sludge was treated with Na,S solution for 24 hours at a
constant S:L ratio of 0.25:50, while the pH value was adjusted with 1M NaOH in the
range of 12.68 (without NaOH addition) to 13.30.

Figure 4.6 shows the change in the conversion of zinc compounds involved in
plating sludge obtained at the fixed S:L ratio of 0.25:50, while changing pH of the
reacting system with NaOH (dashed line). In this figure, the conversions obtained at
the S:L ratios of 0.25:50, 0.50:50 and 1.00:50 after 24 hours are also plotted against the
pH value of the reacting systems (solid line). In the latter case, the increase in pH
value naturally resulted from an increase in the amount of Na,S-9H,O dissolved in
distilled water to adjust the molar ratio of S* to Zn*" to 1.50 for each S:L ratio and no

pH adjustment was made.
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Fig. 4.6: Dependence of conversion on pH value of reacting system

It is shown that the conversion increased linearly with an increase in the pH
value resulting from an increase in S:L ratio (solid line). On the contrary, a two stage
behaviour was observed when the pH value was adjusted with 1M NaOH at fixed S:L
ratio of 0.25:50 (dashed line). In the first stage (pH range of 12.68 to 13.00), the
conversion increased almost linearly with an increase in pH, which corresponded to the
results obtained when S:L ratio was varied. This result suggested that at an S:L range
of 0.25:50 to about 0.50:50, the pH of the reacting system was the main controlling
factor, while the effect of change in S:L ratio on the conversion was almost negligible.
Then, in the second stage (pH range of 13.00 to 13.30) lower values of conversion were
obtained at fixed S:L ratio of 0.25:50 compared to the results obtained when varying
S:L ratio (solid line). The result indicated the importance of S:L ratio on the

conversion of zinc compounds to ZnS at an S:L ratio higher than 0.50:50.

The S:L ratio is related to the weight concentration of the zinc plating sludge in
the reacting system and thus to the number of solid particles in the reacting system. It
is assumed that the higher number of particles present in the same volume of the

reacting system led to a higher number of mutual collisions of sludge particles at the
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S:L ratio of 1.00:50 compared to the number of mutual collisions at the S:L ratio of
0.25:50. Consequently, the agglomerates of raw zinc sludge (Fig. 4.2) as well as ZnS
agglomerates, in which unreacted zinc compounds were enclosed, disintegrated.
Hence, the conversion of zinc compounds to zinc sulfide at a higher S:L ratio became

higher, compared to that obtained at a lower S:L ratio and at the same pH value.

In further investigation of this phenomenon, a particle size distribution analysis
of the raw simulated zinc plating sludge and the sulfidation products was performed.
Figure 4.7 shows the particle size distribution of raw simulated zinc plating sludge
measured by laser scattering particle size distribution analyzer. The particle size
distribution analyzer is equipped with ultrasound irradiation used to disintegrate the
particle agglomerates. The ultrasound irradiation is directly applied to the sample in
the measurement cell and the time duration of ultrasound irradiation is an adjustable
parameter (basically the ultrasound irradiation should be applied until a stable particle

size distribution is achieved).

=C=Ultrasound - 0 min
7 | -@ Ultrasound - 1 min
—&— Ultrasound - 10 min
[ —O- Ultrasound - 20 min

5 F

Weight portion [%]
N

0.01 0.1 1 10 100 1000
Particle size [pum]

Fig. 4.7: Disintegration of agglomerates of raw zinc simulated sludge with ultrasound

irradiation
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It can be seen that the particle size distribution of raw sludge prepared by
grounding and screening to particle size lower than 75 um (without ultrasound) showed
the highest peak at a particle diameter of about 40 um and the median of the distribution
was 21.84 um. Then, when ultrasound irradiation was applied, the particle
agglomerates were easily disintegrated and the median of distribution obtained after
applying the ultrasound irradiation for 20 minutes was 1.20 um. Thus, based on this
analysis, the original particle of raw sludge (particle size lower than 75 um) are
supposed to readily disintegrate during the sulfidation treatment and the disintegration is

assumed to increase with an increase in S:L ratio.

After the sulfidation treatment, the sulfidation products obtained by contacting
the simulated zinc sludge with Na,S for 24 hours at S:L ratio of 0.25:50 and 1.00:50
were subjected to particle size distribution analysis and the results are given in Fig. 4.8.
The results showed that the particle size slightly decreased with an increase in S:L ratio,
which is in agreement with our conclusions drawn on the effect of S:L ratio on

disintegration of ZnS agglomerates.
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Fig. 4.8: Particle size distribution of sulfidation products obtained after 24 hours at

different S:L ratios
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4.3.2.4 Modelling of the sulfidation of zinc plating sludge

The conversion of Zn compounds in the plating sludge to ZnS was described
using the Elovich kinetic model, which has already been applied in modelling of
adsorption of gases on solid adsorbents [2], removal of copper and zinc from effluents
[3], extraction of arsenic from contaminated soils [4] and the thermal decomposition of
solid oxygenated complexes formed by coal oxidation [5]. The Elovich equation is an

empirical model which in terms of the conversion is expressed by Eq. (4.8),

X Ly
- =ae (4.8).

where X is the conversion [-], ¢ is the time [hour] and a, b are the constants — Elovich
parameters. The integration of Eq.(4.8) with the boundary conditions of X=0 at =0,
X=X at =t gives Eq. (4.9).

X = %ln(ab) + %ln(t +1,) (4.9)

where 7, is the Elovich time constant [hour].

The relation between the conversion X and In(t+to) obtained from Eq. (4.9) is
shown in Fig. 4.9 for different S:L ratios. The Elovich constants a and b were
obtained from the slope and the intercept of the linear regression plot of X against
In(t+to). The constants a and b correspond to the initial reaction rate and the extent of
conversion, respectively. In Fig. 4.10, the Elovich constants @ and b were plotted
against S:L ratio. The constant b decreased with an increase in S:L ratio due to a
higher conversion ratio achieved at higher S:L ratios. The higher value of the constant
a at a higher S:L ratio is attributed to an increase in solubility of zinc compounds in the

sludge due to a higher pH value of the reacting system.

The conversion-time curves obtained according to Eq.(4.9) are given in Fig. 4.3,
in which the solid-, dotted- and dashed-lines are those calculated for S:L ratio of 1.00:50,
0.50:50 and 0.25:50, respectively. The Elovich equation describes the data points
fairly well.
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In Table 4.2, the experimental data on the conversion of zinc compounds in the
sludge were compared with those obtained from Eq. (4.9). For this purpose, S:L ratios
of 0.375:50 and 0.75:50 were used and the reaction time was set at 3, 12 or 48 hours.
It can be seen from Table 4.2 that the experimental data of the conversion (X)) wWere in
good agreement with those determined by Elovich kinetic equation (Xcy.) for the
reaction time of 3, 12 and 48 hours, except for S:L ratio of 0.75:50 after 48 hours. It is
supposed that at S:L ratio higher than 0.50:50, the sulfidation reaction almost stopped
after 12 hours, since the unreacted zinc compounds had been enclosed inside the

agglomerates of ZnS.

Table 4.2: Comparison of conversion predicted by Elovich kinetic equation and

experimentally obtained conversion

S:L ratio — 0.375:50 S:L ratio — 0.75:50
Sulfidation time Xeale Xexp Xeale Xexp
[hour] [-] [-] [-] [-]
3 0.266 0.253 0.416 0.404
12 0.394 0.405 0.618 0.597
48 0.521 0.542 0.820 0.684

4.3.3 Sulfidation treatment of real zinc plating sludge

To confirm the applicability of sulfidation treatment to real plating sludges, the
experiments were performed for a real sludge with high content of zinc as shown in
Table 4.1. Similarly as in the case of real copper plating sludge (Chapter 3), the S:L
ratio was fixed at 1.00:50 and the initial S* to Me*" molar ratios of 1.00, 1.25 and 1.50
were used. Figure 4.11 shows the residual concentrations of sulfide ions measured by
S* ions selective electrode. At first, the residual concentrations of S* ions rapidly
decreased within the first 5 minutes, irrespective of S* to Me*" molar ratio. Then,
within the sulfidation period of 5 minutes to 3 hours, a slower decrease in the residual
concentrations of sulfide ions was observed and a stable value was obtained after 3
hours. The conversions obtained after 3 hours were roughly estimated to be 77.2%,
78.3% and 88.0% at S* to Me*" molar ratios of 1.00, 1.25 and 1.50, respectively (the

conversion was calculated based on the sum of molar amounts of all heavy metals).
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The increase in S* to Me”" molar ratio was accompanied by an increase in pH of the
reacting system from 12.1 to 12.4 owing to a higher amount of Na,S-9H,0 dissolved in
distilled water. Thus, these conversion results are in agreement with the previously

described data for ZnO (Chapter 2) and simulated zinc sludge (in this chapter).

1.2

=2~ Molar ratio of 1.00
10 @ -O-Molar ratio of 1.25
08 =o—Molar ratio of 1.50

Residual amount of S*/initial amount of S* [-]

0 2 4 6 8 10 12

Time [minute]

Fig. 4.11: Dependence of residual concentration of S* ions on time for real plating

sludge

Further, the sulfidation products were subjected to an XRD analysis and the
XRD patterns obtained are depicted in Fig. 4.12. At first, it can be seen that no peaks
of heavy metals were identified in the raw plating sludge indicating low crystallinity of
metal compounds in the real sludge, which is in agreement with the results obtained for
real copper plating sludge (Fig. 3.8). Then, when the sulfidation products were
analyzed, the peaks of ZnS were clearly identified confirming the conversion of Zn

compounds to ZnS.
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Fig. 4.12: XRD patterns of sulfidation products of real plating sludge obtained after 1

hour at different S* to Me>" molar ratios

4.4 Conclusions

The sulfidation treatment of simulated zinc plating sludge and real plating

sludge with high content of zinc was conducted using Na,S as a sulfidation agent. As

a result, the following conclusions were drawn:

Simulated plating sludge:

In the case of simulated zinc plating sludge, the molar ratio of S* to Zn*" was fixed at

1.50, while the solid to liquid ratio was varied from 0.25:50 to 1.00:50.

® The XRD analysis of the simulated zinc plating sludge showed that simulated zinc
plating sludge was mainly composed of zinc sulfate hydroxide hydrates. Using
the thermogravimetric analysis, the amount of unreacted ZnSO, remaining in zinc

sulfate hydroxide hydrates was estimated to be about 17 wt%.
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® The conversion of zinc compounds to ZnS increased with an increase in S:L ratio as
well as pH value, where the latter resulted from a higher amount of Na,S-9H,0
added to adjust S* to Zn®" molar ratio for a given S:L ratio. The maximum
conversion of 80.9% was obtained at the S:L ratio of 1.00:50 after sulfidation

period of 48 hours.

® After the sulfidation for 48 hours at S:L ratio of 1.00:50, only ZnS was detected in
the treated zinc sludge using XRD, and thus it is assumed that a part of unreacted
zinc sludge remained enclosed in the agglomerates of ZnS. Nevertheless, from the
resource recovery point of view, the particles of ZnS enclosing unreacted sludge are
supposed to be separable by flotation, and thus, the proposed treatment could be

used to selectively recover zinc from mixed plating sludges.

® The sulfidation of zinc compounds in zinc sludge was described by Elovich kinetic
equation. It was found that Elovich kinetic model fitted well our experimental

data and was further validated at the S:L ratios of 0.375:50 and 0.75:50.

Real plating sludge:

In the case of real plating sludge, the solid to liquid (S:L) ratio was fixed at 1.00:50,

while the molar ratio of S* to Me*” was changed from 1.00 to 1.50.

® The residual concentrations of sulfide ions steeply decreased within the first 5
minutes of sulfidation period indicating high initial conversion rate, and then, the
conversion slowly proceeded to attain a minimum value after sulfidation period of 3
hours. The conversions were roughly estimated to be 77.2%, 78.3% and 88.0% at

S* to Me*" molar ratios of 1.00, 1.25 and 1.50, respectively.

® Further, the sulfidation products were subjected to XRD analysis and the formation
of zinc sulfide was confirmed, but no other peaks of heavy metal sulfides were

identified.
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4.5

Nomenclature

a
b
nsa
nsp
nsc

Nzn

lo

Xcalc
Xexp

Elovich parameter [1/hour]

Elovich parameter [-]

initial amount of sulfide [mol]

amount of sulfide ions consumed during blank experiment [mol]
amount of residual sulfide ions [mol]

total amount of Zn involved in simulated Zn sludge [mol]

time [hour]

Elovich time constant [hour]

conversion [-]

conversion obtained from Elovich kinetic equation [-]

conversion obtained from experiments [-]
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CHAPTERS

Fundamental study on the sulfidation of molten incineration fly ashes
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In this chapter, the sulfidation treatment of molten incineration fly ashes

containing heavy metals such as lead, zinc and copper was conducted using Na,S

solution as a sulfidation agent. As a result, the conversions of heavy metals of Pb,

Zn and Cu involved in fly ash to metal sulfides obtained after 48 hours at S* to Me*"

initial molar ratio of 1.2 were 86.7% and 81.2% for the molten incineration fly ashes

from municipal waste incineration unit and industrial waste incineration unit,

respectively.




5.1 Introduction

In Japan, more than 70% of the municipal solid waste produced annually is
incinerated to decrease its volume [1], and the incineration residues (bottom ash and fly
ash) represent 7-20 wt% of the original waste [2]. Presently, the incineration residues
are mainly stabilized/solidified with hydraulic binders [3], asphalt emulsion [4] or glass
[5] and then disposed to a landfill site. However, the incineration residues contain
valuable heavy metals such as zinc, lead and copper at elevated concentrations. Okada
et al. [6] reported that the content of zinc in the molten incineration fly ashes varied in
the range of 0.27 to 42.5%, the content of lead in the range of 0.13 to 9.2% and the
content of copper in the range of 0.11 to 1.6%. As a comparison, the presently mined
natural ores contain only about 1-10% zinc, 1-5% lead [7] and 0.5-1.0% copper [8,9].
Thus, from the viewpoint of heavy metal content, the molten incineration fly ashes are
considered to be equivalent to the natural ores. Further, it has been reported that the
heavy metal resources of lead, zinc, and copper would be depleted in 43 years, 46 years
and 61 years, respectively [10]. Therefore, the recovery of heavy metals from various
industrial wastes including molten incineration fly ashes should be studied in order to

achieve an environmentally friendly society.

For the heavy metal recovery from fly ash, various extraction techniques using
mainly an acidic medium have been investigated [11,12]. After the extraction
treatment, the heavy metals can be precipitated as metal sulfides, hydroxides, carbonates
or chelates. Katsuura et al. [11] reported that, among the above mentioned
precipitation techniques; the precipitation of heavy metals as heavy metal sulfides was
comparatively better in terms of processing properties and cost. However, the
precipitation of metal sulfides at pH range of 6.0 to 8.0 required various safety measures
to prevent generation of poisonous H,S gas. Subsequently, the precipitate composed

of metal sulfides could be subjected to heavy metal refining process at smelters.

Considering heavy metal recovery at smelters, it should be noted that heavy
metals in the nature are present as sulfide ores such as galena (PbS), sphalerite (ZnS) or
covellite (CuS). Prior to the smelting, the enrichment of heavy metals by means of

flotation technique is carried out [13]. Given this, it is considered that the heavy
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metals involved in molten incineration fly ash may be directly converted to metal
sulfides by mixing a fly ash with an aqueous solution of Na,S. Subsequently, the fly
ash treated with Na,S in such a manner may be subjected to separation of heavy metal
sulfides by means of a flotation. Consequently, in the sulfidation treatment with Na,S,
the acid extraction pre-treatment and the possible generation of H,S gas in the heavy

metal precipitation step could be avoided.

The objective of this study was to investigate the conditions of effective
conversion of heavy metals involved in fly ash to heavy metal sulfides, with Na,S
solution. An optimal molar ratio of S* to Me*" (Me stands for Pb, Zn and Cu) was
determined by monitoring the concentrations of heavy metals dissolved in the filtrates.
The conversion of heavy metals to the metal sulfides was evaluated by determining the
amount of sulfide ions consumed after contacting the fly ash with Na,S for 1 to 48

hours at S* to Me?" initial molar ratio of 0.9 and 1.2.

5.2 Experimental part

5.2.1 Elemental composition of molten incineration fly ashes

Two molten incineration fly ashes from municipal and industrial waste
incineration units were used in this study. The municipal waste incineration fly ash
discharged from gasification and ash melting process, with Ca(OH), injection, was
denoted as Fly ash-A. Fly ash from gasification and ash melting incineration process
of automobile shredder residues, with injection of Ca(OH),, was denoted as Fly ash-B.

Table 5.1 gives the elemental composition of both fly ashes.

Solubility of heavy metals was evaluated by water leaching test; an amount of
10 g fly ash was charged into plastic container and 100 mL of distilled water was added.
The plastic container was placed on a mechanical shaker and shaken vertically at
amplitude of 5 cm and a speed of 350 spm for 3 hours. After shaking, the slurry was
filtered with a 1 pm pore size filter paper and the concentration of heavy metals in the

filtrate was measured by ICP (Vista-MPX Simultaneous ICP-OES, Varian, Inc.).
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Table 5.1: Fly ash elemental composition

Fly ash-A Fly ash-B
Concentration Concentration
Element
[mg/g] [mg/g]

Zn 20.0 28.0
Pb 16.0 20.0
Cu 2.70 3.80
Fe 0.80 11.2
Cd 0.12 -

Si 1.20 37.4
Al 0.40 7.9
Ca 130 194
Na 166 54.2
K 77.0 68.9
Cl 268 220

The amount of soluble compounds that originally existed in raw fly ash was
determined as follows; an amount of 10 g fly ash was shaken with 100 mL distilled
water for 24 hours, and the suspension was subsequently filtered. A volume of 10 mL
of filtrate was transferred onto a Petri dish, and was heated in a muffle furnace at 105°C
to evaporate water. The constant weight of the solid residues after water evaporation

corresponded to the amount of water soluble salts involved in fly ash.

5.2.2 Sulfidation treatment

All experiments carried out in a batch system were performed in triplicate and
Figure 5.1 shows the experimental procedure used in the present study. An amount of
10 g fly ash weighed with an accuracy of + 0.01 g was charged into plastic container.
Then, distilled water and an aqueous solution of Na,S (Na,S-9H,0, Wako Pure
Chemical Industries, Ltd.) were added to the container to adjust a solid to liquid (S:L)
ratio of 1:10.  The S* to Me®" molar ratio (Me stands for Pb, Zn and Cu) was varied in
the range from 0.15 to 1.5. The plastic container was shaken on a vertical shaker for 3
hours at a speed of 350 spm and finally, the slurry was filtered using a 1 pm pore size

filter paper. The procedure used was almost the same as that used in the experiments
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given in previous chapters, with only exception of adding Na,S aqueous solution and
additional distilled water separately. This difference resulted from much lower content
of heavy metals in fly ashes than in plating sludges and thus from a significantly lower
weight of Na,S-9H,O used (especially for the small S* to Me*" molar ratios such as
0.15 and 0.30). Therefore, to avoid an experimental error during handling small
amounts of Na,S-9H,0, a stock solution of Na,S was prepared in advance and this
solution was later diluted with distilled water to achieve the S* to Me®" molar ratio of

0.15t0 1.5

When the effect of sulfidation time on the formation of heavy metal sulfides was
investigated, the amounts of Na,S-9H,0 corresponding to the molar ratios of 0.9 and 1.2
were dissolved in 100 mL distilled water (the same procedure as in previous chapters).
The Na,S aqueous solution, prepared in such a manner, was poured into the fly ash
charged container to adjust S:L ratio to 1:10 and no distilled water was added. Then,
the plastic container was shaken on a vertical shaker for a period of 1 to 48 hours.

Finally, the slurry was filtered using a 1 pm pore size filter paper.

Fly ash
Water
Na,S solution
Shaking
v
Filtration Determination of
sulfide
—> Filtrate
v \ Determination of
Filter cake heavy metals

Fig. 5.1: Flow chart of experimental procedure
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5.2.3 Analyses of filtrate

The filtrates were subjected to the quantitative analysis of heavy metal content
using ICP. The residual concentration of sulfide ions in the filtrates was measured by
S* ions selective electrode (Ion meter IM-55G, DKK-TOA Corp.). Before the actual
measurements of S* ions concentration, the pH of sample solutions was increased to a
value higher than 13.0, in accordance with the standard procedure for the measurement

of S ions with this electrode and the ionic strength was adjusted using L-ascorbic acid.

5.3 Results and discussion

5.3.1 Effect of S to Me*" molar ratio on metal concentrations in filtrates

The content of heavy metals in the leachate is shown in Table 5.2. The pH
values of water leachates of Fly ash-A and Fly ash-B were 12.5 and 12.6, respectively.
Among the heavy metals, lead showed the highest concentration at such high pH values,
which may be attributed to the formation of soluble Pb compounds such as plumbates
[Pb(OH);” and Pb(OH),*]. Low concentrations of zinc and copper might have resulted

from lower solubility of copper and zinc at such high pH values.

Table 5.2: Concentrations of heavy metals in water leachate

Fly ash-A Fly ash-B
Element Concentration Concentration
[mg/L] [mg/L]

Zn 5.11 759
Pb 405 657
Cu 1.22 4.27
Fe - ]

Cd . )

An optimal molar ratio S* to Me®" was determined by monitoring the
concentrations of these metals in filtrates, after sulfidation treatment for 3 hours. In
this experiment, S* to Me*" molar ratio was varied from 0.15 to 1.5. The heavy metals

of Pb, Zn and Cu are present in fly ashes in the form of chlorides and oxides [14].
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These heavy metals (represented by Me) are considered to dissolve in distilled water
according to Egs. (5.1) and (5.2) and react with S* jons of Na,S solution according to

Eq. (5.3) to form metallic sulfide.

MeCly(s) $ Me®™ + 2CI (5.1
MeO(s) + H,0 s Me*" + 20H (5.2)
Me?*" + S* 5 MeS (5.3)

Figure 5.2 shows the effect of S* to Me®" molar ratio on the concentration of Pb
in the filtrate determined after 3 hours of sulfidation treatment, and it can be seen that

the content of Pb in the filtrate decreased as the S*” to Me?" molar ratio increased.
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Fig. 5.2: Relation between Pb concentration in filtrate and S* to Me®” molar ratio

When Na,S was added to fly ash/water suspension, Pb compounds dissolved in
water reacted with S* according to Eq. (5.3) forming PbS as the reaction product. The
decrease in Pb concentration in filtrates with an increase in S* to Me®" molar ratio
suggested that highly soluble Pb compounds were converted to PbS. A slight increase
in Pb concentration in the filtrate of Fly ash-A at the S* to Me*" molar ratio of 0.15 may
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be attributed to the formation of fine particles of PbS. It is supposed that sulfide ions
were consumed almost instantaneously to form fine particles of PbS. When the
concentration of sulfide ions was insufficient, these fine particles of PbS could not
continue to grow, and consequently easily passed through a 1.0 um pore size filter. As
the S* to Me*™ molar ratio increased, bigger particles of PbS were formed and these
particles were effectively separated by filtration. When the S* to Me®" molar ratio was

higher than 0.9, the concentration of Pb in filtrates was lower than 0.1 mg/L.

Figure 5.3 shows the dependence of concentration of Zn and Cu in the filtrate

on the S*" to Me?" molar ratio.

—&- Zn: Fly ash-A
—¢-Cu: Fly ash-A
/% Zn: Fly ash-B
== Cu: Fly ash-B

Concentration of Zn or Cu [mg/L]

1 1 1 1 <x 1 AR
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Molar ratio [-]

Fig. 5.3: Relation between Cu and Zn concentration in filtrate and S*” to Me*" molar

ratio

Similar to the results shown in Fig. 5.2, the concentrations of Zn and Cu in the
filtrate decreased with an increase in S* to Me*" molar ratio, and were kept below 0.1
mg/L, when the S* to Me®" molar ratio was higher than 0.3 and 0.9 for Zn and Cu,
respectively. Based on these results, it was concluded that the particles of the ZnS and

CuS precipitate were large enough to be separated by a 1.0 um pore size filter.
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The low values of heavy metal concentrations in filtrates at S* to Me”” molar
ratio higher than 0.3 for Cu and higher than 0.9 for Pb and Zn suggested that all easily
soluble heavy metals were precipitated as heavy metal sulfides. In addition, the
concentration of sulfide ions in the reaction solution was considered to be high enough

to keep the dissolution of less soluble heavy metal oxides and hydroxides at low values.

5.3.2 Effect of sulfidation time on formation of heavy metal sulfides

As mentioned in the introduction, the objective of this work was to convert
heavy metals to heavy metals sulfides which could thereafter be recovered by flotation.
The conversion of heavy metals to metal sulfides is considered to be a time dependent
process and thus cannot be evaluated only by measurements of amounts of metals
dissolved in the solution (Figs. 5.2 and 5.3), since the bulk part of metal compounds is
assumed to remain un-dissolved. Therefore, the effect of time on the conversion was
investigated for both fly ashes at a sulfidation period of 1 to 48 hours. The conversion
of heavy metals to sulfides was evaluated by measuring the amounts of sulfide ions

consumed at S* to Me>" molar ratios of 0.9 and 1.2 at each sulfidation time.

When Na,S is added to fly ash, S ions are consumed by the following

reactions.
Me*" + S* s MeS(s) (5.4)
S +20,5 S04~ (5.5)
S+ 2H" s H,S(g) (5.6)

Heavy metals are converted to metal sulfides by sulfidation reaction expressed
by Eq. (5.4). Equation (5.5) describes the oxidation of S* ions, which becomes
significant when O, is present in water. Further, it is likely that H,S is formed
according to Eq. (5.6), when the pH of the solution becomes lower than 9.0, but the
formation of H,S gas was assumed to be negligible in our experiments since the pH

values of the reacting systems were kept higher than 12.3.

110



To estimate the amount of sulfide ions consumed by the reactions expressed by
Egs.(5.5) and (5.6), blank experiments were conducted by dissolving Na,S in distilled
water with no fly ash charged. The amounts Na,S-9H,0 dissolved in distilled water to
perform blank experiment corresponded to S* to Me*" molar ratios of 0.9 and 1.2. The
pH of blank solutions of Fly ash-A and Fly ash-B varied from 12.4 to 12.9,
corresponding to the amount of Na,S-9H,O dissolved in distilled water.
Subsequently, the conversion of heavy metals to heavy metal sulfides was determined
using Eq. (5.7).

s

— Ny, — N
a Sb Sc (5.7)’
Iy,

X =

(]

where X is the conversion of heavy metals [-], ns, is the initial amount of sulfide [mol],
ngp 1s the amount of sulfide ions consumed during blank experiment [mol], ng. is the
amount of residual sulfide ions [mol], and nys is the amount of Pb, Zn, Cu in fly ash

[mol].

Figure 5.4 shows the relation between the conversion of heavy metals to heavy
metal sulfides and sulfidation time at the S* to Me®" molar ratios of 0.9 and 1.2. As
seen from the figure, the conversion increased rapidly within the first 1 hour, and then
the conversion continued to proceed at a lower rate to attain a stable value after 24 hours.
This trend in conversion might have resulted from complex reactions during sulfidation
of different heavy metal compounds. It is considered that highly soluble heavy metal
compounds such as chlorides were converted to sulfides within the first 1 hour.
Subsequently, the sulfidation of less soluble oxides and hydroxides might have taken

place.

The experiments carried out at different S* to Me*" molar ratios showed that the
S* to Me”" molar ratio of 0.9 was not sufficient for Fly ash-A since the residual sulfide
concentration was almost negligible after 3 hours. The conversion achieved after 3
hours at this ratio was 78.5%, while the conversion achieved at the S* to Me*" molar
ratio of 1.2 was 83.5% after sulfidation for 3 hours. The extension of sulfidation time
to 48 hours brought about a slight conversion increase to a value of 86.7% at the S* to

Me?" molar ratio of 1.2.
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Fig. 5.4: Relation between conversion of heavy metals to metal sulfides and sulfidation

time

In the case of Fly ash-B, the conversion achieved at the S* to Me*" molar ratio
of 0.9 was 68.2% even when the concentration of residual sulfides was sufficiently high
(200 mg/L), while the conversion increased to a value of about 76.6% at the S* to Me”"
molar ratio of 1.2 after 3 hours. It is considered that lower conversion is attributable to
a slightly lower pH value at the S* to Me*" molar ratio of 0.9 than that of 1.2, since the
pH values of filtrates were 12.3 and 12.5 for the S* to Me®" molar ratios of 0.9 and 1.2,
respectively. The maximum conversion achieved was 81.2% after 48 hours at the S*

to Me>" molar ratio of 1.2.

Under our experimental conditions, a complete conversion of heavy metals to
heavy metal sulfides was not achieved even after sulfidation time of 48 hours. It is
supposed that the rest of unreacted heavy metals may have been incorporated in the

lattice of Si0, and AL,Os in fly ash and thus unavailable for the reaction with S% jons.
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5.3.3 Content of heavy metals in treated fly ash

Sulfidation treatment is naturally accompanied by removal of soluble salts,
which leads to an enrichment of heavy metals in fly ash. Using the procedure
described in Section 5.2.1, the total amounts of water soluble salts were determined to
be 64.5 wt% for Fly ash-A and 51.1 wt% for Fly ash-B. These soluble salts are
principally composed of Na, K, Ca chlorides, besides soluble heavy metal compounds.
For a comparison, the total amounts of NaCl, KCI and CaCl, involved in Fly ash-A and
Fly ash-B were also calculated based on the data provided in Table 5.1 and it was
determined that Fly ash-A and Fly ash-B contained 64.1 wt% and 53.7 wt% of water

soluble salts, respectively.

Finally, when it is assumed that the removal of soluble salts is not affected by
the sulfidation treatment, it can be estimated that the total content of Zn, Pb and Cu in
Fly ash-A increased from 3.87 wt% (untreated fly ash) to 10.9 wt%, and from 5.18 wt%
to 10.6 wt% in Fly ash-B.

5.4 Conclusions

Two fly ashes from municipal (Fly ash-A) and industrial (Fly ash-B) wastes
incineration units were sulfidized with Na,S aqueous solution to convert heavy metals
involved in the fly ashes to heavy metal sulfides. The S* to Me”" molar ratio was

varied from 0.15 to 1.5.

® As aresult, 86.7% of heavy metals in Fly ash-A and 81.2% of heavy metals in Fly
ash-B were converted to heavy metal sulfides after 48 hours sulfidation at the S* to

Me?" molar ratio of 1.2.

® Furthermore, it was estimated that approximately 64.5 wt% and 51.1 wt% of
soluble compounds such as NaCl, KCIl and CaCl, were removed during sulfidation

treatment from Fly ash-A and Fly ash-B, respectively.
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The removal of soluble salts brought about an enrichment of heavy metals in fly ash
and the heavy metal content was estimated to increase from 3.87 wt% (untreated fly
ash) to 10.9 wt% for Fly ash-A, and from 5.18 wt% to 10.6 wt% for Fly ash-B.
The major part of heavy metals is considered to be present as metal sulfides which

could be recovered from treated fly ashes by means of flotation.
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5.5

Nomenclature

nMe
nsa
nsp

nsc

X

amount of Pb, Zn, Cu in fly ash [mol]

initial amount of sulfide [mol]

amount of sulfide consumed during blank experiment [mol]
amount of residual sulfide [mol]

conversion of heavy metals [-]
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CHAPTER 6

Sulfidation of molten incineration fly ashes: sulfidation characteristics and

characterization of sulfidation products
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This chapter present the result of thorough study on sulfidation behaviour of
five different molten incineration fly ashes (Fly ash-A to Fly ash-E). It was found
that, in the case of Fly ash-A to Fly ash-D, more than 79% of heavy metals of zinc,
lead and copper was converted to metal sulfides within the contacting period of 0.5
hour, while the conversion of about 35% was achieved for Fly ash-E within the same
contacting period. Further, when the S* to Me*" molar ratio was reduced to 1.00 to
minimize Na,S consumption (experiments performed only for Fly ash-A to Fly
ash-D), the conversions obtained within the contacting period of 0.5 hour varied
from 76% for Fly ash-D to 91% for Fly ash-C. Finally, soluble salts such as NaCl and
KCIl were removed during the sulfidation treatment, which brought about a
significant enrichment in heavy metals content by a factor varying from 1.5 for Fly

ash-D to 4.9 for Fly ash-A.




6.1 Introduction

In this chapter, more elaborated study on the sulfidation behaviour of molten
incineration fly ashes containing heavy metals such as Zn, Pb and Cu was carried out.
The effect of contacting time on the conversion of heavy metals to metal sulfides was
investigated at an initial molar ratio of S* to Me*" (Me stands for heavy metals of Zn,
Pb and Cu) of 1.20. Furthermore, the effect of pH on the conversion of heavy metals
to metal sulfides was investigated at a contacting period of 0.5 hour and S$* to Me*"
molar ratio of 1.20. In the next experiments, the S* to Me>" molar ratio was reduced
to 1.00 to minimize the consumption of sulfidation agent of Na,S and the sulfidation
treatment was performed at a period of 0.5 hour. The conversion of heavy metals to
metal sulfides was evaluated by measuring the residual amount of sulfide ions in the
filtrates. Further, as mentioned in Chapter 5, water soluble salts such as NaCl, KCl
and CaCl, were removed from fly ash during the sulfidation treatment which resulted in
an enrichment of the heavy metal content. This enrichment was evaluated using an
enrichment factor of EF. Finally, the sulfidation products were analyzed by means of
an X-Ray powder diffraction (XRD) and scanning electron microscopy-energy

dispersive spectroscopy (SEM-EDS).

6.2 Experimental part

6.2.1 Elemental composition of molten incineration fly ashes

Three molten incineration fly ashes obtained from a municipal waste
incineration plant were denoted as Fly ash-A, Fly ash-B and Fly ash-E, while two fly
ashes acquired from incineration process of automobile shredder residues were denoted
as Fly ash-C and Fly ash-D. Before the experiments, the Fly ash-A, which was
received in a wet state, was dried at a temperature of 105°C and then finely ground.

The Fly ashes from B to E, which were received in a dry state, were used as received.

118



6.2.1.1 Determination of elemental composition of fly ashes using ICP-OES

The elemental composition of each fly ash was determined as follows: an
amount of 2.0 g of each fly ash was subjected to an ultrasound assisted digestion in a
mixture of HCI and HNOj at the ratio of 3:1, for two hours. Then, the leachate arising
thereof was filtered using a 1 um pore size filter paper and the elemental composition
was analyzed using ICP (Vista-MPX Simultaneous ICP-OES, Varian, Inc.). The
analyses of silica and alumina content in the molten incineration fly ashes were not
performed since the elemental composition of molten incineration fly ashes has been

well reported in the literature, for example Okada et al. [1].

6.2.1.2 Determination of chloride content using ion chromatography

The content of chlorides in each fly ash was determined using the following
procedure: at first, an amount of 0.5 g of fly ash was subjected to an ultrasound assisted
digestion in 10% HNOj; for 2 hours [1]. Then, the leachate was filtered using a 1 um
pore size filter and the filtrate obtained was analyzed using an ion chromatography
(Shimadzu, electroconductivity detector type: CDD-10Avp) equipped with a
column-Tosoh, TSK gel IC-Anion-PW 6837, 50x4.6 mm L.D.

6.2.1.3 Determination of crystallographic composition of fly ashes using XRD

Crystallographic composition of molten incineration fly ashes was evaluated
using X-Ray powder diffraction (XRD) analysis with scanning mode of 26/6, under the
condition of 50 kV/100 mA (XRD; RINT-2500 TTR, Rigaku Model).

6.2.2 Sulfidation treatment

At first, an amount of 10.0 g fly ash weighed with an accuracy of + 0.01 g was

charged into a plastic container. Then, a volume of 100 mL Na,S aqueous solution
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(NazS-9H,0, Wako Pure Chemical Industries, Ltd.) used as a sulfidation agent was
poured into the container. Based on the results reported in Chapter 5, the sum of the
molar amounts of zinc, lead and copper involved in raw fly ashes was used to determine
an amount of Na,S-9H,0 dissolved in 100 mL distilled water to achieve an initial molar
ratio of S* to Me”™ of 1.20 (Me stands for the sum of Zn, Pb and Cu determined in the
given fly ash). Subsequently, the plastic container was placed on a vertical shaker and
was shaken for a period varying from 10 minutes to 6 hours. At the end of the

experiment, the slurry was filtered using a 1 um pore size filter paper.

6.2.3 Analyses of filtrates and filter cakes

The concentrations of heavy metals in the filtrates were determined by means of
an ICP and the residual concentrations of S* ions were analyzed using an S ions
selective electrode (S-125, Ion meter IM-55G, DKK-TOA Corp.). Before the
measurements of S™ ions, the pH of the sample solution was increased to a value higher
than 13.0, in accordance with the standard procedure for the measurement of S* ions
and the ionic strength of the sample solution was adjusted with L-ascorbic acid. The

conversion of zinc, lead and copper to metal sulfides was determined using Eq. (6.1).

=7 6.1),

where X is the conversion [-], ns, is the initial amount of sulfide [mol], zgp, is the amount
of sulfide ions consumed during a blank experiment [mol], ns. is the amount of residual
sulfide ions [mol], and nys is the molar amount of Zn, Pb and Cu involved in a given
molten incineration fly ash [mol]. The blank experiments were conducted by shaking
only Na,S aqueous solution in order to determine the consumption of S* ions by the

oxidation reactions.

The filter cakes were dried at an ambient temperature of about 25°C for 2 days,
and then subjected to X-Ray powder diffraction (XRD) analysis and to scanning
electron microscopy - energy dispersive spectrometric analysis (SEM-EDS;

JSM-6330F-JEOL, JED-2140-JEOL).
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6.2.4 Enrichment of heavy metals in treated fly ash

The elemental composition of treated fly ashes was analyzed in the same way as
that of the raw fly ashes. Subsequently, the enrichment factor, defined as a ratio of the
sum of Zn, Pb and Cu in the treated fly ash to the sum of Zn, Pb and Cu in the raw fly
ash, was determined using Eq. (6.2),

m Me—treated FA
EF =——— (6.2),
mMefraw FA
where EF is the enrichment factor [-], #Me-treated Fa 1S the total amount of Zn, Pb and Cu
in the treated fly ash [mg/g] and mperaw ra 1S the total amount of Zn, Pb and Cu in the

raw fly ash [mg/g].

6.3 Results and discussion

6.3.1 Characterization of molten incineration fly ashes

The composition of each molten incineration fly ash was determined in triplicate
and the results are given in Table 6.1. As can be seen from this table, the molten
incineration fly ashes contained high concentrations of heavy metals such as Zn, Pb and
Cu as well as high concentrations of Na, Ca, K and CI. To determine the
crystallographic composition, the molten fly ashes were subjected to an XRD analysis
as shown in Fig. 6.1. From this figure, it can be seen that the main characteristic peaks
identified in all molten fly ashes were those of NaCl and KCI. To a smaller extent,
characteristic peaks of CaCO; were found in Fly ash-B and Fly ash-E, but no other
peaks of Ca compounds such as CaCl, or CaSO, were identified, which is in an
agreement with the results reported by Zhang and Itoh [2]. In their work, it was
considered that Ca, which is mainly introduced into the fly ash from an external source
such as lime used to neutralize the flue acid gas, was mainly present as amorphous

CaCl,, Ca(OH),, CaS, CaSOQsy, etc.
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Table 6.1: Elemental composition of fly ashes

Fly ash-A Fly ash-B Fly ash-C Fly ash-D Fly ash-E
(MSW?) (MSW?) (ASR®) (ASR®) (MSW?)
Content Content Content Content Content
Element
[mg/g] [mg/g] [mg/g] [mg/g] [mg/g]
/n 55.1+£1.06 18.7+0.23 20.7+0.84 54.24+0.67 173+1.6
Pb 10.3+0.57 15.5+0.06 17.24+0.18 16.1+0.22 22.3+0.12
Cu 2.83+0.19 2.59+0.02 2.97+0.09 2.50+0.02 1.11+0.01
Fe 1.61£0.26 0.71+0.06 3.87+0.24 0.95+0.01 11.5+0.55
Sn 1.59+0.04 1.80+0.08 0.74+0.04 1.824+0.02 1.21+0.02
Cd 0.23+0.00 0.09+0.00 0.10+£0.00 0.02+0.00 0.15+0.00
Mn 0.03+0.00 - 1.84+0.11 0.04+0.00 0.40+0.03
Cr 0.05+0.02 0.04+0.03 0.03+0.01 0.03+0.00 0.10+0.00
Ni - - - - 0.02+0.00
Na 167+9.24 162+4.66 39.6+£2.01 47.0+0.16 77.6+0.58
Ca 1.39+0.19 144+7.49 219+10.2 336+4.44 72.5+0.54
K 23444 .14 63.8+5.57 71.7+£1.70 16.1£0.15 112+2.47
Cr 538+4.57 4394+6.98 378+0.69 363+1.54 374+8.48
* MSW — Municipal Solid Waste
® ASR — Automobile Shredder Residue
® NaCl A KCI AZnO 0OCaCO;
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Fig. 6.1: Crystallographic composition of fly ashes
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As for the heavy metals, the characteristic peaks of ZnO were identified in Fly
ash-E, but no other characteristic peaks of heavy metals were found in Fly ash-A to Fly
ash-D. This result suggested that heavy metals were either present in amorphous
forms or the amount of a particular chemical form was not high enough to allow the
detection by XRD. In the literature, several researchers reported that X-Ray
absorption fine structure (XAFS) spectroscopy could be used for the speciation of Pb
and Zn involved in fly ashes and it was found that heavy metals were present in fly
ashes as metal chlorides, oxides and carbonates [3]. These heavy metal chlorides,
oxides and carbonates are supposed to dissolve in water as expressed by Egs. (6.3) —
(6.5). Then, in the sulfidation treatment of these heavy metal compounds, Me*" ions

react with S* ions to form metal sulfides, as expressed by Eq.(6.6).

MeCly(s) $ Me®™ + 2CI (6.3)
MeO(s) + H,0 s Me*™ + 20H (6.4)
MeCOs(s) $ Me*" + CO5* (6.5)
Me*" + S* s MeS(s) (6.6)

6.3.2 Effect of contacting period on sulfidation of heavy metals

The effect of contacting period on the conversion of heavy metals of zinc, lead
and copper to metal sulfides was investigated for all molten incineration fly ashes.
Figure 6.2 shows the time change of conversion of heavy metals to metals sulfides
obtained at a contacting period of 10 minutes to 6 hours for Fly ash-A to Fly ash-E.
As seen in the figure, the conversion of heavy metals in the case of molten incineration
fly ashes A to D steeply increased within the first 10 minutes of contacting each fly ash
with Na,S solution, which may be attributed to the fast conversion of highly soluble
metal chlorides to metal sulfides. Subsequently, when the contacting period was
extended up to 6 hours, less soluble heavy metal compounds such as metal oxides were
gradually converted to metal sulfides. The conversions of heavy metal compounds to

heavy metal sulfides obtained after 6 hours were 1.00+£0.02, 0.94+0.02, 0.95+0.01 and
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0.86+£0.01 for Fly ash-A, Fly ash-B, Fly ash-C and Fly ash-D, respectively. By
contrast, the conversion of only 0.21+0.03 was obtained for Fly ash-E within the
contacting period of 10 minutes and the conversion slowly increased to a value of
0.65+0.01 at the contacting period of 6 hours. Based on the XRD analysis of Fly
ash-E, the low conversion rate obtained for Fly ash-E was attributed to high content of

metal oxides, especially ZnO, which are generally characterized by a lower solubility

than metal chlorides.
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Fig. 6.2: Time change of the conversion of heavy metals to metals sulfides for Fly

ash-A to Fly ash-E

As shown in Table 6.1, the sum of heavy metals of Zn, Pb and Cu in Fly ash A
to E varied from a value of 36.8+0.30 mg/g for Fly ash-B to a value of 196+1.50 mg/g
for Fly ash-E. Therefore, an attempt was made to evaluate the relation between the
heavy metals content in the raw fly ash and the conversion of heavy metals to metal
sulfides. Figure 6.3 shows the relation between the sum of Zn, Pb and Cu in the raw
fly ashes and the conversion obtained at a contacting period of 0.5 hour. In addition,
the relation between the Zn content in the fly ashes and the conversion obtained at the

same contacting period is shown in this figure, since the highest variation in the content
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was observed for zinc. In the case of Fly ash-B to Fly ash-E, it can be seen that the
conversion almost linearly decreased with an increase in the content of heavy metals.
More precisely, it can be seen that the decrease in the conversion mainly resulted from
an increase in the content of zinc. As described in Section 6.3.1, the heavy metals are
generally present in molten incineration fly ashes as metal chlorides, oxides and
carbonates, but the exact proportion of chlorides, oxides and carbonates was not clear
for the fly ashes used in this study. However, in accordance with XRD analysis of Fly
ash-E, it can be assumed that the amount of less soluble metal oxides, such as zinc
oxide, increased with an increase in the total amount of heavy metals, which brought

about a lower conversion.
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Fig. 6.3: Effect of sum of Zn, Pb and Cu contents and Zn content alone on conversion

of heavy metals to metals sulfides for Fly ash-A to Fly ash-E

Furthermore, Nagib and Inoue [4] reported that the leachability of zinc from
molten fly was much lower than that of lead in an alkaline pH range. In this study, the
sulfidation experiments were conducted at a pH value of about 13.0 and thus the
decrease in conversion with an increase in zinc content might also be attributed to a

lower solubility of zinc in an alkaline pH range.
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Finally, despite almost the same Zn content in Fly ash-A and Fly ash-D,
different conversion values were obtained for these two fly ashes. It was considered
that, in the case of Fly ash-A, zinc was present mainly as soluble ZnCl,, which brought
about a higher conversion than that obtained for Fly ash-D. In fact, a high leachability
of zinc from Fly ash-A of 2,620 mg/L was obtained by shaking raw fly ash in distilled
water for a period of 0.5 hour at a solid to liquid ratio of 1:10 (10 g fly ash to 100 mL
distilled water). On the contrary, the leachability of zinc from Fly ash-B to Fly ash-E
varied in the range of 2.17 mg/L for Fly ash-E to 11.77 mg/L for Fly ash-B.
Correspondingly, the pH value of the water leachate of Fly ash-A was 6.39, which was
significantly lower than the pH values of water leachate of Fly ash-B to Fly ash-E,
which were in the range of 11.07 to 12.35.

6.3.3 Effect of pH on sulfidation of heavy metals

In the previous experiments (Figs. 6.2 and 6.3), no pH adjustment was made
and the pH value of the reacting system resulted from an amount of Na,S-9H,O
dissolved in water to establish an initial molar ratio of S* to Me*" of 1.20 as well as
from the presence of alkaline compounds in the given fly ash. In our experiments, the
pH values of the reacting systems were determined to be in the range of 12.2 for Fly
ash-D to 13.2 for Fly ash-E. Generally, heavy metals of zinc, lead and copper are of
amphoteric nature and their solubility is greatly affected by pH value. The lowest
solubility of these heavy metals is obtained in a pH range of 9.0 to 10.0, and then the
solubility increases with an increase in the pH value owing to the formation of zincate,
plumbate and cuprite ions. Therefore, in order to investigate the effect of pH on the
conversion of heavy metals to metal sulfides, additional experiments on sulfidation
treatment of fly ashes were conducted in an alkaline pH range. The pH value was
adjusted by dissolving Na,S-9H,0 in distilled water with additions of 5, 10, 20, 30 or 50
mL of IM NaOH to make up a total volume of 100 mL. The contacting period was set

to 0.5 hour and the initial molar ratio of S* to Me”" was kept at 1.20.

Figure 6.4 shows the relation between the conversion and the pH of the reacting

system for all fly ashes used in this study. From this figure, it can be seen that the
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conversion values obtained for Fly ash-A to Fly ash-D were almost constant in the
whole pH range used. By contrast, in the case of Fly ash-E, the conversion increased
linearly with an increase in pH. As described in Section 6.3.1, Fly ash-E was
characterized by the highest content of zinc among all fly ashes used, and the XRD
analysis of Fly ash-E (Fig. 6.1) showed that zinc is present in the form of ZnO, while no
distinctive peaks of heavy metals were found in other fly ashes. Hence, the low
conversion of about 0.35 obtained for Fly ash-E at a contacting period of 0.5 hour and a

pH value of 13.2 was attributed to the presence of a significantly higher amount of ZnO

in Fly ash-E.
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Fig. 6.4: Effect of pH on conversion of heavy metals to metals sulfides for Fly ash-A to
Fly ash-E

However, when the pH of the reacting system was increased from a value of

13.2 to a value of 13.6, more soluble zincates were formed as expressed by Eq. (6.7) [5].
ZnO(cr)+H,0(!)+xOH (aq) <> Zn(OH),, (aq) (6.7)

Subsequently, the soluble zincates ions reacted with S* ions present in the

solution to form insoluble ZnS, as expressed by Egs. (6.8) and (6.9), which led to an
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increase in the conversion to a value of about 0.49 at a pH value of 13.6, for Fly ash-E.
Zn(OH); + S*'s ZnS(s) + 30H (6.8)

Zn(OH)4* + S*°$ ZnS(s) + 40H (6.9)

6.3.4 Optimization of conditions of sulfidation treatment and enrichment factor of

heavy metals

The residual concentration of S* ions determined after 0.5 hour of contacting fly
ash with Na,S varied from 267.6 mg/L for Fly ash-C to 714.6 mg/L for Fly ash-A.
Therefore, in the next step, the experiments were conducted for Fly ash-A to Fly ash-D
at the S* to Me*” molar ratio 1.00 to minimize the consumption of sulfidation agent of
Na,S, while the contacting period was kept at 0.5 hour. At the end of the experiment,
the heavy metals concentrations in the filtrates of fly ash-Na,S-water slurry were
determined using ICP and the residual concentrations of S*” ions were determined using
an S” ions selective electrode. The heavy metals contents in the treated fly ashes were

determined in the same way as the heavy metals contents in raw fly ashes.

Table 6.2 summarizes the main parameters determined by the analyses of
filtrates and filter cakes of treated molten incineration fly ashes A, B, C and D. In
addition, solely for the purpose of an evaluation of enrichment factor, the Fly ash-E was
subjected to leaching in distilled water in a solid to liquid ratio of 1:10 (10 g fly ash to
100 mL distilled water) for 0.5 hour and the corresponding results are also given in
Table 6.2. At first, it was found that the conversion values obtained for Fly ash-A to
Fly ash-D at an initial S* to Me*" molar ratio of 1.00 were almost the same as those
obtained at S*" to Me*" molar ratio of 1.20. Further, it was observed that the contents
of Na and K, mainly present in the raw fly ashes as soluble salts such as NaCl and KClI,
were remarkably reduced during the sulfidation treatment. Conversely, the content of
Ca in the treated fly ashes was higher than that in raw fly ashes, which is in agreement
with the assumption that calcium is present in the fly ashes in less soluble chemical

forms such as CaCOs3, Ca(OH),, CaSQy etc. [2].
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Table 6.2: Parameters determined by analyses of filtrates and filter cakes

Fly ash-A  Fly ash-B Fly ash-C  Fly ash-D  Fly ash-E*

Conversion [-]  0.87£0.02 0.85+0.01 0.91+0.00 0.76+0.00 -

Filtrate
Zn [mg/L] 0.53 0.27 0.15 - 2.17
Pb [mg/L] - - - - 2.04
Cu [mg/L] - - - - 0.22
S* [mg/L] 266 140 124 557 -
Filter cake/Treated molten incineration fly ash
Zn [mg/g] 270+1.53 43.24+0.38 33.0+0.05 82.7+0.49  32043.93

Pb [mg/g] 49.4+0.24 36.5+0.66 27.6x0.22 23.4+0.09 43.2+0.27
Cu [mg/g] 14.6+0.17 6.25+0.20 4.88+0.121 3.98+0.01 2.14+0.15

Na [mg/g] 4594335  15.840.66  13.6+0.55 10.840.16  15.2+0.06

Ca [mg/g] 9.11£0.02  294+3.42 157+1.70 399+1.86 116+0.92
K [mg/g] 52.4+1.15 7.93+0.22 17.8+0.30 24.1+0.05 13.040.01
EF [-] 4.90 2.34 1.60 1.51 1.85

* The sulfidation treatment was not applied to Fly ash-E and the results shown in this table were
determined by the analysis of water leachate and corresponding filter cake
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Fig. 6.5: Enrichment factor obtained for each fly ash
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As a result of removal of soluble salts of NaCl, KCIl and CaCl,, the content of
heavy metals in the filter cakes of treated fly ashes significantly increased and this
increase was evaluated using an enrichment factor EF' (Eq.(6.2)). Figure 6.5 shows
the enrichment factor determined for each fly ash and it can be seen that the values of

EF varied from a value of 1.5 for Fly ash-D to a value of 4.9 for Fly ash-A.

In the next step, an attempt was made to find a relation between the enrichment
factor and the composition of raw fly ashes in terms of the content of Na, K, Ca and
chlorides. Figure 6.6 shows the enrichment factor plotted against the sum of Na and
K in raw fly ashes representing easily removable salts of NaCl and KCI, and against
chloride contents. From this figure, it was concluded that the enrichment factor
increased with an increase in the contents of Na and K as well as an increase in the
content of CI. In addition, the comparison of the enrichment factor EF with the
content of Ca representing less soluble compounds such as CaCO;, Ca(OH),, CaSO4

showed that the enrichment factor decreased with an increase in the content of Ca.
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Fig. 6.6: Effect of Na, K and Cl content in raw fly ash on the enrichment factor of

heavy metals
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6.3.5 Analyses of treated fly ashes using XRD and SEM-EDS

Figure 6.7 shows the XRD patterns obtained for Fly ash-A to Fly ash-D after
sulfidation treatment at the S to Me”" molar ratio of 1.00 for 0.5 hour. It can be seen
that the characteristic peaks of NaCl and KCI were identified only in the case of Fly
ash-A, but the intensities of these peaks were much lower than those of NaCl and KCl
in raw Fly ash-A. Further, characteristic peaks of ZnS and PbS were found in the
treated Fly ash-A, -B and -C confirming the formation of metal sulfides. The low
intensities of characteristic peaks of metal sulfides shown in this figure probably
resulted from a low content of metal sulfides as well as from a low crystallinity of the

metal sulfides formed by the sulfidation treatment.
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Fig. 6.7: Crystallographic composition of treated molten incineration fly ashes

In order to confirm the formation of metal sulfides, the treated Fly ash-A was
subjected to SEM-EDS analysis. Figure 6.8 shows a SEM image of a PbS particle as
large as 10 um identified in the Fly ash-A by means of electron dispersive spectroscopy
(EDS). The EDS results for Zn, Pb, S and O are given in Fig. 6.9. Concerning the
formation of ZnS, it can be seen from EDS maps of Zn, S and O (Fig. 6.9) that Zn and S
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atoms were located at nearly the same positions as O atoms and thus a clear
identification of ZnS was prevented. This result suggested that the particles of ZnS

formed by the sulfidation treatment were much smaller than the particles of PbS.

Fig. 6.8: SEM image of treated Fly ash-A

132



Fig. 6.9: EDS maps of Pb, Zn, S and O corresponding to SEM image (Fig. 6.8)

6.4 Conclusions

The sulfidation treatment of five molten incineration fly ashes with aqueous
solution of Na,S was carried out at a period of 10 minutes to 6 hours in order to convert
heavy metals to metal sulfides, which could be thereafter separated by flotation. The

main conclusions obtained in this study are drawn as follows:

® In the case of Fly ash-A to Fly ash-D, it was found that more than 79% of heavy
metals of zinc, lead and copper was converted to metal sulfides within the

contacting period of 0.5 hour owing to a fast conversion of metal chlorides to metal
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sulfides. On the contrary, the conversion of only 34% was achieved for Fly ash-E
at the same contacting period, which was attributed to a high content of metal

oxides, especially ZnO.

When the S* to Me®" molar ratio was reduced to 1.00 in order to minimize Na,S
consumption, the conversion varied from the lowest value of 0.758+0.001 for Fly
ash-D to the highest value of 0.910+0.003 for Fly ash-C, after the sulfidation period
of 0.5 hour.

Further, the removal of soluble salts brought about a significant enrichment in the
content of heavy metals by a factor varying from 1.5 for Fly ash-D to 4.9 for Fly
ash-A. It was also found that the enrichment factor increased with an increase in
the contents of Na and K as well as an increase in the content of CI', but decreased
with an increase in the content of Ca. Concerning the removable salts of NaCl and
KCl, which may be a secondary problem, Katsuura et al. (1996) proposed that
sodium-rich filtrates obtained after the acid extraction process of heavy metals
could be subjected to purification and crystallization processes to obtain a raw
material for sodium industry. Thus, it is considered that a similar procedure would
be applicable to recover sodium and potassium from the filtrates remaining after

sulfidation process.

Finally, the formation of metal sulfides was confirmed by X-ray powder diffraction
analysis and by scanning electron microscopy - energy dispersive spectrometric

analysis.
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6.5

Nomenclature

EF

MMe-treated FA
MMe-raw FA
nsa

nsp

nsc

nMe

enrichment factor [-]

total amount of Zn, Pb and Cu in the treated fly ash [mg/g]

total amount of Zn, Pb and Cu in raw fly ash [mg/g]

initial amount of sulfide [mol]

amount of sulfide ions consumed during blank experiment [mol]
amount of residual sulfide ions [mol]

total amount of Zn, Pb and Cu involved in given molten
incineration fly ash [mol]

conversion [-]
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CHAPTER 7

Concluding remarks
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The study on sulfidation treatment of plating sludges and molten incineration
fly ashes was conducted in this dissertation work and it was found that the heavy
metals present in these two types of industrial waste can be converted to metals
sulfides. After the sulfidation treatment, heavy metals could be separated by flotation

technique and subjected to the metal refining process at smelters.




7.1 General conclusions

The achievement of sustainable development requires, among others, an
establishment of steady supply of important mineral resources including, coal, crude oil,
natural gas as well as engineering metals. However, the primary mineral resources
deposited in the Earth’s crust are limited and inevitably susceptible to depletion.
Therefore, when considering the energy demand, a continuous effort towards
development of alternative energy sources such as solar, wind, geothermal energy to
replace coal and oil as the most important energy sources is essential and indeed this
effort has increased over the last several decades. Similarly, in the case of metal
resources, a replacement of engineering metals with other materials such as plastics and
establishment of highly efficient metal recycling system are needed to preserve mineral

deposits for future generations.

Regarding the metal recycling system, it should be noted that metals have been
recycled for very long time, but the efficiency of the recycling is relatively high only for
metallic forms of heavy metals such as pure metals and their alloys, but the efficiency
remains still low in terms of total metal consumption. The low recycling efficiency is
attributed to heavy metals application in various products of industrial and daily use as
well as to the generation of many kinds of wastes containing the valuable metals at quite
low concentrations. As a consequence, valuable metals are disposed of to landfill sites
rather than recovered to achieve complete cycling of metals. Given this, an
improvement of collection system of these products/waste and establishment of an

advanced recycling society is a challenging task.

In this dissertation work, an establishment of the complete cycling of heavy
metals of copper, lead, nickel and zinc was targeted and to achieve this aim a recovery
way of these heavy metals from two important types of waste, namely plating sludge
and molten incineration fly ash from the incineration process of municipal waste or
automobile shredder residues was proposed. In Japan, the amount of plating sludge
generated annually amounts to 65,000 tons, while the amount of incineration residues
(fly ash and bottom ash) from the incineration process of municipal waste is

approximately 5.7 millions tons. As for the automobile shredder residues, an amount
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of about 9.09 millions tons of automobile shredder residues is reported to be generated
every year and the major part of automobile shredder is incinerated, which leads to the
production of a huge amount of incineration residues. As shown in the introduction,
the plating sludges as well as molten incineration fly ashes contain heavy metals such as
copper, lead, nickel and zinc at the concentrations comparable to those of heavy metals
in natural ores, and hence, these wastes represent an important secondary source of
heavy metals. As a recovery way, the sulfidation treatment was proposed and the
sulfidation behaviour was thoroughly investigated using metal reagents, simulated and
real plating sludges and various molten incineration fly ashes. The main findings

obtained in the dissertation thesis are summarized as follows:

(1) In Chapter 2, it was presented that Cu(OH); can be easily converted to
copper sulfide, while the conversion of ZnO to ZnS was found to be much slower
and strongly dependent on pH of the reacting system. The conversion of Ni(OH),
was found to be very low even after 7 days of contacting the solid sample of

Ni(OH); with aqueous solution of Na,S.

The sulfidation treatment of various solutions containing heavy metals has been well
reported in the literature, but the data on a direct sulfidation of solid metal reagents were
scarce. Therefore, the investigation on sulfidation behaviour of reagents of Cu(OH),,
ZnO and Ni(OH), was carried out in this study as the first step in the effort to apply
sulfidation treatment in the recovery process of heavy metals. The results showed that
the sulfidation treatment can be easily used to convert solid reagent of Cu(OH), to
various copper sulfides within a short period of 1 hour and the conversion was found to
be independent of solid to liquid ratio. In the case of ZnO, much longer time was
required for conversion of ZnO to ZnS, and the conversion strongly depended on the
solid to liquid ratio (on pH value of the reacting system). This result suggested a need
for further investigation of the effect of pH on the conversion of ZnO to ZnS. In the
case of Ni(OH),, only limited amount of Ni(OH), was converted to nickel sulfides after
7 days of sulfidation period and thus, it was concluded that the sulfidation treatment is
not suitable for the conversion of solid sample of Ni(OH), to nickel sulfides. Finally,
in spite of the low conversion of Ni(OH),, a treatment procedure was proposed to

recover Cu, Zn and Ni from mixed plating sludges composed of these metals. At first,
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the sulfidation treatment is applied to convert copper and zinc to metal sulfides (further
investigation is needed for zinc), and then these metals are separated by means of
flotation. The flotation residue composed mainly of nickel compounds could be

subsequently treated to recover nickel resource.

(2) In Chapter 3, the results obtained with Cu(OH), were confirmed for

simulated and real copper plating sludge.

Following the sulfidation of Cu(OH),, another step towards the recovery of heavy
metals was taken in Chapter 3 and the sulfidation treatment was carried out for
simulated and real copper plating sludge. It was confirmed that the conversion
proceeded at a high reaction rate and the XRD analyses of sulfidation products obtained
after 5 minutes of sulfidation treatment showed only peaks of copper sulfides for both
sludges used. Interestingly, various copper sulfides were formed when S* to Cu®"
molar ratio was varied from 1.00 to 1.50 in the case of simulated copper plating sludge,
but only CuS was formed in the case of real copper plating sludge. Such a result was
explained using Eh-pH diagram of Cu-S-H,O system at 298K. Finally, the conversion
was found to be independent of the particle size of initial sludge in the range of 0 to 125
um used in this study, but the particle size of the initial sludge had a strong effect on

particle size distribution of sulfidation products obtained.

(3) In Chapter 4, the results obtained with ZnO were confirmed for
simulated zinc plating sludge and real plating sludge with high content of zinc.
Moreover, the importance of pH on the conversion of zinc compounds to ZnS was
confirmed suggesting that pH conditions should be carefully controlled in the real

application of the sulfidation treatment of sludges with high content of zinc.

Similarly as in the case of copper (Chapter 3), the experiments were conducted for zinc
simulated plating sludge and real plating sludge with high content of zinc to confirm the
previously obtained results for ZnO. Special focus was put on the effect of solid to
liquid ratio and effect of pH on the conversion of Zn compounds to ZnS. Similarly to
the results obtained for ZnO, it was found that the conversion increased with an increase
in pH value of the reacting system. However, the conversion of zinc compounds of the

simulated plating sludge to ZnS proceeded in a higher rate than that of ZnO and also a
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higher conversion of about 80.9% was achieved. Regarding the sulfidation products,
the XRD analysis of sulfidation products obtained after 48 hours at S:L ratio of 1:50
showed that only ZnS was present in the sulfidation product, which indicated that some
unreacted zinc sludge remained enclosed in the agglomerates of ZnS formed. Finally,
the results obtained for simulated sludge were confirmed using real sludge with high

content of zinc.

(4) In Chapter 5, the applicability of the sulfidation treatment to molten
incineration fly ashes was investigated and it was found that the heavy metals

involved in molten incineration fly ashes can be converted to metal sulfides.

Following the successful sulfidation experiments of plating sludges, a study was
conducted to verify the applicability of sulfidation treatment to molten incineration fly
ashes. The direct sulfidation treatment with subsequent flotation of metal sulfides is
assumed to be an adequate alternative to recently proposed recovery way for heavy
metals from molten incineration fly ashes, which inheres in heavy metals extraction
using an acidic medium and subsequent precipitation of metal ions as metal sulfides.
In both cases, the metal sulfides are supposedly sent for further treatment at smelters.
The experimental results summarized in Chapter 5 showed that the sulfidation treatment
is indeed applicable to molten incineration fly ashes and the conversion of heavy metals
to metal sulfides higher than 80% was achieved within 48 hours of sulfidation treatment.
Finally, the results indicated that a significant enrichment of heavy metals could be

achieved owing to the removal of soluble salts.

(5) In Chapter 6, the sulfidation treatment was conducted for five
different molten incineration fly ashes and the conversion of about 80% was
achieved for four fly ashes within 30 minutes of sulfidation period. Further, the
sulfidation treatment brought about the enrichment of heavy metals in the treated

fly ashes by a factor varying from 1.5 to 4.9 owing to the removal of soluble salts.

The encouraging results summarized in Chapter 5 gave rise to a more elaborated study
on the sulfidation treatment of molten incineration fly ashes, during which five different
molten incineration fly ashes denoted as Fly ash-A to Fly ash-E were used. Similarly

to the results given in Chapter 5, the conversion in the case of Fly ash-A to Fly ash-D,
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was found to quickly increase to a value of about 80% within the contacting period of
0.5 hour, which was attributed to the fast conversion of metal chlorides to metal sulfides.
By contrast, the conversion of only 34% was achieved for Fly ash-E at the same
contacting period, which was attributed to a high content of metal oxides, especially
Zn0O. Based on these findings, it was concluded that the initial composition played a
major role in the sulfidation of metal compounds involved in the molten incineration fly
ashes and the conversion should be expected to decrease with an increase in the content
of less soluble metal oxides such as ZnO. Finally, the removal of soluble salts brought
about a significant enrichment in the content of heavy metals by a factor varying from
1.5 for Fly ash-D to 4.9 for Fly ash-A. It was also found that the enrichment factor
increased with an increase in the contents of Na and K as well as an increase in the

content of CI, but decreased with an increase in the content of Ca.

7.2 Future research

The sulfidation treatment with subsequent flotation represents an important
alternative to the acid extraction process followed by sulfide precipitation proposed in
several studies to recover heavy metals from plating sludges and molten incineration fly
ashes. The main advantage of the sulfidation process inheres in the fact that the treated
plating sludges/molten incineration fly ashes can be directly subjected to heavy metals
refining procedures currently used for mineral ores either alone or together with these
mineral ores, and therefore, there is no need for huge initial investments as presumably

in the case of acid extraction process.

The sulfidation process itself was thoroughly investigated in this dissertation
thesis and thus a remarkable step in the sulfidation process with subsequent flotation
was made, however there is still need for further investigation, especially in the area of
flotation. The flotation process used in the processing of mineral ores is presently
optimized to achieve the separation of the ore particles greater than 10 um, but smaller
particles of about 1 um were formed in the sulfidation of zinc compounds. Thus, the
study on optimization of flotation conditions for separation of smaller particles is

required.

142



List of publications

Publications cited in the Dissertation

1. Conversion of Heavy Metals | Journal of Chemical D. Kuchar,
Involved in Incineration Fly | Engineering of Japan, Y. Kojima,
Ashes to Heavy Metal Vol. 39, pp. 241-246 (2006) | M.S. Onyango,
Sulfide Resources by H. Matsuda
Sulfidation Treatment with
Sodium Sulfide

2. Sulfidation of Zinc Plating Journal of Hazardous D. Kuchar,
Sludge with Na,S for Zinc Materials, Vol. 137, T. Fukuta,
Resource Recovery pp. 185-191 (2006) M.S. Onyango,

H. Matsuda

3. Sulfidation Treatment of Journal of Hazardous D. Kuchar,
Copper-Containing Plating Materials, Vol. 138, T. Fukuta,
Sludges towards Copper pp. 86-94 (2006) M.S. Onyango,
Resource Recovery H. Matsuda

4. Sulfidation Treatment of Desalination, Vol. 211, D. Kuchar,
Metal Compounds Involved | pp. 144-155 (2007) T. Fukuta,

n Platlng SIUdgCS M.S. Onyang()’
H. Matsuda

5. Sulfidation Treatment of Chemosphere, In press D. Kuchar,
Molten Incineration Fly T. Fukuta,
Ashes with Na,S for Zinc, M.S. Onyango,
Lead and Copper Resource H. Matsuda

Recovery




Other Publications

1. Stabilization of Wastewater | Journal of the Society of D. Kuchar,
Sludge by Fluidized Bed Inorganic Materials, Japan, V. Bednarik,
Combustion Fly Ash for Vol. 12, pp. 33-40 (2005) M. Vondruska,
Long-term Prevention of Y. Kojima,
Organic Carbon Dissolution H. Matsuda

2. Selective recovery and Journal of the Society of D. Kuchar,
Enrichment of Calcium Inorganic Materials, Japan, H. Awata,
Component from Solid Vol. 12, pp. 122-130 (2005) | T. Fujita,
Wastes by Organic Acids Y. Kojima,
Extraction (in Japanese) D. Hirabayashi,

S. Ozawa,
H. Matsuda

3. Stabilization/Solidification Environment Protection D. Kuchar,
of Wastewater Treatment Engineering, Vol. 31, V. Bednarik,
Sludge with Coal Fly Ash as | pp. 33-45 (2005) M. Vondruska,
a Binder Y. Kojima,

H. Matsuda

4. Heavy Metal Sulfuration Journal of Chemical K. Sawada,
with Sulfur and Sodium Engineering of Japan, D. Kuchar,
Hydroxide for Fly Ash Vol. 38, pp. 385-389 (2005) | H. Matsuda,
Immobilization M. Mizutani

5. Diffusion Kinetic Modeling | Journal of Chemical M.S. Onyango,
of Fluoride Removal from Engineering of Japan, Y. Kojima,
Aqueous Solution by Vol. 38, pp. 701-710 (2005) | D. Kuchar,
Charge-Reversed Zeolite S.0. Osembo,
Particles H. Matsuda

6. Uptake of Fluoride by AI’* | Separation Science and M.S. Onyango,
Pretreated Low-Silica Technology, Vol. 41, Y. Kojima,
Synthetic Zeolites: pp. 683-704 (2006) A. Kumar,
Adsorption Equilibrium and D. Kuchar
Rate Studies M. Kubota,

H. Matsuda

7. Long-term Prevention of Journal of Environmental D. Kuchar,
Organics Dissolution from Engineering and Science, V. Bednarik,
Wastewater Sludge Treated | Vol. 5, pp. 429-436 (2006) M. Vondruska,
with Coal Fly Ash Y. Kojima,

M.S. Onyango,
H. Matsuda

8. Reductive Decomposition of | Journal of Material Cycles N. Mihara,
Waste Gypsum with SiO,, and Waste Management, D. Kuchar,
Al,O; and Fe>O; Additives accepted Y. Kojima,

H. Matsuda




International conferences

1. Sulfidation Treatment of Proc. 10™ APCChE Congress | D. Kuchar,
Dissolvable Heavy Metals in | (Asian Pacific Confederation | T. Fukuta,
Municipal Incineration Fly | of Chemical Engineering), Y. Kojima,
Ash 3P-06-058, Kitakyushu, H. Matsuda,

Japan (2004) E.C. Bernardo

2. Studies on Sulfidation Proc. International D. Kuchar,
Treatment of Simulated Zinc | Symposium on EcoTopia T. Fukuta,
Plating Sludge for Zinc Science 2005 (ISETSO05), Y. Kojima,
Resource Recovery pp. 379-382, Nagoya, Japan | H. Matsuda

(2005)

3. Sulfuration Treatment of Proc. 9™ International D. Kuchar,
Plating Sludges for Conference on T. Fukuta,
Recovery of Metal Resource | Environmental Science and | Y. Kojima,

Technology Vol. A, H. Matsuda
pp-842-847, Rhodes, Greece
(2005)

4. Sulfidation Treatment of Proc. 11" APCChE Congress | D. Kuchar,
Copper Plating Sludge as a | (Asian Pacific Confederation | T. Fukuta,
means of Copper Resource | of Chemical Engineering), H. Matsuda
Recovery Paper ID-518, Kuala

Lumpur, Malaysia (2006)

5. Towards Heavy Metal Proc. 4™ iCIPEC D. Kuchar,
Recovery from Incineration | (International Conference on | T. Fukuta,
Fly Ashes by Sulfidation Combustion, H. Matsuda

Treatment

Incineration/Pyrolysis and
Emission Control),

pp. 475-478, Kyoto, Japan
(2006)




Acknowledgment

The current work was carried out at the Department of Chemical Engineering of

Nagoya University under the supervision of Professor Hitoki MATSUDA.

I would like to gratefully acknowledge Professor Hitoki MATSUDA who at first
kindly accepted my request to join his laboratory as a research student and later allowed
me to enter Ph.D. course under his supervision. During the years of my study in Japan,
he always provided me with utmost encouragement, constant guidance, and words of
advice as well as helped me to develop my research and publication skills beyond my

wildest imagination.

I wish to also acknowledge Professor Tomohiko TAGAWA and Professor
Yasuhiro TANABE both of the Department of Chemical Engineering, and Professor
Masazumi OKIDO of the Department of Materials Science and Engineering for
reviewing my dissertation work as well as for providing me with numerous comments

which helped me to further improve my work.

My sincerest thanks go to my dear friend Dr. Tadashi FUKUTA for his
boundless assistance, the words of encouragement, countless comments on my research
and my personal life and for all friendly talks we had during my stay in Japan. I also
wish to thank Dr. Fujio WATANABE, Dr. Mitsuhiro KUBOTA, Dr. Yoshihiro
KOJIMA and Dr. Seiichi DEGUCHI for helping me to overcome daily problems
encountered in laboratory as well as for their suggestions and advices given to my
dissertation work. Special thanks go to my labmates Erwin ONA (Philippines) and
Maurice ONYANGO (Kenya) for their assistance, encouragement and for the memories
I will always share with them. Also not forgotten are my friends Tomoya
MATSUBARA, Takafumi FUJITA, Shinji AGARI and all my Japanese colleagues in
Professor Matsuda’s laboratory. I will always be thankful to them for introducing me
to Japanese culture, helping me to find my place in Professor Matsuda’s laboratory,
teaching me many important and interesting Japanese words as well as for sharing their
free time with me during everyday coffee break and during always enjoyable parties in

Izakaya shops.



My appreciation also goes to the Ministry of Education, Culture, Sports, Science
and Technology, Japan (MONBUKAGAKUSHO) for providing me with generous

financial support which allowed me to smoothly accomplish my Ph.D. study in Japan.

Finally, from the depth of my heart, I wish to express eternal gratitude to my
sweetheart Saori OIKAWA who always stood by me and never allowed me to think
about giving up my study in Japan. I am grateful to her for revealing the beauty of her
home country to me, for teaching me Japanese history, culture and traditions as well as
for her endless effort to correct my broken Japanese. I am thankful for all her smiles

and love which helped to survive so far from my home and my family.

In a closing note, I want to pay tribute to my family — to my parents who
brought me up with all their love, to my brother, sisters and all family members for their

enormous and unending support and encouragement.

Dalibor KUCHAR




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


