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Abstract

The pressure acid leaching process is the most widely used method for
extracting economic metals from laterites. The solid-liquid separation of the
laterite ore slurries prepared prior fo leaching influences the efficiency of this
method. Likewise, the solid-liquid separation of the pressure acid leach (PAL)
laterite slurries in the counter current decantation (CCD) circuit affects the
amount of the removed liquid. Given the increasing demand for Ni and Co,
there was an exigent need to conduct a comprehensive and fundamental study of
this class of materials. The objective of this work was to understand and
improve the solid-liquid separation of laterite slurries using laboratory
investigations: geotechnical index properties, mineralogy, pore water chemistry,
morphology, sedimentation, consolidation and hydraulic conductivity. It was
found that the geotechnical characteristics of laterites depend on ore geology
and the metal extraction process. Sesquioxide-rich laterite ores and hematite-
rich laterite PALs have 90% and 70% of the material finer than 0.075 mm, at pH
= 7.0 and pH < 1.0, respectively. Both of these materials are nonsegregating at
15% solids. An anionic polymer with 75% charge, 17.5 x 10° g/mol MW and 12
ppm dosage was found to optimize both hydraulic conductivity and
compressibility of laterite ore slurries. For laterite PAL slurries, a cationic
polymer with 10% charge, 17.5 x 10° g/mol MW and 4 ppm dosage was the
most viable. Sedimentation, not consolidation, governs the solid-liquid
separation process of laterite slurries because of effective flocculation during
initial stages. Hydraulic conductivity and compressibility during consolidation
depend on efficient removal of both pore water and water entrapped in flocs. A
polymer factor was developed that combines the various parameters of synthetic
polymers and was found to correlate with the solid-liquid separation behavior of

polymer modified laterite slurries.
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Chapter 1

Introduction

1.1 GENERAL
Wet mineral processing operations generate soil slurries, which contain large
amounts of liquid. In such operations, the liquid phase of the slurry is separated
from the solid phase under self-weight. The solid-liquid separation behavior of
slurry materials is governed by various interrelated compositional and
environmental factors, both of which are determined by ore geology and the
extraction technology. Management of mine slurries requires a thorough
knowledge of sedimentation, consolidation, and hydraulic conductivity principles.
Laterite ores are one of the major sources of economic metals. According
to Golightly (1979a), these ores contain about 80% of known nickel (Ni) reserves
on land with sizeable amounts of cobalt (Co). Metals are generally extracted using
the pressure acid leaching (PAL) method. This process uses selective dissolution
of Ni and Co in an acidic media at elevated temperature and pressure (Chalkey &
Toirac 1997). The method requires the conversion of the raw ores to slurries prior
to pressure acid leaching. The leaching operation, in turn, generates slurries,
which possess an entirely different set of physical and chemical features. Due to
the diversity in composition and the environment, an understanding of the solid-

liquid separation behavior of laterite slurries needs a methedical investigation,
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This chapter introduces the subject area and determines the scope of the
study. First, the problem is formulated by stating the most important issues related to
the management of laterite shurries. Next, the research objectives and the framework
to accomplish those objectives are presented. This is followed by outlining the

organization of this dissertation. Finally, a summary of this chapter is provided.

1.2 PROBLEM STATEMENT

The pressure acid leaching process is the most widely used method for extracting
economic metals from laterite ores due to its high recovery, low environmental
risk, and economic viability (Motteram et al. 1996). The solid-liquid separation of
the laterite ore slurries prepared prior to leaching influences the efficiency of this
method. Likewise, the solid-liquid separation of the laterite PAL slurries in the
counter current decantation (CCD) circuit affects the yield. Given the increasing
demand of Ni and Co, there was an exigent need to conduct a comprehensive
study of this class of materials. Further, a fundamental undertaking was necessary
to capture the influence of laterite geology and the pressure acid leaching process.
A knowledge of the solid-liquid separation behavior of laterite slurries is
beneficial both for the mining industry and the geotechnical engineering
community. Results of this study could be used to improve process efficiency and
productivity under actual conditions as well as to assess slurry disposal methods
and to manage tailings ponds. The application of basic soil mechanics concepts to

a hydrometallurgical process broadens the scope of geotechnical engineering.
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1.3 ESEARCH OBJECTIVES AND FRAMEWORK

The main objective of this work is to understand and improve the solid-liquid
separation of laterite slurries. The specific objectives are listed below:

= To determine geotechnical index properties for preliminary slurry assessment
= To investigate the influence of mineralogy and pore water chemistry on solid-
liquid separation behavior

= To study the of effect of microstructure on solid-liquid separation behavior

= To study solid-liquid separation behavior by determining sedimentation,
consolidation and hydraulic conductivity

The research framework required to accomplish the main objective
resulted in a stepwise approach. The first step was to develop a clear
understanding of laterite slurry behavior under ambient process conditions by
capturing the influence of ore geology and pressure acid leaching. Therefore, a
comprehensive characterization was conducted for both laterite ore and PAL
slurries.

Improvement of the solid-liquid separation behavior of laterite slurries
was based on the principle of no dalteration in actual process conditions. This
necessitated the use of synthetic polymers because of their ability to interact with
the solid phase in a given medium while still remaining chemically inert.

Laboratory investigation called for developing special protocols owing to
various peculiarities of laterite slurries. First, laterite soils illustrate variations in

engineering characteristics when exposed to air or heating (Townsend 1985).
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Second, when these soils are converted to slurries, characteristics of the latter are
entirely different from normal soils. Third, the exiraction process causes
mineralogical changes during leaching. Therefore, all routine testing procedures
had to be modified to capture the characteristics of this distinct class of materials.
Finally, this study had to be beneficial for both the mining industry and the
geotechnical engineering community. This required the extrapolation of
laboratory data to predict field performance. For improved efficiency and
productivity, laboratory results had to be statistically validated and numerically
simulated. Likewise, the results had to be presented in a way that is useful for

assessing alternative slurry disposal methods.

1.4 DISSERTATION OUTLINE
This chapter is followed by a thorough survey of the published literature that
provides a theoretical basis for this research work. Chapter Two mainly focuses
on various aspects related to laterite geology, pressure acid leaching,
characteristics of laterite slurries, and polymer modification of these materials.
Chapter Three presents the methodology for conducting this research. This
chapter describes the materials and the laboratory testing methods, gives an
account of the statistical and numerical technigues for data analysis, and proposes
a Laterite Slurry Characteristics Diagram (LSCD) for summarizing data.
Chapter Four and Five present the results of laboratory testing conducted to

characterize various laterite ore and PAL slurries, respectively. Likewise, Chapter
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Six and Seven discuss the results of laboratory investigation and modeling for
polymer modified laterite slurries using a selected ore and the corresponding PAL,
respectively. These four chapters fulfill the main research objective, that is, to
understand and improve the solid-liquid separation of laterite slurries.

Lastly, Chapter Eight summarizes the main conclusions derived from the

findings of this research and provides recommendations for future work.

1.5 SUMMARY
The pressure acid leaching process is the most widely used method for extracting
economic metals from laterite ores. The efficiency and the yield of this method
depend on the solid-liquid separation of the laterite ore and PAL slurries,
respectively. Given the increasing demand of Ni and Co, there was an exigent
need to understand and improve the solid-liquid separation of laterite slurries.
This objective was achieved using the following framework:
= Understanding laterite slurry behavior under ambient process conditions
= Devising a polymer amelioration method for improved solid-liquid separation
= Developing a detailed laboratory characterization protocol
= Predicting field performance from laboratory data

This dissertation is divided into eight chapters. The first three chapters
provide an introduction, literature review and research methodology for this work.
The next four chapters present, analyze and discuss the results obtained during

this research. The last chapter summarizes the main conclusions.
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Chapter 2

Literature Review

21 GE

This cﬁapter presents a comprehensive literature review of various interrelated
aspects pertaining to the solid-liquid separation of laterite slurries. First, the
geological features of laterite ores and the geotechnical characteristics of the
corresponding slurries are given. Next, the acid leach metal extraction process is
described with all necessary details; the major geoenvironmental issues associated
with this mining operation are identified. This is followed by an account of the
characteristics of laterite PAL slurries. These four sections provide an overview of
the material characteristics under ambient process conditions.

Synthetic polymers were chosen to improve the solid-liguid separation
behavior of laterite slurries for the metal extraction process. A detailed literature
survey related to the interactions of colloidal particles with synthetic polymers in
an electrolyte medium is given. This review helps in understating the expected
behavior of polymer modified laterite slurries and in selecting appropriate
polymers for this class of materials. Based on such a theoretical background, a
research hypothesis is propounded for effective polymer modification of laterite
slurries. The chapter concludes by providing a summary of the main points learnt

during this literature survey.
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22 GEOLOGY OF LATERITE ORES

2.2.1 General

The term laterite is derived from a Latin word Jater meaning brick. This term was
first given to some weather resistant and rapid hardening Indian soils used for
brick construction (Buchanan 1807). According to Alexander & Caddy (1962),
iaterites are rich in secondary oxides of iron and aluminum and may contain
quartz and clay minerals but are devoid of bases and primary silicates.

Economic metal bearing laterite ores are produced by weathering of parent
rocks. Variation in mineral composition in the weathered profile leads to
significant differences in engineering behavior of these ores (Lohnes et al. 1971).
Further, test conditions can cause an inadequate assessment of material properties
and hence results of one area cannot be used in another area with certainty
(Terzaghi 1958). Therefore, a clear understanding of the geological origin and the

weathered profile of a laterite ore is key to economic metal recovery.

2.2.2 Occurrence and Origin

Laterite ores mainly occur in tropical areas of the Pacific Ocean such as
Indonesia, Philippines, New Caledonia, and Australia. Sizeable amounts of
laterite ores are found in Cuba, Brazil, Colombia, Guatemala, and some central
African countries (Golightly 1981). Most of these laterites are very old and their
development associated with Pliocene, Pleistocene, and Middle or Late Tertiary
surfaces (Ruhe 1954). Condensed from Nixon & Skipp (1957) and Saunders &

Fookes (1970), Figure 2.1 gives a world map showing laterite ore distribution.
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Figure 2.1: Gloﬁél‘diétrxbutior.l' of laterite ores

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

o0



The parent material of laterite ores is an olivine-rich igneous rock called
peridotite that contains up to 0.3% nickel (Gidigasu 1974). The peridotite bedrock
is either composed of fresh olivine, (Mg, Fe);SiO4, or its hydrated derivative
known as serpentine. These bedrocks undergo extensive physical and chemical
weathering that involves rapid breakdown of feldspar and ferrc-magnesium
minerals, and are converted to laterite ores {Grant 1974). The oxidation reaction
that involves alteration of Mg and SiO; (serpentinization) is associated with up to
70% swelling and a permeability increase (Krause et al. 1997). Exchange of Ni in
soil water for Mg in serpentine clay occurs as follows (Golightly1979a):

Mg3S1,05 (OH)s + 3 Ni*" — NisSi,05 (OH)s + 3 Mg 2.1)

Weathering of ultramafic (ferro-magnesium-rich) bedrocks to laterites
occurs in three stages. The first stage is the decomposition of primary minerals
and the release of constituent elements such as Si, Al, Fe, Ca, Mg, Ni, K and Na,
in simple ionic form (Loughnan 1969). This is followed by laterization that
involves leaching of silica and accumulation of sesquioxides (Pickering 1962).
Suitable conditions for laterization include intense and prolonged weathering at
less than neutral pH (Mohr & Van Baren 1954). The last phase is desiccation,
which refers to the dehydration of sesquioxide-rich material and secondary
minerals (Sherman et al. 1953). The dehydration of hydrated iron oxides involves
a loss of water and crystallization of amorphous iron colloids into dense
crystalline iron minerals (Hamilton 1964). The time required for the conversion of

primary minerals to laterite ores is of the order of 3 x 10° years (Burger 1995).
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Climate, topography, mineralogy of parent rock and geomorphic history
control the development of laterite ores (Golightly 1979b). Due to high
temperature, extended periods of abundant rainfall, and acidic environment,
tropical regions present the natural setting for laterization (Gidigasu 1972). Under
such conditions, the weathering process is accelerated due to unidirectional
downward water flow. Laterites of Cuba and Philippines have formed swiftly by
the conversion of olivine to silica and goethite (Troly et al. 1979) by the process:

Fe,Si0q + 2 H + Oy — 8i0, + 2 FeO(OH) 2.2)
In other areas such as Australia, weathering had been slow owing to relatively
dryer conditions, which, in turn, led to the formation of smectite clays along with
goethite (Burger 1979) according to the following reaction:

4 Fe;Si04 + 8 H' + 4 0, —> Fe;Si4010 (OH), + 6 FeO(OH) (2.3)

2.2.3 Laterite Profiles

Laterite profiles generally exhibit various zones due to dissolution of original
minerals, movement of elements in solution and precipitation of elements at other
locations (Golightly 1979a). Figure 2.2, which is modified after Krause et al.
(1997), gives typical profiles for both dry and humid equatorial climates. This
figure shows that for both climates, laterite profiles have an average thickness of
20 1o 50 m (Baghala & Papangelakis 1998a). Further, most laterite ores are
overlain by a hard crust of hematite with low nickel content at the surface. Below
this iron capping, a region of hematite-rich goethite is encountered. According to

Krause et al. (1997), this zone contains a negligible amount of nickel.
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Figure 2.2: Typical laterite profiles for humid and dry climates




Below the overburden is found a limonite zone that is predominantly
composed of mixed iron oxides (geothite and hematite); aluminum is present as
gibbsite (Chalkley & Toirac 1997). This extremely fine-grained ore commonly
contains from 1.0 to 1.6% nickel. Further, the water content of this zone varies
from 10% for arid deposits to 50% for tropical deposits.

The transition zone that consists of clay minerals, traces of crystalline
quartz, and variable amounts of iron oxides, underlie the limonite zone (Mitchell
1993). The clay minerals are formed as a result of extreme disintegration, strong
hydration and minimal leaching (Tourtelot 1973). Such conditions are brought
about by scanty and sporadic rainfall prevalent in dry climates (McMahone 1989).

Above the bedrock occurs a saprolite zone that retains most of the parent
rock minerals. This zone is derived from the in situ decomposition of parent
material and contains large boulders (Golightly 1981). Saprolite is characterized
by high Mg and SiO, content and large compositional variation with depth. The

Ni content in a mined saprolite varies between 1.6 and 3.0% (Krause et al. 1997).

2.3 CHARACTERISTICS OF LATERITE ORE SLURRI

2.3.1 General

Slurries are composed of solid particles dispersed in a liquid (van Olphen 1977).
The colloidal particles have large surface areas, charged interfaces, and the ability
to flocculate (Mitchell 1993). This section highlights the influence of composition

and geology on the characteristics of laterite ore slurries.
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2.3.2 Geotechnical Index Properties

Laterite ore slurries have reddish shades due to the various degrees of iron,
titanium, and manganese hydration. According to Maignien (1966), these shades
become progressively darker with age.

It is generally accepted that laterite soils have significantly higher values
of specific gravity than most sedimentary soils (Gidigasu & Bhatia 1971). This is
mainly attributed to the presence of iron oxides for which specific gravity ranges
from 4.26 for goethite to 5.26 for hematite (Gidigasu 1976).

Grain size distribution of laterite soils is a function of the nature of the
parent material, genesis, degree of weathering, geologic origin, location in the
topographic site and depth in the profile (Gidigasu 1976). These soils cover a
large succession of materials from fresh to concretionary rock. The presence,
quantity, distribution and degree of weathering of materials finer than 1 mm
govern the behavior of such soils (Gidigasu 1974).

The weathering process results in coating of the colloidal particles by
sesquioxides of iron and aluminum (Mitchell & Sitar 1982). Due to such coating
coarser aggregations of silt and sand sized range are developed thereby
suppressing the surface characteristics of the colloids (Townsend 1985). The
micro-aggregates are formed due to one or both of the following reasons: (i)
cementation that is caused by precipitation and irreversible dehydration of iron
and aluminum gels (Morin & Todor 1975) and (ii) flocculation, which is

promoted by the presence of iron in solution (D'Hoore & Fripiat 1954). Such

13
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aggregates of cemented particles are susceptible to mechanical weathering
(Mitchell 1993). Small sized grains and narrow grain size distribution
(homogenous particles) in laterite ore slurries are associated with reduced
aggregation and minimum settling (Schramm 1996; Yariv & Cross 1979).

Figure 2.3 highlights the influence of (a) parent rock type, (b) clay size
fraction, {c¢) weathering condition and (d) rainfall distribution on the plasticity of
laterite soils. Although given separately, this figure suggests that the influence of
all factors should be considered conjointly because of their mutual interrelation;
the A-line differentiates between active clays (above) and silty clays (below).

Figure 2.3 (a) shows that laterite soils derived from igneous parent rocks
plot below the A-line and a liquid limit higher than 50%. On the contrary, laterites
derived from sedimentary parent rocks plot above the A-line and have a liquid
limit that depends upon the nature of the clay minerals (Cruz 1969).

Figure 2.3 (b) shows that plasticity characteristics of laterite ores do not
correlate well with clay size fraction (material finer than 0.002 mm). This is due
to variations in clay mineral type (de Graft-Johnson et al. 1972) and partial or
complete sesquioxide coating of clay particles (Townsend 1985).

Figure 2.3 (c¢) differentiates ferruginous ores from ferralitic ores (Remillon
1967). The former are formed under dry climates in well-drained savannah
vegetation whereas the latter are developed in humid tropical marshy rainforests.
This figure shows that ores from both weathering conditions plot above A-line but

ferruginous ores have lower liquid limits owing to their high sesquioxide content.
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Figure 2.3 (d) shows that laterites formed under most rainfall conditions
plot above the A-line. Similarly, laterites developed in areas receiving an average
annual precipitation of less than 120 cm have liquid limit below 50% and the

reverse is true for regions getting more than 120 cm of rainfall per year.

2.3.3 Mineralogy

Mineralogical composition governs the size, shape, and surface characteristics of
soil particles. It determines the interaction of the solid phase with the fluid phase
and hence affects the solid-liquid separation behavior. Thus, knowledge of
mineralogy is fundamental to the understanding of laterite ore slurries.

Mineralogy of laterite ores varies between the boundaries given in
equations 2.2 and 2.3 owing to variation in geology and environment. The various
zones of laterite profiles are associated with specific mineralogy that leads to a
distinct behavior (Gidigasu 1976). The presence or absence of a mineral in a
laterite ore depends upon its solubility with respect to other minerals of similar
chemical composition (Golightly 1979a). As described earlier, weathering of
peridotite follows the three stages of decomposition, laterization and desiccation.
During this weathering process, minerals of lower solubility such as silica,
smectite and goethite replace unstable minerals like olivine and serpentine.
Although clay minerals such as kaolinite, chrysotile, hydrous mica, chlorite and
smectite are found in laterite ores (Loughnan 1969; Morrin & Parry 1969),
smaller sesquioxide minerals govern the engineering response of these materials
due to their mobility and solubility (Maignien 1966).

16
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Figure 2.4, which is modified after Golightly (1979a), gives composition
of various types of laterite ores. This figure shows that most varieties of laterite
ores fall in the triangular area enclosed by two limiting curves. Boundary AB
depicts the progressive weathering of olivine and serpentine to limonite whereas
curve CD follows a serpentine-smectite-limonite evolution: silica-rich varieties
fall above this curve. Figure 2.4, which also gives contours of iron content, shows
increasing Fe percentage during the various stages of laterite ore development.

The significance of mineralogical composition arises from the surface
charges of various mineral species. Clay particles possess a negatively charged
surface that attracts cations. Many of these cations are exchangeable as they can
be replaced by other cations (Mitchell 1993). Conversely, sesquioxides have a
positively charged surface and variations in surface charge depend on the pH of
the pore fluid.

The capacity of anion and cation exchange in laterite ores owes its origin
to the parent material and the degree of weathering. Anion exchange, which arises
from the protonation of hydroxyl groups on the edges of clay minerals and on the
surfaces of sesquioxides, is inversely proportional to the pH of the pore fluid.
Cation exchange in laterite ores depends on the type and amount of clay mineral
and coating of these minerals by fine sesquioxide gels (Gidigasu 1971). Such
coatings tend to reduce the electro-chemical activity on clay mineral surfaces
(Townsend et al. 1971). Therefore, characteristics of laterite ore slurries depend

on the extent of sesquioxide coating and on the pore fluid chemistry.
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2.3.4 Pore Water Chemistry

Pore water chemistry is one of the key factors influencing the engineering
behavior of soils. The physico-chemical interactions at the interface of pore water
and colloidal slurry results in the development of a double layer of electrolytes
around the colloids (Mitchell 1993). Changing the chemical composition of the
pore water can alter the properties of this double layer thereby affecting the solid-
liquid separation behavior of the slurry (Sposito 1984). A detailed account of the
double layer theory is presented later in this chapter. This section describes the
origin of two of the most important water characteristics for laterite ores: pH and
electrolyte concentration (Winterkorn 1948; Winterkorn & Moorman 1941).

Depending on climate and vegetation, a neutral to slightly acidic pH
characterizes a weathering laterite environment (Gidgasu 1976). The higher the
rainfall and hence the degree of leaching the lower the pH. Data presented by
Gidigasu (1971) suggests that the pH decreases with depth as the root zone of
plants gradually diminishes.

The type and amount of an electrolyte in the pore water depends on
mineral solubility and water movement, which is governed by weathering
conditions (Golightly 1979a). Figure 2.4 suggests that due to the high solubility of
serpentine, its pore water should be rich in Mg and Si**. Concentration of these
ions is progressively decreased with increased weathering and reaches a minimum
for limonite ores. Depending on the weathering environment, Na*, K, Ca”* and

SO4* may get dissolved in pore water of smectite and silica rich ores.
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2.3.5 Morphology

Morphology of soil slurries has profound effect on sedimentation, consolidation
and hydraulic conductivity. Arrangement of individual particies, particle groups
and pore spaces in a soil slurry predominantly depends on soil mineralogy and
pore water chemistry (Mitchell 1993). Determination of laterite slurry
morphology is obligatory to evaluate the development of solid-liquid separation
behavior of such materials. A detailed discussion about various types and scales
of soil fabrics and their significance in the solid-liquid separation behavior is
given later in this chapter. This section briefly describes the in situ morphology of
laterite soil as developed under local geological, climatic and environmental
conditions.

Laterite soils have been described as vesicular, concretionary, cellular,
vermicular, slag-like, pisolithic and concrete-like masses (Gidigasu 1976). Such
variable descriptions of this class of materials indicate their range from
unconsolidated and scarcely coherent soils to hard rock-like masses with a wide
variety of intermediate forms (Haldemann et al. 1979). Further, this
morphological variability is due to the nature and extent of clod formation in
different types of laterite ores. According to Greenland et al. (1968), aggregates as
large as silt and even sand size are formed as sesquioxides of iron and aluminum
coat clay minerals to various degrees. The oppositely charged sesquioxide and
clay mineral surfaces and an acidic environment favor such coating (Mitchell

1993).
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2.3.6 Solid-Liquid Separation

The most important geoenvironmental issue in wet mineral processing operations
is the generation of soil slurries containing large amounts of liquid. Effective
separation of solids and liquids in these slurries reduces the running cost of such
operations. Solid-liquid separation is characterized by sedimentation and
consolidation and the variation of hydraulic conductivity under these two stages.
A detailed discussion about these geotechnical aspects of engineering behavior is
given later in this chapter. This section describes the solid-liquid separation
behavior of laterite ore slurries.

Laterite ore slurries are streams of low solids content prepared prior to the
acid leaching process. For increased process efficiency, an understating of the
solid-liquid separation behavior of these materials is obligatory. Based on the
preceding literature review of geotechnical index properties, mineralogy, pore
water chemistry and morphology of laterite ores, an understating of the
anticipated solid-liquid separation behavior can be developed. Generally, the high
specific gravity, the large grain size derived from sesquioxide coating of soil
particles and the near neutral environments should result in good solid-liquid
separation. Incidentally, no record was found in the published literature that
presents experimental data on solid-liquid separation of laterite ore slurries. The
presence of various mineral species and the effect of the slurry preparation
method may cause changes in the above mentioned expected behavior. This

research was investigates such variations in the behavior of laterite ore slurries.

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.4 PRESSSU
2.4.1 General

The two main processing technologies for treating nickel laterite ores are smelting
and acid leaching. Smelting is used for the saprolite ore (Reid 1996) whereas for
the limonite ore, the acid leach process is generally preferred (Duyvesteyn et al.
1979). This preference for the latter extraction method is due to the incentive to
obtain relatively pure nickel as well as cobalt from large untapped limonite
reserves because of a marked decline in the number of available sources of
saprolite ores (Matheson 1996). However, the process is not confined to limonite
ore only and has undergone extensive modification to meet the requirements of
the mining industry since its inception in Cuba in the 1960s. Queneau et al. (1984)
extended the application of this process to the entire ore body: limonite ore,
transition ore and saprolite ore. The excessive acid requirement was overcome by
separating the ore into a fine low-Mg fraction for direct leaching and a coarse
high-Mg fraction that was pretreated before leaching. To further reduce the
operational cost, limonite-saprolite mixtures are now leached in ome step
(Chalkley & Toirac 1997). Currently, due to its high recovery, low environmental
risk and economic viability, acid leaching is considered as the method of choice
for metal extraction from almost any type of laterite ore (Baghala & Papangelakis
1998a). This section provides a detailed account of important stages in the
sulfuric acid leaching metal extraction process as well as the geoenvironmental

issues associated with this mining operation.
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2.4.2 The Mining Operation
2.4.2.1 General

The sulfuric acid leaching process, commonly used in most industrial units,
typically involves several stages of operation. These include feed preparation,
acid leaching, counter current decantation, neutralization, sulfide precipitation,
and waste disposal. However, the hydrometallurgical processes for obtaining
metals from the pregnant liquor and the trivial geotechnical aspects of tailings
management are beyond the scope of this work. To provide a background for this

research, this section describes the first three stages of the mining operation.

2.4.2.2 Feed Preparation

Figure 2.5, taken from Carlson & Simmons (1960) shows the slurry preparation
flow sheet to obtain suitable plant feed from the mined ore using water and wet
screening. The raw ore is recovered with scrappers and draglines and transported
to the slurry plant by trucks. The ore is fed into the plant by apron feeder and
inclined conveyor belt. A shaking grizzly with 12.5 cm (5 in) bar spacing scalps
off the stray rock and the undersize goes directly to the log washers. The slurry
overflowing the log washers is finished by two stages of screening, with primary
screens having 1.0 cm (3/8 in) openings to protect the 20-mesh secondary screens
(0.85 mm opening). The oversize from the shaking grizzly is scrubbed free of ore
in a cylindrical scrubber and fed into the primary screen. Conversely, the oversize
rock from the cylindrical scrubber is combined with the oversize from the primary

and the secondary screens and eventually disposed off.
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Gravity pipes move raw ore slurry with a solids content of about 25%, to a
storage thickener. The purpose of the storage thickener is to increase the solids
content at which the slurry is pumpable. A high solids content material ensures
minimum acid and steam consumption during leaching and maximum leach
throughput. Depending on the type of raw ore, underflow solids content from the
storage thickener vary significantly but values in the range of 35 to 40% are
common (Carlson & Simons 1960). Overflow water is re-circulated to the slurry
preparation plant during the thickening process that is usually carried out for a
maximum of one day. The solid-liquid separation behavior of the ore slurry in the

storage thickener can be improved by using synthetic polymers.

2.4.2.3 Acid Leaching

Figure 2.6, which is also taken from Carlson & Simmons (1960), gives a
schematic flow sheet of the acid leaching operation. The ore slurry from the
storage thickener is pumped to a slurry preheater where it is heated up to 2
temperature of 75 °C (170 °F) by direct absorption of 200 kPa (30 psi) steam. The
heated slurry is stored in a mechanically agitated storage tank that has a design
capacity commensurate with the operation. The slurry is picked up by a rubber
lined centrifugal booster pump and fed to the high-pressure slurry pump. This
latter pump feeds the slurry to the slurry heater tower of the reactor train. Once
again, the slurry is heated by direct injection of steam at 4000 to 6000 kPa (600 to
900 psi); the reaction temperature typically ranges between 250 and 280 °C (475
and 550 °F).
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Figure 2.6: Schematic of the acid leaching process




The ore feed is allowed to flow by gravity from the slurry heater into the
four-stage reaction vessels. Sulfuric acid at 98% concentration is fed into the first
reaction vessel using a plunger pump. To induce circulation, the high-pressure
steam (4000 to 6000 kPa) provides agitation in the reaction vessels. Due to
negligible condensation of the agitation steam, it is reused after necessary makeup
in the slurry heater. The leached slurry overflowing the fourth stage of the
reaction vessels is allowed to pass through an exchanger where it is cooled and
the recovered steam heat is reused. The slurry is then passed through special flow-
control chokes into a flash tank. Again the steam generated in the flash tank under
atmospheric pressure is reused for heating elsewhere in the mining operation.
From the flash tank the leached slurry is allowed to enter the next stage, which is
called as the counter current decantation (CCD).

Acid leaching involves selective dissolution of nickel and cobalt from the
ore using sulfuric acid. Divalent metal (M) oxides (NiO and CoO) are soluble
under autoclave conditions and react with acid according to the following reaction
(Chou et al. 1977):

MO o +2 H - M* + H,0 (2.4)

The sulfuric acid leaching process depends on several interrelated
parameters such as temperature, pressure, leaching kinetics, acid consumption,
and ore type (Tuovinen & Jason 1984). Understanding of the interaction of these
parameters is important from a hydrometallurgical viewpoint but is beyond the

scope of this research work.
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2.4.2.4 Counter Current Decantation

Following acid leaching, the shurry is allowed to flow by gravity to a multi-stage
counter current decantation wash circuit. Given schematically in Figure 2.7, the
purpose of this process is metal separation from the leach residue. This is
achieved by washing the leach residue with water and collecting soluble nickel
and cobalt at the front end as the overflow.

Overflow solution from the CCD wash circuit is pumped to the reduction
and neutralization section. First, the solution is treated with hydrogen sulfide gas
to reduce Fe** to Fe?* and Cr** to Cr** and to precipitate copper as copper sulfide.
Then, it is neutralized with calcium carbonate by continuous agitation as the pH is
monitored at regular intervals of time. Nickel and cobalt precipitate from the
neutral solution by hydrogen sulfide gas in the sulfide precipitation plant: Mg,
Mn, Fe and Al remain in solution. The reaction takes place in mechanically
agitated horizontal autoclaves.

Underflow slurries from the first thickener are diluted by adding process
water and overflow solution from the third thickener prior to feeding to the next
thickener and so on. This ensures minimal variation in pH that ranges from 1.0 to
2.0. The waste slurries collected at the back end of the CCD circuit are treated to
meet the regulatory criteria and are finally disposed of to a tailings pond.

To increase yield, synthetic polymers are added at all stages of the CCD
circuit with decreasing dosage from the first to the last thickener. These

flocculants improve the solid-liquid separation behavior of the leached slurry.
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2.4.3 Geoenvironmental Issues
2.4.3.1 General

Geoenvironmental issues associated with the suifuric acid pressure leaching
process are multi-disciplinary. Studies aiming at devising methods that
optimize both yield and risk are usually carried out in conjunction. Although,
this research focuses on the former, salient issues related to the solid-liquid

separation and waste management of laterite slurries are noted here.

2.4.3.2 Selid-Ligquid Separation

The solid-liquid separation of laterite ore slurries prepared prior to leaching and of
laterite PAL slurries in the CCD circuit affect process efficiency and yield,
respectively. Polymer modification methods for ore and PAL slurries can be
devised to increase both efficiency and production of the extraction process.
Therefore, these mine slurries can be effectively managed using geotechnical

engineering concepts of sedimentation, consolidation and hydraulic conductivity.

2.4.3.3 Waste Management

An appreciation of the economics and technology is necessary as these govern the
waste handling method of the placed material (Morgenstern & Scott 1995). Since,
stability is ensured for unsaturated states (Kupper et al. 1992), liquefaction may
result in saturated conditions (Bishop 1977). Process water composition renders
contaminant migration an important issue. Emission of sulfur oxides and acid mist

from the plant should meet the regulatory criteria (Chalkley & Toirac 1997).

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACTERITICS OF LATERITE PAL SLU

25 CHAR
2.5.1 General
Laterite slurries generated by the pressure acid leaching process possess an
entirely different set of characteristics compared to the ore slurries. The leaching
process causes changes in both the solid and the liquid phases of the slurries,
thereby influencing the solid-liquid separation behavior of these materials. This
section gives a description of the important aspects related to the characteristics of

laterite PAL slurries.

2.5.2 Geotechnical Index Properties

Laterite PAL slurries have a dark brown color, which is generally irrespective of
the ore type and the leaching conditions. The values of specific gravity for
laterite PAL slurries are higher than laterite ore slurries owing to mineral
transformations during the leaching operation (Tindall & Muir 1998). Such
changes causes precipitation of various types of minerals on soil particles
thereby resulting in a coarse grained material. Due to the predominant effect of
grain size distribution on the solid-liquid separation behavior of laterite slurries,
it is important to investigate variations in the grain size growth in each type of
laterite ore. Further, no experimental data on the consistency or the plasticity
characteristics of laterite PAL slurries was found in the published literature.
This research generated a complete data set on the geotechnical index properties
of various types of laterite PAL slurries for a preliminary evaluation of this class

of materials.
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2.5.3 Mineralogy

Conversion of goethite into hematite is the main reaction occurring during the
acid leaching process. This mineral transformation, which conserves the amount
of sulfuric acid, occurs in two steps; dissolution of goethite and precipitation of
hematite, according to the following reactions (Tindall & Muir 1998):

2 FeO(OH) (5 + 3 Hy804 — 2 Fe’* + 3 SO + 4 H,0 (2.5)

2 Fe** + 3 SO + 4 Hy0 — Fey03 5 + 3 HySO¢ + Hy0 (2.6)

Similar distinct dissolution and precipitation paths lead to the following
overall reaction for the conversion of boehmite to hydronium-substituted alunite
(Chou et al. 1977):

3 AIO(OH) (5) + 2 HoSO4 + HyO — (H30)Alz(SO4)2(OH)s ) 2.7

In saprolite ores, Ni-rich magnesium silicates (serpentine) dissolve rapidly
and form amorphous silica and magnesium sulfate according to the following
reaction:

2 Mg3SiOs(OH)s (s + 6 HaSOy — 6 MgSO4 +4 SiOy 5 + 10 RO (2.8)
The above reaction also shows that blending saprolite ore with limonite ore
utilizes the high Mg content of the former, thereby consuming part of the free acid
in solution (Baghala & Papangelakis 1998a).

Anion exchange is the critical parameter governing the behavior of laterite
PAL slurries under acidic condition (Dixon & Weed 1989). Similarly, the
presence of small amount of clay minerals as well as amorphous materials can

significantly affect the behavior of these slurries.
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2.5.4 Pore Water Chemistry

Pore fluid chemistry as described by the pressure acid leaching process leads to
variation in physico-chemical inferactions that governs the mechanical behavior
of laterite PAL slurries. The pH values for the PAL slurries are usually well
below the point of zero charge (PZC) as the predominant hematite mineral in
these slurries has a PZC range of 7.5 to 8.5. According to Rubisov &
Papangelakis (1999), such conditions are favorable for coating of soil particles by
hematite. However, the presence of other ion types in solution also affects the
engineering behavior of these slurries. This research studies the mineral

interaction in a given environment and the resulting behavior of the slurries.

2.5.5 Morphology

Morphology depicts the interaction between mineralogy and pore water
chemistry. For laterite PAL slurries, precipitation of hematite and alunite on soil
particles causes fundamental changes in soil characteristics. Such precipitation is
accompanied by an increase in grain size that in turn affects morphology and the
mechanical response of the PAL slurries. Hematite and alunite coat soil particles
to form platelets with dimensions of 50 A diameter and 10 A thickness, below the
point of zero charge (PZC) of these minerals (Rubisov & Papangelakis 1999).
According to the same authors, the PZC of these minerals is near neutral, which is
above the pH of the PAL slurries in most industrial applications (Tindall & Muir
1998). Microscopic observations reveal goethite morphology as needle-like,
whereas hematite is seen as a nearly spherical particle (Krause et al. 1997).
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2.5.6 Solid-Liquid Separation

Laterite PAL slurries are streams of medium solids content generated by the
pressure acid leaching process. The leaching operation causes changes in the solid
and liquid phases of the laterite PAL slurries. Such changes are manifested in the
solid-liquid separation behavior of these materials. Transformation of iron
minerals cause grain size growth and an increase in the specific gravity of the
solid phase. Likewise, change from near neutral to acidic conditions results in a
different set of physico-chemical interactions between the minerals and the pore
water. Based on the preceding discussion of the changes caused by the leaching
process and the new set of interactions resulting therefrom, an understanding of
the expected solid-liquid separation behavior can be developed.

Laterite PAL slurries settle much faster than their respective ore slurries
under self-weight due to larger and heavier grain size (Briceno & Osseo-Asare
1995a: Krause et al. 1998). Likewise, the mineral content in the ore affects the
settling behavior of the leached materials. According to Briceno & Osseo-Asare
(1995b), oxide-silicate material (PAL from limonite-saprolite ore) has lower
settling rate than iron-rich material (PAL from limonite ore) owing to the
presence of a gelatinous/siliceous product in the PAL slurry of the former ore.
Briceno & Osseo-Asare (1995¢) also suggests that the behavior of PAL slurries
can be effectively improved by using synthetic polymers. This research
undertakes a comprehensive experimental program to improve the solid-liquid

separation behavior of laterite PAL slurries.
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2.6 COLLOID-POLYMER-ELECT

ROLYTE INTERACTION
2.6.1 General

The solid-liguid separation behavior of laterite slurries can be effectively
ameliorated using synthetic polymers, which are known to flocculate the slurries
thereby increasing grain size and density. Different polymers achieve this
objective to various degrees due to the combined effect of several interrelated
parameters. These factors are derived from the physical, chemical and electrical
characteristics of the system constituents; namely, colloidal slurry particles,
chains of synthetic polymers and the electrolytes in the liquid medium. A clear
understanding of these parameters is key to efficient solid-liquid separation of
laterite slurries. The discussion given here on colloid-polymer-electrolyte
interaction is divided into three sections. First, characteristics of colloidal slurries
are given. Second, characteristics of synthetic polymers in solution form are
described. Third, the interaction of these two solid phases in a liquid medium is

discussed using the title polymer adsorption on colloidal surfaces.

2.6.2 Characteristics of Colloidal Slurries
2.6.2.1 General

This section first describes the interaction between colloidal surfaces and the
electrolyte solution in the form of double layer theory. Then the effect of such
interactions on soil morphology is presented. Finally, the evolution of the solid-
liquid separation behavior with variations in time and loading conditions as well

as soil morphology is given.
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2.6.2.2 Double Layer Theory

Hydrophobic colloids possess electrically charged surfaces. The sign and
magnitude of this charge is a function of the character of the colloid, pH and the
general ionic characteristics of water (Sawyer et al. 1994). To preserve electrical
neutrality in a colloid-water system, a double layer of ions is developed in the
vicinity of the colloid. Figure 2.8a, which shows a double layer of ions adjacent to
a negatively charged colloid, illustrates a Stern layer of positively charged ions
adsorbed to the colloidal surface and a diffuse layer of mixed ions (Chapman
1913). The concentration of ions is greatest at the colloidal surface and decreases
with distance. Due to the opposite movement of colloidal particles and
counterions, there exists a shear surface at the colloid-liquid interface. An
estimate of the surface potential is a lower value known as the zeta potential (),
which develops between the Stern layer and the diffuse layer (Hunter 1981). In its

general form, the double layer equation can be written as follows (Mitchell 1993):

dw e —viey
Lt = T vineexp| ———— 2.9)
d x? £ P kT

where, ¥ = Electrical potential (work needed to bring a positive unit charge

from the reference state to the specified point in the electric field),

X = Distance from the surface (m),
e = Electronic charge (1.602 x 107° ),
g = Static permittivity of medium (C? J' m™) = &, (permittivity of

vacuum, 8.8542 x 1072 C* I m™") x D (dielectric constant),
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AV = Valence of cation of type i,

Pig = Electrolyte concentration at the reference state,
k = Boltzmann constant (1.38 x 1072 J °K'Y, and
T = Temperature (°K)

Ion distribution adjacent to a charged surface can be quantitatively
estimated by solving equation (2.9). For a single cation and anion species of equal
valence (i=2,v =V =v, n, =n, =n,), equation (2.9) simplifies to the Poisson-

Boltzmann equation as given below:

Ty _ 2neve Gon| YeY (2.10)

d x? &

Babcock (1963), Bolt (1956) and van Olphen (1977) proposed solutions to
equation (2.10). These solutions can be applied to a good approximation for the
case i = 2 but v\ # v". Even for the more complex case of multiple counterions,
solutions are given by Collis-George & Bozeman (1970) and van Olphen (1977).

When two colloidal particles approach one another the double layer
positive repulsion opposes the negative attraction arising from van der Waals
interactions. Figure 2.8b gives typical trends of potential energies associated with
these forces and the resultant of these potentials. The resultant shows a primary
deep minimum at A; corresponding to contact between the particles and a
secondary shallow minimum at A;. At 4, the particles are joined together firmly

to result in irreversible flocculation and the formation of unbreakable clusters.

Conversely, at 4, the particles are loosely held together at relatively larger
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separation distances. According to Tabor (1991), particles are not able to escape
from one another in this latter type of flocculation because of the their lower
thermal energy (k7) at 4,.

Flocculation of colloids is governed by the thickness of the double layer
(1/K) and the surface potential. In general, the thinner the electrical double layer
and hence a smaller surface potential, the stronger the tendency for particle
associations (Mitchell 1993). Ton and potential distribution in a double layer
depends on many interrelated system variables. A good perception of these
parameters is given by the following equation:

1/2

1 [&DkT .

K |2mé? @

High concentration of electrolyte results in suppression of the double
layer. For negatively charged colloids, the increased amount of cations reduces
concentration gradient between the colloid and the solution thereby reducing the
surface potential (Verwey & Overbeek 1948). This results in a shrunk double
layer due to a decreased tendency of cations to diffuse away from the colloid.
Further, double layer compression is more pronounced for multivalent cations due
to their preferential adsorption. Collis-George & Bozeman (1970) showed that in
a system containing monovalent and divalent cations, the latter concentrate near
the colloid surface. Generally, trivalent cations (AI’* and Fe**) cause the thinnest

double layer followed by divalent cations (Ca®* and Mg®") and monovalent

cations (Na" and K*) are known for thicker double layers (Mitchell 1993).
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The tendency of the OH  ion (exposed at clay surfaces) to dissociate is
strongly affected by the pH of the pore fluid. Depending on the PZC of the
system, the tendency for H' release in acidic media is lower and results in lower
negative charge on clay particles. This results in positive edge to negative surface
interaction, which leads to flocculation (Mitchell 1993). In addition, alumna
(exposed at clay edges) ionizes positively at low pH (Sposito 1989).

The effect of the product of dielectric constant and temperature on double
layer thickness is marginal but may be important in certain applications. Since, D
values of most pollutants (hydrocarbons and organic materials) are lower than that
of distilled water, they reduce double layer thickness (Sposito 1984). This
reducﬁon is further highlighted at elevated temperatures due to the associated
decrease in dielectric constant. However, Mitchell (1993) has reported that an
increase in temperature may also cause an increase in double layer thickness.
Therefore, the combined effect of DT is contradictorily reported in the literature.

The foregoing discussion was related to classical double layer theory,
which was developed for a colloidal clay with negatively charged surface. This
theory can be used for laterite slurries as their colloidal particles also possess a
surface electric charge in the presence of water, which is polar in nature. This
charge owes its origin to ionization (pH dependent surface hydrolysis), and
diffusion of electrolytes (Schramm 1996). Due to charge variation at the interface
of water and solid particles, a diffuse double layer is created that influences the

behavior of these slurries (Sposito 1984).
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2.6.2.3 Morphology

Engineering behavior of soils is usually understood by counsidering the soil mass
as a continuum. However, soils are actually composed of discrete particles,
particle groups and pore spaces. Therefore, a better understanding of soil behavior
can be achieved by studying it in conjunction with soil morphology. This is more
important for soil slurries owing to variations in soil morphology with variations
in water content. This section gives a description about the various types and
scales of soil fabrics and their significance in the solid-liquid separation behavior
of laterite shurries.

Figure 2.9 gives a schematic of various types of soil fabrics for colloidal
particles. Based on both theory and observations, this figure shows that
electrically charged colloids can act independently as well as mutually. In the
former case, these particles can either be dispersed or associated edge-to-face
thereby making a cardhouse (Goldschmidt 1926). When acting mutually,
colloidal particles form aggregates or books by aligning face-to-face (Sloane &
Kell 1966). The books can be dispersed or can be associated edge-to-face fashion,
which is called a bookhouse (Mitchell 1993). Both the cardhouse and the
bookhouse are called flocculated soil fabrics. Variations in various types of
fabrics resulting either from independently acting colloids or from mutually acting
colloids depend on water content. For soil slurries, water content decreases during
sedimentation and consolidation. This research develops a qualitative correlation

between soil fabric and the solid-liquid separation behavior of laterite slurries.
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Soils are composed of clay and coarse size grains. The clay particles have
a grain size less than 0.002 mm and include clay minerals as well as amorphous
and silicecus materials whereas silt and sand are the coarse grained materials.
Figure 2.10 describes important fabric features of soils comprising of these two
types of clay forming materials. A connector of clay between two coarse grains
results from a loose cardhouse of the former material (Figure 2.10a). Similarly, an
array of books is similar to the interviewing bunches of clay between coarse
grains as shown in Figure 2.10b. Likewise, Figure 2.10c and 2.10d differentiates
between irregular and regular aggregations, respectively. Irregular aggregations
correspond to a cardhouse microstructure of clay particles whereas regular
aggregations, which have defined physical boundaries, are made up of units of a
bookhouse fabric.

The mechanism of particle association depends on the type of particle
(size, shape and charge) and on the type of pore fluid (pH, type of ions and ionic
strength). Laterite slurries are predominantly composed of fine, positively charged
particles. These needle-like goethite and spherical hematite coat clay platelets to
variable extent. The pore fluid has a neutral to highly acidic pH, low to very high
ionic strength, and the presence of multivalent ions in the latter. Further, synthetic
polymers also influences soil microstructure. All of these permutations allow for
the possible development of a wide variety of soil fabrics. For enhanced
understanding of the solid-liquid separation behavior of laterite slurries, the

mechanisms of some of these soil fabrics are described where appropriate.
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Figure 2.10 also distinguishes between two types of soil matrix, of which
both result from a combination of the above features and depend on soil composition.
A coarse matrix (Figure 2.10e) is defined as one in which the coarse grains touch one
another. The void ratio of the coarse particles can reach a maximum of 0.9 for a
simple cubic arrangement of equal spheres. Under such conditions, clay is present in
the pore space between the coarse grains. On the contrary, the coarse grains do not
touch one another in a clay matrix as shown in Figure 2.10f. In a coarse matrix, soil
behavior is dominated by the size, shape, angularity and distribution of the coarse
grains. On the other hand, the engineering behavior in a clay matrix depends on the
interactions between colloids and water containing electrolytes. The current research
focuses on this latter soil matrix due to the large amount of water and electrolytes in
laterite ore and PAL slurries.

The structure or fabric of a soil can be considered relative to three levels
of scale: microfabric, minifabric, and macrofabric (Olsen 1962; Yong & Sheeran
1973). A microfabric consists of particles assemblage and the interassemblage
pore spaces. Typical microfabric units are up to a few tens of micrometers.
Minifabric contains the assemblage of a few microfabric units and the
interassemblage pore spaces between these units. The size of a minifabric is
generally in the range of a few hundred micrometers. Finally, the macrofabric is
representative of the entire soil mass and contains cracks, fissure and laminations
that correspond to the transassemblage pore spaces between the aggregations of

minifabric units.
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Different fabric scales influence different aspects of engineering behavior
of soils. Time dependant phenomena such as creep are influenced by the
microfabric. Physico-chemical interactions are better understood by studying soil
minifabric. Soil behavior involving such interactions includes sedimentation and
hydraulic conductivity. Mechanical behavior such as shear strength and
consolidation of in situ soils is governed by macrofabric.

Solid-liquid separation of laterite slurries mainly depends on minifabric
but a general study of the entire fabric scale is warranted for a better
understanding of this class of materials. Generally, a flocculated soil fabric is
associated with rapid sedimentation because the particles move down as a
massive block under gravity. On the other hand, individual particles move down
independently in a dispersed soil and hence both the rate and the amount of

sedimentation are smaller (Mitchell 1993).

2.6.2.4 Solid-Liquid Separation

Solid-liquid separation is characterized by sedimentation and consolidation and
the variation of hydraulic conductivity under these two stages. Over most of the
last century, the geotechnical engineering community formulated the
fundamentals of these concepts. The community successfully used these basic
concepts in engineering practice and in the process accumulated a voluminous
literature. This section gives important aspects of these three fundamental
geotechnical engineering concepts. Figure 2.11 summarizes the solid-liquid

separation of soil slurries.
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Kynch (1952) and Richardson & Zaki {1954) established the theoretical
background of sedimentation. Whereas the latter authors showed that the drag
force depends on the relative velocity of the solid and the liquid phases, it was
Kynch (1952) who realized that slurry settling is a transient process. These
theories were approximate because of the assumption of nondeformable slurry.
Notable works that provided experimental data on sedimentation include Been
(1980), Imai (1980), Imai (1981) and McRoberts & Nixon (1976). Based on these
theoretical and experimental developments, Pane & Schiffman (1985) postulated
their model for the sedimentation behavior of soil slurries. They concluded that
slurry behavior depends on the initial void ratio, the hydraulic conductivity and
the effective stress. Later, they developed a method for the direct determination of
hydraulic conductivity during sedimentation (Pane & Schiffman 1997).

Figure 2.11a that explains the sedimentation phenomenon, shows that the
solid grains fall under gravity through water,. During this process, the water is
forced upwards whereas the solid grains tend to rearrange and achieve greater
packing. At a certain fluidization velocity of water (V,,), the solid grains are held
suspended by upward water flow and they do not change their position with time.
The fluidization velocity of water is equal and opposite to the sestling velocity (V)
of the solid grains; both depend on the soil porosity that can be readily translated
to void ratio (e). Further, since the solid grains are entirely supported by water,

the total stress (o) is equal to the pore pressure (u). Therefore, the effective stress

(o), which is the difference of total stress and pore pressure, equates to zero.
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For a sedimentation soil slurry, the hydraulic conductivity (k), measured in
cm/sec similar to Vs, can be determined using the following equations:

_Vs(1+e¢)
=—s

k (2.12)

pr= 0 (2.13)

Vv
where, y* = Non dimensional constant
Vs = Unit weight of the soil solids (g/em’)
Yy = Unit weight of water (g/cm’)

Figure 2.11b describes the development of soil formation during the solid-
liquid separation process in the form of interface height versus time. This figure
shows that based on physico-chemical interactions, slurry may exhibit an initial
lag due to flocculation prior to undergoing sedimentation (Imai 1981).
Sedimentation starts at point A and proceeds to result in straight-line portion of
the solid-liquid separation curve. Simultaneously, a generally invisible soil
formation line starts at point C. Eventually, the two lines coincide at point B and
the settling velocity abruptly decreases, indicating the completion of
sedimentation stage. Thereafter, the solid-liquid separation curve exhibits a slow
and gradual decrease in slope as the soil undergoes consolidation under self-
weight. The time required for complete self-weight consolidation is generally two
orders of magnitude larger than that required for sedimentation (Pane &

Schiffman 1997).
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Consolidation refers to that stage of the solid-liquid separation process in
which the solid grains transmit effective stresses (Terzaghi 1943). Depending on
soil type, two types of consolidation can be distinguished. Primary consolidation
arises when the stress-strain properties of the soil skeleton are independent of
time. Conversely, secondary consolidation is the result of an intrinsic time-
dependent response of the soil skeleton owing to viscous resistance (Buisman
1936; Mitchell 1993). Both of these consolidation types take place simultaneously
but lone or the other may dominate for different types of slurry materials.

During sedimentation, the hydraulic conductivity (k) can be computed

according to equation 2.12. Similarly, the effective stresses can be calculated from
knowledge of the buoyant unit weight of soil ("= % ~ 7,), and the height of the

sedimenting sample (H) according to the following equation:

o' :2’;25; (2.14)

4

The solid-liquid separation behavior of soil slurries is explained by e-o
and k-e relationships. Figure 2.12, which is modified after Suthaker (1995), gives
these two relationships for the oil sands fine tailings. Figure 2.12a shows that at
low effective stresses, the former relationship strongly depends on the initial
solids content of the slurry. Although the latter relationship is independent of the
initial slurry solids content, Figure 2.12b shows a poor correlation at high void
ratios. This research focuses on understanding and improving the solid-liquid

separation behavior of laterite slurries at high void ratio and low effective stress.
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2.6.3 Characteristics of Polymer Solutions
2.6.3.1 General

The word polymer is a combination of two Greek words, namely; poly means
many and mer means part. According to the International Union of Pure and
Applied Chemistry (IUPAC), a polymer is a substance composed of molecules
characterized by the multiple repetition of one or more species of atoms or groups
of atoms (constitutional repeating units) linked to each other in amounts sufficient
to provide a set of properties that do not vary markedly with the addition of one or
a few of the constitutional repeating units.

Water-soluble synthetic polymers are generally used for most industrial
applications involving solid-liquid separation of slurries. At the onset of such
applications, a polymer-water solution is usually prepared. Characteristics of
these polymer solutions depend on the distance from the interface as well as on
the bonding between the units, which make up the polymer molecule (Jones &
Richards 1999). The distance from the interface governs the interactions between
segments of adjacent polymer chains. Such enthalpy related interactions
determine surface tension of polymers. On the contrary, covalent bonding dictates
the configurational entropy that influences the equilibrium state of the polymer. In
turn, these configurations govern the subsequent colloid-polymer interactions.
This section describes the salient features of water-soluble polymers in solution.
Discussion focuses on polymer composition, surface tension, radius of gyration

and chain configurations.
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2.6.3.2 Polymer Composition

The basic building block of polymers is called a monomer that has a molecular
weight of 50 to 100 g/mole. By the process of polymerization, large numbers of
monomers are assembled and converted t6 a polymer that has a molecular weight
in the range of 10° to 107 g/mole. Water-soluble polymers can be divided into two
main categories: nonionic or homopolymers and ionic or polyelectrolytes
(Farinato et al. 1999). Both of these polymer categories dissolve in water owing to
the presence of functional groups. Whereas different types of ionic and nonionic
polymers are commercially available, the polymers that are widely used in many
industrial operations are polyacrylamides (PAA). This is because of the fact thata
variety of polymers having a wide range of molecular weight can be prepared
from acrylamides. This section describes the chemical composition of three types
of polyacrylamides: nonionic, anionic and cationic.

Nonionic polymers of acrylamide are made from a large number () of

repeated monomers, as given in the following expression:

(L CH,— CH)-
7 (2.15)
CONH,

By control of reaction conditions during the polymer manufacturing process, the
molecular weight of a polymer can be changed by varying the number of
monomers present in one molecule of that polymer. In water solutions, hydration
of acrylamide nonionic polymers mainly takes place due to the presence of the

functional group —CONH,.
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Adding suitable iomic moieties convert nonionic acrylamides to ionic
polymers. Generally, anionic polymers contain sodium acrylate whereas cationic
polymers possess dimethylaminoethyacrylate methyl chloride (DMAEA MC).

These two moieties are respectively shown in the following expressions:

(CH,— (,:H;L

CO
| (2.16)

0-
Na™

Sodium acrylate

(CH,— CH)-
]
co

Ci- (2.17)

Dimethylaminoethyacrylate methy! chloride (DMAEA MC)
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Acrylamide based polyelectroiytes comprise the most useful materials for
industrial applications involving solid-liquid separation. The macroions possess
formal anionic and cationic charges on the polymer whereas the associated
counterions ensure overall charge neutrality. The ionic nature of the polymer
chains affects their dimension in sclution, with intramolecular charge repulisions
tending to increase the solvated coil size (Farinato et al. 1999). The charge
bearing moieties in anionic polymers are oxygen based whereas those in cationic
polymers are nitrogen based. These moieties help the macroions to remain fully

ionized over large pH ranges including acidic and basic solutions.

2.6.3.3 Surface Tension

Polymer solutions are characterized by surface tension that can be related to
intermolecular forces using statistical mechanics. This is due to the fact that the
mechanics of interfaces can be determined from knowledge of the polymer
density and composition as well as their spatial variability (Jones & Richards
1999). Hence, the density of a polymer solution varies from a bulk value at the
polymer surface to a minimum value at some distance away from that surface.
The distance denoting such a density profile is related to the length that
characterizes the range of intermolecular forces. These intermolecular forces
depend upon surface free energy and lead to cohesion in polymer-water solutions.
Theoretically, the surface free energy is written as a function of the square of the
gradient of the density profile according to the square gradient theory. This

theory is described here.
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Two polymer molecules interact by strong short-range repulsive forces
when they are brought close together and by week long-range attractive forces
when they are pulled apart. The potential, which has a shape similar to the
resultant given in Figure 2.8b, changes to a discrete function for a lattice fluid
model. In such a model, an individual polymer molecule can only occupy one
unshared cell in space. If the nearest neighboring cells are occupied, there is an
associated attractive energy (H) and an infinite potential barrier that prevents two
polymer molecules occupying the same cell. The entropy of each cell in such a
model is related to the probability of cell occupation that is, in turn, proportional
to the density of the polymer solution. Similarly, for a given coordination number
(2), the internal energy of the nearest cells may be obtained by converting the bell-
shaped curve to a square. Therefore, the surface free energy of the system is
composed of the configurational entropy of the polymer and the concentration
gradients. The surface free energy of a synthetic polymer solution is given as

follows:

—p)In(1—p)+ zHp ;1—17 ) (2.18)

E= kTpln (p) +(

v
where, F = Surface free energy (J),
)2 = Probability of cell occupation = p (Density of polymer solution,

kg/mB) x Q (Cell volume, m°) / m (Polymer molecular mass, kg)
v = Number of lattice cells joined together in one polymer molecule,

H = Square well depth (J)
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2.6.3.4 Radius of Gyration

Theoretically, a polymer chain can achieve any configuration out of a large
number of available possibilities. However, for simplicity actual dimensions of
the polymer can be averaged and its configuration may be approximated to a
spherical shape (Jones & Richards 1999). This approximation allows the
determination of radius of gyration, which is the average distance of the whole
polymer molecule from the center of the mass.

RZ 1

1
c "6 d o NL (2.19)

where, Rg = Radius of gyration (m),
d = Linear distance between the two ends of the coiled polymer (m)
N = Number of segments in a polymer chain, and
L = Length of the segment (m)

This definition can be used to calculate the empty space inside the globule formed
by a polymer chain. The portion of the total volume of the globule occupied by a

single molecule of a given synthetic polymer can be determined as follows:

p= 53 (2.20)
N L
where, = Fraction of the sphere occupied by polymer molecule, and
v = Volume of each segment of the polymer chain (m®)

In general, for most polymers bulk of the sphere is empty space. For example,

Tabor (1991) reported S = 0.13 for polyethylene.
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Equations (2.19) and (2.20) apply to an ideal solvent, one that does not
facilitate interactions between polymer segments. Therefore, the polymer adopts a
randomly fluctuating three-dimensional structure or random coil configuration

(Atkins 1988); the length of unperturbed coil is defined by radius of gyration.

2.6.3.5 Chain Configurations

In actual solutions, polymer segments can attract or repel each other. For non-
ideal solvents, the intra-molecular interactions result in a variety of chain
configurations. Polymer dimensions can be larger or smaller than Rg by an intra-
molecular expansion factor, . This new polymer size is called the Flory Radius,

Ry and is defined as follows:
R =aR (2.21)
F G

A good solvent does not allow its displacement and keeps the segments
apart; chain swelling. Such a solvent can even straighten the polymer chain to a
certain extent thereby resulting in increased flocculation. Due to repulsion
between segments in such a solvent, complete polymer solubility is ensured and o
> 1. Conversely, in a poor solvent, it is energetically favorable for the segments to
come closer together, a phenomenon known as chain contraction. Further,
because of strong attraction due to van der Waals forces, the coil collapse into a
compact structure and @ < 1. A poor solvent can be transformed to a good solvent
either by adding a salt or by bringing its temperature to a critical point known as

the theta temperature (7). A solvent at this temperature is known as a &solvent.
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The viscosity of a good solvent affects that of the whole solution and is a
measure of the movement of polymer coil through the liquid medium. The

following equation gives the unit change in viscosity:

— 0.42 NaL3
e =25¢= M® ¢ (2.22)
o 0-67
where, 77 = Dynamic viscosity of the liquid (Ns/m?),
o = Dynamic viscosity of the polymer (Ns/m?),
1] = Volume fraction of the polymer,

Ni = Avogadro’s number = 6.023 x 107,

M = Mass of one segment (kg),
M = Molecular mass of the polymer (kg), and
C = Polymer mass concentration per unit volume of solution (kg/m*)

This equation highlights that the solvent does not flow through the
polymer sphere despite the large volume of the former compared to that of the
polymer. In fact, the polymer globule carrying the liquid moves through the

solution. This hydrodynamic phenomenon is known as the Zimm theory.

2.6.4 Polymer Adsorption on colloidal Surfaces
2.6.4.1 General

Synthetic polymers form complexes when they uncoil and adsorb onto colloidal
surfaces (Theng 1974). Optimum flocculation occurs when the polymer chains

achieve their maximum extension, which depends on the pH and the ionic
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strength of the system (Slater et al. 1969). Colloid-polymer interactions in a given
electrolyte medium are best explained by Flory-Huggins parameter for exchange
free energy (ys). This parameter denotes the free energy change in bringing
polymer segment from solvent to colloid surface. Since segment attachment is
accompanied by displacement of the solvent molecules, y; is expressed in terms

of the eniropies of the segment and the solvent according to the following

equation:
_ Grsol — Gseg 2.23)
Xa ™ .
3 kT
where, Gy = Surface free energy of the solvent (I},

Gy, = Surface free energy of the segment (J),

In equation (2.23), the term (y:kT) gives the difference in free energy
between those due to segment/surface and solvent/surface contact, respectively.
This equation further suggests that adsorption of polymer chains onto a colloidal
surface can occur only when ¥, is positive.

Polymer adsorption on colloidal surfaces is generally exothermic and
increases with the molecular weight of the polymer, reflecting the increased
contribution of van der Waals forces to the overall adsorption energy (Theng
1979). Using diffusion theory and assuming the colloid surface as a reflecting
wall, Frisch (1955) defined the average number of adsorbed segments (J) in a
chain consisting of N segments and having a flexibility, / (ease of rotation of the
hydrocarbon molecule about the C—C bond) as being equal to /p%.
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This section describes important concepts related to polymer adsorption
on colloidal surfaces. These include adsorption isotherms, adsorbed
conformations, factors affecting adsorption and finally flocculation caused by

synthetic polymers.

2.6.4.2 Adsorption Isotherms

For the case of a single segment and considering that solvent adsorption is absent,
Frisch & Simha (1957) developed the following equation for polymer adsorption

onto colloid particles that gives results comparable to the Langmuir isotherm:

1 1 exp L, q)=(L2 c)% (2.24)
- q

where, g = Fraction of total colloidal surface covered by the polymer,
L = Measure of the interaction energy between adsorbed segments,
L = Equilibrium constant

Adsorption isotherms generally show an initial monotonous increase in g
with increasing ¢ and a gradual approach to a constant g-value thereafter. Such a
shape is mainly due to the high affinity of long-chain polymers for colloids. This
affinity decreases for low molecular weight polymers, for which the isotherms
become more rounded (Muthukumar 1999). Further, the shape of the isotherm
also depends on solvent quality. In good solvents, adsorption increases with
molecular weight and this effect is more pronounced for low molecular weight
polymers. In 8-solvents such an increase in adsorption is independent of the

polymer molecular weight. Moreover, for the same molecular weight, adsorption
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is higher in 8-solvents than in good solvents, particularly for higher molecular

weight polymers (Scheutjens et al.1993).

2.6.4.3 Adsorbed Conformations

Synthetic polymers alter the electrical double layer around the particle as
illustrated in Figure 2.13a (Theng 1974; Vincent 1974). This figure shows that
any modification of the inner Stern layer is due to the presence of trains, whereas
that of the outer diffuse layer is ascribable to the loop and tail segments of the
adsorbed polymer molecule (Lyklema 1976). These changes in the double layer
push the water molecules farther away from the particle resulting in solid-liquid
separation in the system.

Long chain polymers, which are soluble in a given solvent, attach to
colloids at many points either due to high surface charges or due to entropy
changes. Under both conditions, the free ends of the polymer chains waggle
around in the solvent. The thermal energy of these chains helps in facilitating the
polymer molecules to adopt any of the numerous available conformations
(Muthukumar 1999). These configurations are governed by the flexibility of the
hydrocarbon chain.

Figure 2.13b gives possible conformations of a single polymer when it is
brought closer to a colloid. This figure shows that as the bound fraction of the
polymer decreases, double layer thickness increases and eventually the chain
reaches a mushroom conformation, where it is grafted onto the colloidal surface
by one segment. In this case, the layer thickness is approximately equal to (2Rg).
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Conversely, as the bound fraction increases, the adsorbed polymer adopts a flatter
conformation. Referred to as a pancake, this confirmation results due to the fact
that the polymer is attached at many points. Under such conditions, layer
thickness reaches a minimum of segment length for an infinite polymer chain
length. This is the desired conformation for maximum flocculation.

In the case of numerous polymers, as the amount of adsorbed polymer
increases, lateral displacement of the adsorbed segments takes place to
accommodate more polymers. When polymer population reaches to the point of
chain overlap, chains undergo stretching perpendicular to the colloidal surface
and adopt the brush conformation. In the limiting case, adsorbed layer thickness is
equal to polymer chain length. This case results from an over dosage of the

polymer and causes dispersion.

2.6.4.4 Factors Affecting Adsorption

For polymers devoid of any charge, adsorption is governed by the Flory-
Huggins parameter Y, that represents the exchange free energy between the
solvent molecule and the polymer segment. This is the free energy change
required to bring the polymer segment from the solvent to the colloidal surface.
On the other hand, for charged polymers the predominant factors influencing
polymer adsorption onto colloidal surfaces are derived from electrostatic
interactions. These interactions depend on the surface charge of the solid
particles, the polymer charge, the polymer molecular mass, and the salt
concentration in the pore fluid.
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2.6.4.5 Polymer Induced Flocculation

Synthetic polymers consisting of macromolecules, progressively unfolds and
adsorbs onto more than one colloid in a three-phase system (Linke & Booth
1960). This results in the formation of flocs, which are composed of large number
of loosely jained solid particles. This phenomenon is called bridging and it occurs
through hydrogen bonding between the colloidal particle and the undissociated
ion of the polymer. The size of flocs is related to the extent and strength of
interparticle bridging, which depends on the polymer chain length and the
segment-surface‘ int;raction (Theng 1979). In general, high molecular weight
polymers cause greater flocculation in a given enviromment (Schamp &
Huylebroeck 1973). The use of lower molecular weight polymers for similar
results depends on the thickness of the double layer, which reduces with
increasing ionic strength (Mitchell 1993).

Electrostatic attraction enhances flocculation of oppositely charged
polymers and solid particles. For negatively charged particles, cationic polymers
are used to neutralize charge and induce flocculation; charge patching. Upon
charge neutralization, positive and negative charged patches remain on the
surface, causing electrostatic attraction. Flocculation of anionic polymers can be
improved by adding activating ions to neutralize the negative charges of the solid
phase prior to polymer addition.

Flocculation is initiated by the rapid agglomeration of sub-micron size

particles through diffusion collisions followed by slower growth of larger flocs
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through hydrodynamic collision (Kitchener 1972). Successful ﬂocpulation needs
enough time for the desired agglomerate size and density to form (Mortland
1970). This necessitates an adequate stirring system to maximize collision
opportunities, prevent particle deposition, and minimize floc destruction by
shearing forces (Jankovics 1965).

Generally, the required polymer dosage for effective flocculation is much
less than that needed for surface saturation (g = 0.5). An optimum dosage is the
one below which flocculation increases due to polymer adsorption and above
which flocculation decreases owing to colloidal protection (Briceno & Osseo-
Asare 1995¢). This latter phenomenon occurs when polymer is adsorbed onto the
particles to such an extent that vacant adsorption sites are no longer available for
bridging (La Mer & Smellie 1962). According to Linke & Booth (1960), the
existence of an optimum polymer dosage is common polymer feature and it

suggests that the bridging mechanism is operative (Mortensen 1962).

2.7 POLYMER MODIFICATION OF LATERITE SLURR

2.7.1 General

The main objective of this research is to ameliorate the solid-liquid separation
behavior of laterite slurries. This section describes the expected solid-liquid
separation behavior of polymer modified laterite slurries. After providing a
criterion of polymer selection for these slurries, a hypothesis is proposed to serve

as a basis for this research undertaking.

66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.7.2 Solid-Liquid Separation

The solid-ligquid separation process of slurries involves the two stages of
sedimentation and consolidation (Allen 1981; Pane 1985; Suthaker 1995). The
predominance of any particular stage depends upon the initial solids content and
the degree of flocculation. Based on the literature review given in this chapter,
this section describes the expected solid-liquid separation behavior of polymer
modified laterite slurries.

In dilute slurries, dispersed colloidal particles settle individually and their
removal depends upon specific gravity and grain size (Svarovsky 1981; van
Olphen 1977). This is called particulate settling and is characterized by a graded
and hazy supernatant liquid, which gradually clarifies with time (Briceno &
Osseo-Asare 1995b). Laterite slurries, which either contain sesquioxide coated
colloidal particles (ore slurries) or exhibit grain size growth (PAL slurries), are
expected to be flocculated in most cases. Further, synthetic polymers would
impart additional flocculation. Therefore, particulate settling is not anticipated for
these materials.

The progressive increase in size due to flocculation ultimately reach a
point where the grains are entrapped, forming a three dimensional network within
which all flocs settle at the same velocity as a group. This is known as
sedimentation and is characterized by clear liquor behind the settling granular
assemblage (Allen 1981). Under such conditions, the settling velocity is

influenced by the weight of the solids of the upper layer transmitted to the lower
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layer (Kynch 1952; Richardson & Zaki 1954). It is anticipated that sedimentation
would dominate the solid-liquid separation behavior of polymer modified laterite
slurries. This is because during sedimentation colloid-polymer-electrolyte
interactions are likely to be maximized.

Consolidation refers to that stage of the solid-liquid separation process in
which the solid grains transmit effective stresses (Terzaghi 1943). Consolidation
tests would help in understanding the mechanical behavior of polymer modified
laterite slurries. As such, these tests are expected to provide data, which explains
the progressive decrease and eventual minimization of the colloid-polymer-
electrolyte interactions with loading.

This research is expected to provide data for a geotechnical understanding
of the solid-liquid separation behavior of polymer modified laterite slurries. Such
an understanding would include the determination of void ratio-effective stress
relationship and hydraulic conductivity-void ratio relationship during

sedimentation and consolidation.

2.7.3 Polymer Selection
2.7.3.1 General

Appropriate synthetic polymer for laterite slurries should bring about maximum
solid-liquid separation without deteriorating other slurry characteristics important
for these materials (Farinato et al. 1999). This section describes two types of
polymers (ionic and nonionic) and various polymer characteristics influencing
colloid-polymer-electrolyte interactions.
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2.7.3.2 Ionic Polymers

Ton exchange (Bidwell et al. 1970), hydrogen bonding (Kohl & Taylor 1961), or a
combination of both (Ahlrichs 1962) together with van der Waals interactions
(Joyace & Worrall 1970) and ligand exchange (Ruehrwein & Ward 1952) has
been postulated as bonding mechanisms for colloid-polyelectrolyte systems. The
participation of the crystal edges in polyelectrolyte uptake is supported by the fact
that the amount adsorbed correlates with the ion exchange capacity of the colloids
(Warkentin & Miller 1958).

Adsorption of anionic polymer is markedly reduced when the pH of the
medium is raised from acidic to neutral (Neal et al. 1985). This is because of the
increased extension of the polyanion chain induced by intramolecular charge
repulsion (hydrolysis) that offsets any bond formation (Theng 1979). In addition,
the presence of sesquioxides (PZC = 6.8 to 8.5) in the highly acidic suspension
facilitates anion adsorption as the phenomenon occurs only at pH values below
the PZC (Prafitt 1978). Polyanions can act as effective flocculating agents of clay
slurries despite the fact that both the polymer and the clay mineral carry a net
negative surface charge (Sakaguchi & Nagase 1966).

Cationic polymers tend to get sorbed onto colloidal surfaces because of
opposite charges. The larger the number of cationic sites on the polymer molecule
the more the latter uncoils into solution promoting interparticle bridging and
hence flocculation (Ueda & Harada 1968a). Such flocculation is very successful

in active clay mineral suspensions under high pH (Ueda & Harada 1968b).
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This efficiency of anionic polymers is due to their extended chain
conformation in solution (Michaels 1954). In neutral and acidic conditions and in
the presence of positively charged soil particles, polyanions should be the first
choice. Similarly, the use of cationic polymers for laterite slurries in neutral and

acidic environments needs to be investigated (Petzold & Lukwitz 1998).

2.7.3.3 Nomnionic Polymers

Nonionic polymers possess numerous polar groups along their chains, which
interact with colloidel particles and the medium. Unlike polyelectrolytes whose
chains are stretched out due to charge repulsion, nonionic polymers tend to adopt
a random coil shape in dispersions (Theng 1979). The flocculating efficiency of
such polymers can be increased using high molecular weight thereby increasing
the coil dimension to the size of the mean interparticle separation (Kuzkin et
al.1964). Under favorable environmental conditions, nonionic polymers are
strongly and irreversibly adsorbed onto colloidal surfaces (Schamp &
Huylebroeck 1973).

Briceno & Osseo-Asare (1995¢) have shown that using nonionic
polyacrylamide-based polymers can effectively ameliorate the dewatering
behavior of laterite PAL slurries. This success was attributed to the ion-dipole and
surface-segment hydrogen bonding of positively charged metal oxides and
colloidal edges with the polymer, facilitated by the low pH of the medium
(Kavanagh et al. 1975). Therefore, these polymers are suitable candidates for

flocculating laterite slurries.
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2.7.3.4 Polymer Characteristics

Three fundamental polymer characteristics influence colloid-polymer-electrolyte
interactions. These include polymer charge, polymer molecular weight and
polymer dosage. Briceno & Osseo-Asare (1995¢) reported an improvement in the
mechanical properties of laterite PAL slurries with an increase in polymer dosage.
The same authors believe that the higher the molecular weight of a polymer, the
better its performance in flocculating the slurries. This can be the result of the
greater adsorption of the polymer onto the colloidal particles because of an
increase in its molecular size. No data is available in the published literature that
describes the effect of polymer charge on the behavior of laterite slurries. This
research undertakes a parametric study to investigate the relative influence of

these polymer characteristics on the solid-liquid separation of laterite slurries.

2.7.4 Research Hypothesis

This section presents a hypothetical model for polymer modification of laterite
slurries. This model provides a basis for a comprehensive laboratory investigation
program and for selecting appropriate polymers for two types of laterite slurries:
ore slurries in neutral environment and PAL slurries under acidic conditions. For
both these types of laterite slurries, the hypothesis remains essentially the same.
Figure 2.14 shows the hypothetical mode!l for polymer modification of laterite
slurries. This figure shows that the hypothesis comprises of three stages: model
development, model validation and model prediction. These three stages are

described in detail here.
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The model would be developed using anionic and cationic polymers. The
inputs include polymer characteristics such as charge, molecular weight and
dosage. Using low and high values of these input parameters, a total of sixteen
sedimentation-consolidation tests need fo be conducted. Laboratory data would be
analyzed and presented in the form of void ratio-effective stress and hydraulic
conductivity-void ratio relationships. Statistical analysis would be used to
determine the best fits for these two relationships. Results from both techniques
would be studied in conjunction to understand the influence of input parameters
on the solid-liquid separation behavior of polymer modified laterite slurries.

Model validation would be carried out using nonionic polymers and
therefore the inputs would be reduced to polymer molecular weight and dosage.
This time, low, medium and high values would be taken for these inputs and a
total of nine sedimentation-consolidation tests would be conducted. Again,
laboratory data and statistical analysis would be used to determine void ratio-
effective stress and hydraulic conductivity-void ratio relationships. The best fits
for these relationships are expected to approximate those from the above.

Using the physical parameters of thickeners and the best fit obtained
previously, a numerical simulation would be conducted to predict the solid-liquid
separation behavior of polymer modified laterite slurries. Such prediction would
extrapolate laboratory data under field conditions. The output of this stage would
be a solids content-time relationship that could be compared to the ones obtained

for ore and PAL slurries to estimate the improvement due to polymer addition.
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This chapter presented a detailed and comprehensive literature review to
provide a theoretical basis for this research work. Various interrelated
aspects pertaining to the solid-liquid separation behavior of laterite slurries
for the sulfuric acid pressure leaching process were discussed. This section
provides a summary of some of the important points learnt from this
literature review.

= Climate, topography, mineralogy of parent rock and geomorphic history
controls the development of laterite ores. Characteristics of laterite ore
slurries are governed by sesquioxide coating of soil particles.

= Sulfuric acid pressure leaching is the method of choice to for metal
extraction from laterite slurries. This process occurs at a temperature and
pressure of up to 280 °C and 6000 kPa, respectively.

= The leaching operation causes mineral transformations, which are
associated with grain size growth that in turn affects the characteristics of
laterite PAL slurries.

= Solid-liquid separation of laterite ore and PAL slurries can be improved
using synthetic polymers. Understanding of the colloid-polymer-electrolyte
interactions is key to successful amelioration.

= PBased on the above material characteristics and literature review, a
hypothetical model is proposed for selecting appropriate polymers for

improving solid-liguid separation behavior of laterite slurries.
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Chapter 3

This chapter gives an account of the research methodology followed during the
course of the study. First, the materials are described including details about the
various types of samples and the associated safety hazards. Second, the various
stages of the research program are laid out giving a theoretical background of
each stage. Third, a detailed description of the various types of tests conducted
during this research is given. These include tests for the determination of
geotechnical index properties, x-ray diffraction analysis, pH, electrical
conductivity, and electrolyte concentration, scanning electron microscopy,
sedimentation and large-strain consolidation. Background information on various
testing techniques as well as the modifications adapted in this study to suite the
particular requirements of this class of materials is provided. Next, the analysis
technique adopted to provide a statistical basis to this research. This technique is
described with reference to its application to sedimentation and consolidation.
This is followed by a description of the numerical simulation techniques used for
both sedimentation and consolidation. Then, the role of Ilaterite slurry
characteristics diagram is highlighted for a geotechnical understanding of laterite
siurries. Finally, a summary of this chapter is given.
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3.2.1 General

This section first describes various laterite slurries as well as synthetic polymers
obtained for use in the research work. Then, it describes the preparation of various
types of sample from the received materials. Lastly, it gives an account of the

safety hazards associated with this class of materials.

3.2.2 Laterite Slurries

The Metallurgical Technologies Division of Dynatec Corporation, Canada,
provided laterite slurry samples. These included underflow ore slurry samples
from the storage thickener and underflow PAL slurry samples from the counter
current decantation (CCD) wash circuit. These samples, which are designated as
Type A and Type B, respectively, were transported to the Department of Civil and
Environmental Engineering, University of Alberta for laboratory investigations.
All samples were received in 20 L plastic containers.

Four laterite ore slurry samples were selected for geotechnical
characterization from various parts of the globe: Cuba, Philippines, Australia and
Indonesia. The Cuban sample represented a limonite ore whereas the Indonesian
sample denoted a saprolite ore; the Philippines and the Australian samples
corresponded to two distinet varieties of limonite and saprolite ores blends.
Similarly, for the same ore slurry samples, the corresponding PAL slurry samples
were also obtained using consistent process conditions. Table 3.1 gives the

process conditions during the autoclave operation for laterite PAL samples.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.1: Process conditions for laterite PAL samples

Sample Type and Origin
Parameter Limonite PAL Limonite-Saprolite PALL  Saprolite PAL
Cuba Philippines  Australia ~ Indonesia
Temperature (°C) 245 260 255 250
Pressure (kPa) 4100 4100 4100 4000
Reaction Time (min) 60 60 60 50
77
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3.2.3 Synthetic Polymers

Ciba Specialty Chemicals Canada Inc. provided various acrylamide-based
polymers (anionic, cationic and nonionic) in powder from. The chemical
composition of these synthetic polymers is similar to those described in Chapter
Two. Table 3.2 describes the charge (C,) and molecular weight (MW,)
characteristics of various types of polymers used during this research work.

The powdered polymers were dissolved in distilled water prior to their
application to the slurry. For each test, a fresh concentrated stock solution was
prepared. To preclude the effect of flocculant aging, this solution was instantly
diluted to a fest solution that was immediately used. The stock solution was
prepared by weighing 0.5 grams of dry powdered polymer in a clean dry 250 mL
beaker. Then, 1 mL of methanol (for anionic and nonionic polymers) or acetone
(for cationic polymers) was added as the powder was swirled for an even
distribution. Next, 99 mL of distilled water was added and a magnetic stirrer rod
was immersed in the beaker. The beaker containing all of the above ingredients
was put on a stirring machine for 1 hour at a moderate speed of 12 rpm.

To dilute the stock solution to 0.05% test solution for dosing, added 10
mL of the stock solution to 90 mL of distilled water. Thus, ! mL of the test
solution contained 0.5 mg of dry polymer. When divided by the total volume of
the slurry (L), this gave the amount of 1 mL of test solution in the slurry in mg/L.
To get the volume of dosage in mL, the desired amount in mg/L was divided by

the previously obtained amount.
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Table 3.2: Designations and characteristics of various polymers used

Type C, (%) MW, x 10° (g/mol)’  Trade Name?
10 (Low) 7.5 (Low) Magnafloc 24
10 (Low) 17.5 (High) Magnafloc 338
Anionic
75 (High) 7.5 (Low) Magnafloc 1017
75 (High) 17.5 (High) Magnafloc 919
10 (Low) 7.5 (Low) Percol 140
10 (Low) 17.5 (High) Zetag 7692
Cationic
75 (High) 7.5 (Low) Zetag 7504
75 (High) 17.5 (High) Zetag 7689
— 7.5 (Low) Percol 374
Nonionic — 12.5 (Medium) Magnafloc 351
— 17.5 (High) Magnafloc 333
T Approximate values with a variationof £ 1 x 10° (g/mol)
i Trade names belong to Ciba Specialty Chemicals Canada Inc.
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3.2.4 Sample Preparation

Four different types of samples were tested in the laboratory. As stated earlier,
Type A samples denoted the four laterite ores whereas Type B samples designated
the corresponding PAL samples. Two more sample types were prepared using
various synthetic polymers. These included Type C, which were the polymer
modified ore slurries and Type D that designated polymer modified PAL samples.

Type C and Type D samples were prepared by adding the required dosage
to the slurry samples. A low and a high dosage were selected for ionic polymers
whereas a medium dosage was also used for nonionic polymers. These low,
medium and high dosages corresponded to 4, 8 and 12 mg/L, respectively, of the
total volume of the slurry or to 53, 106 and 159 g/ton, respectively, when based
on dry mass of polymer and solids in the slurry. These dosages were based on a
thorough literature review (e.g. Briceno & Osseo-Asare 1995c) as well as on
consultations with the Metallurgical Technologies Division of Dynatec
Corporation, Canada and Ciba Specialty Chemicals Canada Inc.

Polymer modified samples were prepared by mixing the required dosage
from the test solution with the known volume of the slurry. Based on consultation
and experimentation, 15% initial solids content was selected and consistently used
in this research. Obtained from knowledge of the polymer amount in mg/L, the
desired polymer volume was introduced to the slurry sample using a graduated
plastic syringe. To minimize floc breakage, ingredients were mixed using a steel

plunger that was rotated at a moderate rate of 12 rpm for 5 minutes.
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3.2.5 Safety Hazards

Type A and Type C samples were mainly neutral (pH ~ 7) whereas Type B and
Type D samples were highly acidic with a pH ~ | and containing small amount of
residual sulfuric acid. According to the Workplace Hazardous Materials
Information Systems (WHMIS), these latter two sample types are considered
hazardous. To work safely with these materials, a WHMIS training course was
attended under the auspices of the Office of Environmental Health and Safety,
University of Alberta.

Protective measures generally consisted of means of preventing direct
contact with samples. Typically, this included chemical resistant laboratory coats
and hand gloves, safety glasses, face shields, and appropriate respiratory
protection. Further, the laboratory space was well ventilated by exhaust fans to
minimize exposure to vapor from sulfuric acid at ambient temperatures. In case
of emergency, eyewash and shower, a first aid box and telephone contact with the
doctor were made available.

Minor spills and leaks were usually diluted and neutralized with soda ash,
or lime whereas large spills were generally contained. Due to limited amount of
available material, the hierarchy of laboratory testing was managed in such a way
that allowed the use of the same samples for more than one test. The waste
materials were stored in an isolated and confined area thereby minimizing the
possibility of contaminating the surrounding environment. Finally, these materials

were disposed off to a landfill in accordance with the regulatory criteria.
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3.3.1 General

Understanding of the solid-liquid separation of laterite slurries is the key
geoenvironmental issue associated with the sulfuric acid leaching metal extraction
process. Polymer modification methods for both the ore and PAL slurries can be
devised to increase the yield and the efficiency of this method. For this purpose, a
comprehensive research program was enacted to characterize and ameliorate the
engineering behavior of laterite slurries. This program comprised of four stages:
laboratory investigations, statistical analyses, numerical simulations, and the use
of laterite slurry characteristics diagram (LSCD). This section describes the role

of each of these stages in the research program.

3.3.2 Laboratory Investigation

Laboratory investigations were the largest portion of this research program. It
comprised of a characterization phase and an amelioration phase. In the first
phase, five distinct categories of characteristics were investigated for Type A and
Type B slurries using various laboratory testing techniques. These categories
included geotechnical index properties, mineralogy, pore water chemistry,
morphology and solid-liquid separation. The main focus in the second phase was
on the determination of the solid-liquid separation behavior of Type C and Type
D samples. Some of the geotechnical index properties and morphological
observations were also made during this phase to understand improvement in the

engineering of laterite slurries with the use of synthetic polymers.
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3.3.3 Statistical Analysis

Results of laboratory investigations in phase two were statistically analyzed to
illustrate the significance of the various polymer parameters such as charge,
molecular weight and dosage. Described in detail later in this chapter, these
analyses were aimed at the derivation of a statistical model to elucidate the solid-
liquid separation behavior of polymer modified laterite slurries. For this purpose,
the sedimentation and consolidation tests were designed in such a way to capture
the effect of all of the independent variables. The model was developed by
selecting a low and a high value for each of the ionic polymer parameter (factors)
and thereby conducting sixteen tests. For validating the model, nine more tests
were conducted using nonionic polymers with each factor considered at three

levels; low, medium and high.

3.3.4 Numerical Simulation

To predict field performance from the laboratory and the statistical data,
numerical simulations were conducted independently for both sedimentation and
consolidation. For Type A and Type B samples, numerical simulations were
based on laboratory data. On the other hand, numerical simulations for Type C
and type D samples were based on statistical analyses that were, in turn, derived
from laboratory investigations. For both of these cases, physical parameters of the
thickeners were used to determine the solids content-time relationship for various
types of laterite samples. Results from both cases were compared to estimate the

improvement due to polymer modification.
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3.3.5 Laterite Slurry Characteristics Diagram

To understand the geotechnical behavior of laterite slurries, their constituent
phases were combined into a single ternary diagram called the laterite slurry
characteristics diagram (LSCD). Such a diagram eliminates the need for multiple
two-dimensional plots and has been effectively used to predict viable tailings
disposal methods of Alberta oil-sand (Morgenstern & Scott 1995). In this
research, the LSCD was used to correlate the structure (morphology) and the
behavior (solid-liquid separation) of laterite shuries. Data obtained from
laboratory testing, statistical analysis and numerical simulation techniques were
plotted on this ternary diagram. The LSCD was used as a tool to understand
sedimentation and consolidation and the evolution of hydraulic conductivity
during those processes. Salient features of the LSCD are described later in this

chapter.

34 LABORATORY INVI

3.4.1 General

STIGATION

This section gives an account of the various laboratory tests performed during this
research. Details of the different testing procedures and deviation from standards
to suite laterite slurries are described where appropriate. Likewise, sample
preparation methods for certain tests are also given. To provide a general
overview, the entire laboratory investigation program is given in Table 3.2, which

is followed by describing each testing category.
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Table 3.3. Summary of the laboratory investigation program

Number of Tests for Sample Type*

Characteristic Test

A B C D
12 12 32+ 18 32+18
Water Content (%)
2 2 32+2 8+2
Geotechnical Specific Gravity 4 4
Index Propetties  ;..in Size Distribution 4 4
Segregation 4 4 4 4
Consistency Limits 4 4 16+ 9 16+ 9
XRD 4 4
Mineralogy
AEC and CEC 4 4
4 4 16+9 16+ 9
pH and EC
g‘}’iﬁ::;r 1 1 16+1 4+ 1
Electrolyte Concentration 4 4
4 4 4+ 1 4+ 1
Morphology SEM and EDXA
2 2
Solid-Liquid Sedimentation 4 4 16+ % 16+ 9
Separation Consolidation 1 1 16+1 4+ 1

Note: For the same test appearing in two rows, the upper and the lower values mean
sedimentation and consolidation tests, respectively. Likewise, for Type C and D samples,

the first and the second values pertain to ionic and nonionic polymers, respectively.
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Table 3.3 shows that five distinct categories of engineering characteristics
were determined during this research work. These included geotechnical index
properties, mineralogy, pore water chemistry, morphology and solid-liquid
separation. These characteristics were determined for four sample types using
various testing procedures.

Laboratory investigations were conducted in two phases. First, Type A
and B samples were characterized to understand the engineering behavior of
laterite ore and PAL slurries under ambient process conditions. Improvement of
the solid-liquid separation behavior of laterite slurries was based on the results of
Type A and Type B samples. As such, engineering characteristics of polymer
modified laterite slurries were determined for a selected ore of Type C and the
corresponding PAL of Type D.

Table 3.3 also gives the number of tests performed for each sample type.
The table indicates that a complete geotechnical characterization was done for
Type A and B samples to develop fundamental understanding of these materials.
On the other hand, the bulk of the testing for Type C and D samples was focused

on the improvement of the solid-liquid separation behavior.

3.4.2 Geotechnical Index Properties
3.4.2.1 General

Laterite soils are prone to changes in properties caused by drying and exposure to
air. Oven drying leads to partial or complete dehydration of the clay minerals that

can result in permanent changes in soil properties (Frost 1976). Even air-drying at
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ambient temperature can cause changes that cannot be reversed by re-wetting
(Fourie 1997). This necessitated modification of all routine laboratory testing
methods. This section presents a review of the modified testing procedures for

determining geotechnical index properties of laterite soils.

3.4.2.2 Water Content

Gravimeteric water content (w) is defined as the ratio of the mass of water in a
given volume of soil to that of the soil particles in the same volume. Expressed as
a percentage, water content is generally determined according to the ASTM
Standard Test Method for Laboratory Determination of Water (Moisture) Content
of Soil and Rock by Mass (D 2216-98). In this method, the sample is oven-dried
at a temperature of 110 & 5 °C, which can cause removal of structural water from
residual soils (Holtz & Kovacs 1981). Therefore, Fourie (1997) suggested that
water content of such soils should be determined at a temperature of 50 °C.
Although, this reduced oven temperature could result in an underestimation of
water content, such discrepancies are negligible owing to the large amount of
water present in the slurries. Further, the use of a consistent procedure for all tests
involving heating ensured compatibility of results.

Water content was translated to solids content (s), which is the mass of
soil solids divided by the total mass of the soil. Based on basic relationships, such

conversion was made according to the following equation:

Sm o @.1)
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Table 3.3 indicates that water content was determined for both the ore and
the PAL slurries. This established the amount of water used for slurry preparation
and during CCD washing, respectively. To ensure an initial solids content of 15%,
water content was always measured for all slurry samples prepared for both
sedimentation and consolidation tests. Similarly, water content at the completion

of each test was also determined to ascertain the estimated values.

3.4.2.3 Specific Gravity

Specific gravity (Gs) is the ratio of the mass of a unit volume of a material at a
standard temperature (4 °C) to the mass in air of the same volume of gas-free
distilled water at the stated temperature. This parameter is usually determined
according to the ASTM Standard Test Method for Specific Gravity of Soil Solids
by Water Pycnometer (D 854-00). To preclude the effect of pre-test drying of the
slurry, Fourie (1997) proposed that the dry mass of the specimen should be
calculated at a temperature of 50 °C after the completion of the test; air removal
was achieved by vacuum and did not involve heating. These two alterations were
adapted to the standard ASTM procedure during this study. As given in Table 3.3,
specific gravity was determined in the laboratory for four ore samples and four
PAL samples. This gave a first indication of the composition of various samples.
Specific gravity of soil was used to calculate void ratio (e}, which is the
ratio of the volume of voids to the volume of solids. Assuming complete
saturation and using unity for the specific gravity of water, void ratio can be

estimated from knowledge of solids content according to the equation:
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I—s
e=0Gs| — (2.2)
Ry

Equations (2.1) and (2.2) were two of the most useful equations in this
study as they described basic geotechnical engineering terms associated with
solid-liquid separation of laterite slurries. Table 3.3 shows that the specific gravity
was determined for the four types of laterite ore slurries and their corresponding

PAL slurries.

3.4.2.4 Grain Size Distribution

Grain size distribution analyses are generally performed according to the ASTM
Standard Test Method for Particle-Size Analysis of Soils (D422-63(1998)). This
procedure was modified to account for laterite soils due to high ionic
concentration of the pore water and the fact that initial dry mass of the shurry is
not known as pre-test drying was to be avoided. Therefore, the soil sample was
divided into two sub-samples; one for determining dry mass of the soil and the
other for grain size analyses (Dusseault & Scott 1983). First, an hydrometer
analysis was performed on dry soil after dispersion of the soil mass was assured
(Lamb 1951). To preclude the effect of hindered settling during the hydrometer
test (Vitton & Sadler 1997), about 25 g of dry soil was used in the test. Based on
experimentation, this amount was found to be appropriate for laterite soils. In the
hydrometer, the soil was suspended by agitation with dilute alkaline sodium

hexametaphosphate, which acts as a dispersing agent (Townsend et al. 1971;
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Wintermeyer & Kinter 1954). This was followed by a sieve analysis on the same
material washed with distilled water.

Results of the combined hydrometer and sieve analyses yield two
important parameters. The fines content is defined as the percentage of mass finer
than 0.075 mm in the total mass of soil solids. Similarly, the clay content is the
amount of mass finer than 0.002 mm in the total mass of the soil solids and is
expressed as a percentage. Whereas the former grain size determines mechanical
properties of a sloil slurry, the latter grain size controls the physico-chemical
phenomena at the solid-liquid interface.

Table 3.3 shows that the combined hydrometer and sieve analyses were
conducted for four ore slurries and four PAL slurries. These tests revealed the
gradation of various laterite samples obtained as a result of the slurry preparation

procedure or the acid leaching operation.

3.4.2.5 Segregation

One of the undesirable properties of many types of slurry is segregation of coarse
and fine grains. Segregation tests were conducted by taking different initial solids
content of the same slurry in separate 150 mL graduated cylinders and allowing
the slurries to settle under self-weight. After twenty four hours, the sediment was
divided into equally spaced layers (denoted by /) and the solids content of each
layer (s;) was determined separately. This measured solids content was plotted
versus the normalized height, obtained by dividing the mid height of a layer (/)

by the total sediment height (H;) after twenty four hours. The resulting solids
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content profile with depth was bisected by an average value of the measured
solids content (s.,). Using this average solids content, percentage of segregation

(S) was calculated for each layer according to the following equation:

100
S (%) = iﬁ; (si— Savg)(HiH - }{i—'u) (2.3)

The sum of segregation percentage for all layers was divided by the
average solids content to obtain the segregation index (Z;) for each value of initial
solids content. These data of segregation index were plotted versus the
corresponding initial solids content and a value pertaining to 5% segregation was
chosen as /.

Segregation index is defined as the initial solids content that corresponds
to minimum variation in the solids content profile with depth. Alternatively, large
deviations from the average solids content render the material segregating
whereas proximity of measured solids content to §,, means a nonsegregating
material. Based on experimentation, the minimum possible segregation for laterite
slurries was found to be in the range of 2 to 5%. Allowing for experimental errors,
5% segregation was used as the boundary between segregating and
nonsegregating materials.

Table 3.3 indicates that the segregation index was determined for four ore
slurries and four PAL slurries as well as for the polymer modified ore and PAL
slurries. Determination of segregation index for the latter sample types included

four tests with selected ionic polymers.

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4.2.6 Consistency Limits
The presence of water can especially affect the engineering behavior of fine-
grained fraction of soils. Consistency limits provide a standardized scale for
comparison of engineering behavior. Expressed as percentage, the liquid limit (w))
and plastic limit (w,) are water contents at critical stages in soil behavior. These
limits were determined according to the ASTM Standard Test Methods for Liquid
Limit, Plastic Limit, and Plasticity Index of Soils (D 4318-00). Related to and
derived from consistency limits are the consistency indices, which are useful
parameters in identification and classification of fine-grained soils. Plasticity
index (I,), which indicates the range of water contents over which a soil is plastic,
is numerically equal to the difference of the two limits.

Consistency limits for laterite soils are affected by pre-drying (Rouse et al.
1986) and mixing time (Wesley & Matuschika 1988). The effect of drying prior to
testing may be attributed to increased cementation due to sesquioxide oxidation
(Townsend 1985). The consistency limits were determined by gradual drying of
the high water content slurries at the proposed oven temperature of 50 °C. This
greatly reduced the effect of water addition, pre-drying and mixing on soil
consistency. To further, minimize the breakdown of clay clusters in the soil,
mixing time was restricted to five minutes as suggested by Fourie (1997). To
facilitate easy comparison between various samples, the influence of increased
electrolyte concentration in pore water at low water contents was not taken into

consideration.
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Consistency limits were determined for the four ore and the four PAL
slurries as well as for twenty five Type C and twenty five Type D samples. The
polymer modified slurries included sixteen samples with ionic polymers and nine

samples containing nonionic polymers.

3.4.3 Mineralogy
3.4.3.1 General

Mineralogy was determined for four laterite ore samples and four laterite PAL
samples. This section describes the testing and analysis procedures to determine
mineralogy. These include x-ray diffraction analysis for mineral identification and
semiquantitative measurement, and tests to determine the exchangeable anion and

cations associated with a given mineral composition.

3.4.3.2 X-ray diffraction Analysis

Mineralogical composition was investigated by X-ray diffraction (XRD) analysis
using a Phillips diffractometer, Model Pw 1710. The diffractometer uses a Cu
broad focus tube at 40 kV and 25 mA, equipped with a curved crystal
monochromator. The scanning speed and interval of data collection was 1°
26/min. To observe all diffraction peaks associated with each constituent mineral,
the angle scanned was 4 to 80°. Such a large scanned angle allowed the exact
qualitative determination of various mineral types. To conduct XRD analysis,
shurry samples were first oven-dried at 50 °C and subsequently ground manually

in a porcelain mortar pestle to powdered form. To obtain a tangible mineralogy,
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grain size distributions identical to ambient process conditions were obtained; the
maximum grain size was 0.85 mm. Randomly oriented samples were prepared by
lightly pressing the powdered samples into rectangular metal holders, 20 mm x 10
mm size. The top surface of the specimen was pressed against a rough glass
surface to maximize randomness in surface packing (Grim 1968).

X-ray diffraction is based on the fact that no two minerals have the same
spacing of inter-atomic planes in three dimensions (Kinter & Diamond 1956). The
angles (26°) at which diffraction occurred and the atomic spacing (d) calculated
there from were used for mineralogical identification. Using 1.5418 A as
wavelength (1) of Cu X-ray source and n = 1,2,3 for first, second and third order

diffraction peaks, atomic spacing was calculated according to Bragg’s equation:

nA
- . (2.4)
2sind
To ascertain various mineral types in a sample, the diffraction patterns
were matched with the standard patterns prepared by the Joint Committee of
Powder Diffraction Data Service (JCPDS). Comparing the areas under the peaks

allowed semiquantitative estimates of the various minerals present in each sample

(Kilmer & Alexander 1949).

3.4.3.3 Ion Exchange

For the measurement of individual ions, a mixture of 10 g of soil and 40 mL of
either deionized water (for anions) or 1 M NH4OAc (for cations) was prepared in

a tube that was agitated for S minutes in a reciprocal shaker. After a rest period of
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24 hours, the tube was again agitated for 15 minutes and its contents were filtered
through a Whatman No. 42 filter paper.

Anions such as CI, NOj, and SO, were determined by the ion
chromatography method using a high performance liquid chromator, Model
Dionex AS 50. For this purpose, the filtrate was drawn into a 3 mL syringe and
the sample was pumped into the chromator. After 10 min, the machine generated
discrete bands by passing the sample through a column filled with a specially
designed anion exchange resin. After identifying the anionic components of the
sample, the same separated bands were used to quantify individual anioms;
concentrations were corrected using appropriate dilution factors. The individual
anions and their summation, which is called as the anion exchange capacity
(AEC) were expressed as cmol(-)/kg of dry soil (Mitchell 1993).

Ammonium acetate method measured cations such as Na¥, K*, Ca?" Mg*,
Fe®*, and A" (Bascomb 1964; Gillman 1979). For this purpose, the filtrate was
washed with 1 M NH4OAc and 250 mL leachate was collected in a volumetric
flask for analysis. Concentrations of individual cations were corrected using
appropriate dilution factors and the concentration of blanks prepared for each run.

Total cation exchange capacity (CEC) was independently determined by
leaching ammonium saturated soil with 1 M KCI and analyzing the 250 mL
extract. From a knowledge of equivalent weight of different ions (mg/meq), ion
concentration (mg/L) was converted to CEC in cmol(+)/Kg using the following

equation (Mitchell, 1993):
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CEC =

Ion Conc. ( 250 mL
,, (2.5)

Eq. Wt J 100 g of soil

The cation exchange capacity was translated to exchangeable sodium

percentage (ESP) according to the following equation:

Na*

ESP = x 100 (2.6)

Exchangeable sodium percentage is one of the most important factors
in understanding the evolution of soil morphology. According to Mitchell
(1993), soils with ESP<2 possess a flocculated fabric whereas those with ESP>2

are susceptible to dispersion.

3.4.4 Pore Water Chemistry
3.4.4.1 General

Pore water chemistry was carried out on four laterite ore samples and four laterite
PAL samples. This section describes the testing procedures used for the

determination of pH, electrical conductivity and electrolyte concentrations.

3.4.4.2 pH and Electrical Conductivity

The pH of soil water is expressed as logarithm to the base of 10 of the reciprocal
of hydrogen ion concentration. Similarly soil electrical conductivity (EC), which
is the inverse of resistivity, is measured in micro siemens per centimeter.
Accument 50 that allows precision and accuracy was used for measurement of
both pH and conductivity. The pH was determined according to the ASTM
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Standard Test Method for pH of Soils (D4972-01). Similarly, electrical
conductivity was measured as per ASTM Standard Test Methods for Electrical
Conductivity and Resistivity of Water D1125-95(1999). For pH measurement, the
instrument was periodically calibrated with solutions at pH =3, 5 and 7.

Table 3.3 indicates that the pH and the EC were determined after all of the
sedimentation and the consolidation tests. Based on observations, it was found
that the addition of polymers had negligible effect on both pH and EC of the
shurry samples. This is attributed to the small dosages (maximum 12 mg/L) of

polymers used in this research.

3.4.4.3 Electrolyte Concentration

Concentrations of Na*, K*, Ca®", Mg, Mn**, AI**, Fe**, Ni**, Co**, and Si** ions
were determined by the Inductively Coupled Plasma method using a Thermal
Jarrell Ash IRIS Advantage. The Automated Ferricyanide Method using
Colorimetric Centripetal Analyzer (COBAS FARA II), determined the
concentration of CI” ion in solution. The concentration of other anions such as
NOjy, HCO; and SO42' in the pore water was determined according to ASTM
Standard Test Method for Anions in Water by Chemically Suppressed lon
Chromatography (D4327-97) using Dionex DX-500. The sum of the
concentrations of measured anions and cations was recorded as the total dissolved
solids (TDS) in mg/L. Similarly, from a knowledge of individual electrolyte
concentrations (4) and valence (v), ionic strength (/) was calculated in moles/L

according to the following equation:
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I = % S AV 2.7)

The pore fluid chemistry was determined for the four ore slurries and the
corresponding PAL shurries. Based on theory, no change in the chemical
composition of the pore water was envisaged. Therefore, the concentration of
various ions pore water in the slurry samples of polymer modified materials was
not measured.

The theoretical basis was provided by calculating the maximum amount of
dissociated charge from the polymer for complete adsorption using 12 mg/L
dosage. Table 3.2 indicates that the maximum charge for anionic polymers was
50% and that for cationic polymers was 80%. The estimated maximum amount of
released Na' for the former polymers was 6.0 mg/L. Similarly, the amount of
liberated CI for the latter polymers could be as high as 9.6 mg/L. In contrast, the
TDS of the ore slurry was 550 mg/L (Chapter Four) and that of the PAL slurry
was 88407 mg/L (Chapter Five). This meant that the maximum dissociated charge
from the polymers was at least 57 times (and up to 14735 times) that of the TDS
of the pore fluid. Therefore, the detailed pore fluid chemistry for polymer

modified samples was not investigated.

3.4.5 Morphology
3.4.5.1 General

Scanning electron microscopy (SEM) was used for morphological assessment of
laterite shurries. Manufactured by Japan Electron Optics Limited (JEOL), the
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microscope (JSM-6301FXV) performed assessment of fabric as well as elemental
analyses using Energy Dispersive X-ray Analyzer (EDXA). To ensure an intact
fabric with minimal disturbance to the solid phase, slurry samples were prepared
using cryogenic techniques (Erol et al. 1976). Despite the reported phenomenon
of freezing artifact (Mikula 1988), the microstructure explains several distinct
features of slurries (Scott et al. 1985) and was used to characterize slurries in an
empirical way (Mikula et al. 1989). This section describes the sample preparation

method and the cryogenic technique for conducting scanning electron microscopy.

3.4.5.2 Sample Preparation

Slurry samples were drawn by vertically inserting a 3 mm circular plastic straw
and gently plugging it with the thumb to create suction. To ensure an intact fabric,
the straw containing the sample was immediately immersed in liquid nitrogen at a
temperature of -208 °C. After complete freezing, the straw was clipped and peeled
off. A batch of three samples was glued to the cryogenic sample holder using
TISSUE-TEK OCT 4583 compound. Each batch was immersed in liquid nitrogen
and individual samples were fractured with a side cutter to avoid condensation on
the fracture surface. Specimens were stored in the cryogenic system (Emitek

K 1200) of the microscope at a temperature of -195 °C.

3.4.5.3 Scanning Electron Microscopy

The samples were placed in the SEM sample chamber after the latter was flushed

with argon to remove water vapor and vacuum cleaned using a rotary pump.
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Samples were allowed to sublimate at a temperature of -40 °C and examined at
fow voltage (2.5 kV) till all the ice was removed. Thereafter, all samples were
transferred to the cryogenic preparation chamber at a temperature of -155 °C,
where they were sputtered with a fine film gold. Finally, the samples were put
back in the SEM chamber for visual and photographic examination. Scanning and
recording speeds were 450 frame/sec and 40 sec/frame, respectively. The incident
electron beam was at an average vertical distance of 30 mm and the voltage was
kept at 2.5 to 5 kV. For EDXA spectra, voltage was kept at 10 to 15 kV.
Generally, the micrographs were taken at representative locations with
enlargements of 15, 200, 500, 2000 times. However, for highlighting some
peculiar features, higher enlargements such as 5000 and 10000 were also used
occasionally.

Table 3.3 indicates that scanning electron microscopy was performed for
six laterite ore samples and six laterite PAL samples. For both of these sample
types, four specimens were taken from each of the ore and the corresponding PAL
slurries after the sedimentation tests. The remaining two specimens were taken at
the end of consolidation; one in each of the vertical and horizontal directions.
Based on the results, specimens in the polymer modified laterite samples were
selected only from slurries afier sedimentation tests. For Type C samples, four
specimens were selected from slurries modified with ionic polymers and one with
nonionic polymers. Scanning electron microscopy was also conducted on the

corresponding specimens of Type D.
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3.4,6 Solid-Liquid Separation
3.4.6.1 General

Determination of the solid-liquid separation behavior of laterite slurries
comprised of conducting sedimentation tests and consolidation tests. Table 3.3
indicates that the sedimentation tests were performed for four ore samples and
four PAL samples as well as twenty-five Type C samples and twenty-five Type D
samples. Among the polymer modified slurries, sixteen tests were conducted
using ionic polymers and nine with nonionic polymers. On the other hand,
consolidation tests were conducted for a selected ore and its corresponding PAL.
Consolidation tests were conducted on all of the ionic polymers added laterite ore
slurries as well as one selected sample from the nonionic polymer added laterite
ore slurries. In contrast, four ionic polymer modified and one nonionic polymer

modified laterite PAL slurries were selected for consolidation testing.

3.4.6.2 Sedimentation Test

Sedimentation tests were conducted using 8.5 cm diameter graduated cylinders.
Based on experimentation, the initial height of the sample was kept as 8.5 cm to
give a height to diameter ratio of 1.0 at the start of the test. To mimic process
conditions and to facilitate easy comparison, the initial solids content was kept at
15% for all the sedimentation tests. This initial solids content pertained to
negligible segregation for most laterite slurries and, based on consultations with
the chemical and the mining industry, was the maximum value at which polymers

interact with laterite colloids.
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Figure 3.1 illustrates the setup for conducting the sedimentation test. As
shown in this figure, the slurry sample was poured in the graduated cylinder up to
a height of 8.5 cm and was allowed to settle under self-weight. The solid-liguid
interface movement was captured at equal intervals of time using a camcorder.
The camcorder was connected to a computer that stored the captured frames in a
digital format. After the completion of the sedimentation test, the digital frame
files were carefully viewed and the data were recorded as interface height versus
time. This procedure minimized the observation error because of the facility to
digitally enlarge and refine the captured solid-liquid interface. For additional
accuracy, some of the tests were replicated using an identical fresh sample tested
in a different size mold (initial part of the consolidation test).

The slope of the initial straight-line portion of the sedimentation curve was
used to determine the initial hydraulic conductivity according to the theoretical
formulations of Pane & Schiffman (1997), presented in Chapter Two. The
sedimentation data was further translated to void ratio-time and solids content-
time curves using equation 2.2. First, the initial void ratio (e,) was calculated from
knowledge of the initial solids content (s,). Then, the void ratio (e;) pertaining to
the next time reading was obtained by multiplying the initial void ratio with the
interface height at that time. In turn, the next solids content (s;) that corresponded
to e; was estimated by rearranging equation 2.2. In this fashion, the variation of
void ratio and solids content with the elapsed time during the sedimentation test

was calculated.
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3.4.6.3 Consolidation Test

The standard odometer test could not be used for laterite slurries due to the large
anticipated strain, the inability of determining hydraulic conductivity during the
test and the test duration (Suthaker & Scott 1994). Several advanced testing
techniques developed to overcome these problems were surveyed. These included
the constant rate of deformation (CRD) test (Lee, 1981), the constant hydraulic
gradient (CHG) test (Lowe et al. 1969), the constant rate of loading (CRL) test
(Aboshi et al. 1979), and the constant loading (CL) test (Janbu et al. 1981). It was
found that although these tests are faster than the conventional odometer test, their
applicability is restricted by the assumptions of the infinitesimal consolidation
theory on which they are based (Znidarcic et al. 1984). Further, the seepage test
(Imai, 1979) was suspected to yield erroneous results due to possible sample
rebound at test completion.

The slurry consolidation test (Pollock 1988; Suthaker 1995) was selected
due to its ability of measuring large strains and the fact that it minimizes the
above mentioned experimental and theoretical errors. Further, this test allowed the
direct determination of hydraulic conductivity after the completion of each
loading stage. To avoid the inversion of the finite-strain consolidation theory due
to the associated assumptions, long test duration for consolidation of laterite
slurries was accepted in this research.

Figure 3.2 shows the consolidation test setup whereas Figure 3.3 gives the

schematic diagrams of two types of cells used during this research.
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A 14 cm diameter cell allowed the application of high loads using air
pressure and the determination of pore pressure during the test. This cell was used
for the ore and the PAL slurries to understand the solid-liquid separation behavior
for these materials. On the other hand, the 9.5 cm diameter cell was used for
polymer modified siurries because of the improved engineering behavior and the
associated preclusion of high loads and pore pressure measurements during the
test. Due to the reduced test duration for this latter cell, a larger number of
samples could be tested.

The 14 cm internal diameter cell had a wall thickness of 0.75 cm. To
measure pore pressure, a 0.16 cm diameter hole was drilled in the wall close to the
base. The top and bottom plates had a network of circumferential and radial
grooves to facilitate dewatering. To each of these plates, a porous stone was
fastened and was used as a filter; both plates were connected to external ports.
Further, each plate had a pair of 'O’ rings, which prevented sample escape, ensured
minimal friction and improved stability. The cell body was connected to the
bottom plate using four equidistant 1.25 cm rods supported by a frame.

The 9.5 cm internal diameter cell had a wall thickness of 0.50 cm. In this
apparatus, the bottom plate was identical to the 14 cm diameter cell and similarly
connected to an outside port. The piston was cut from a PVC rod and had eight
equidistant 0.50 cm diameter holes along the periphery for drainage; a geotextile
was used as a filter. The piston had two plates and a 1.0 mm extended geotextile

to prevent sample escape and ensure minimal friction and tilting.

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In the larger cell, compressed air pressure regulated by a pressure gage
was applied to the sample using a bellofram diaphragm system. On the other
hand, a known mass of load was applied to the sample in the smaller cell. For
both types of cells, Linear Variable Displacement Transducers (LVDT) connected
to the data acquisition system measured vertical displacement of the top cap due
to load application.

For use in the consolidation test, the test equipment was first calibrated.
As stated earlier, these included a diaphragm air cylinder (Type SS from
Bellofram Corporation) for transferring air pressure from the air source to the
loading ram; a 200 kPa pore pressure transducer (MPX2200 from Motorola Inc.);
and a 15 c¢m linear potentiometer (HLP300 from Penny & Giles Controls Ltd.).
The diaphragm and the transducer were calibrated by connecting these in series
with a proving ring and applying a regulated air pressure. Likewise, the linear
potentiometer was calibrated using a linear potentiometer calibrator. Figure 3.4
gives the calibration of the diaphragm and the two measuring devices.

The consolidation test was conducted on specimens at an initial solids
content of 15%. First, the slurry was allowed to undergo self-weight and the solid-
liquid interface movement was monitored similar to the sedimentation test. Next,
the top cap was placed on the cell and lowered to the slurry-water interface. Using
the conventional step loading procedure, loads were applied when no more
change in void ratio was observed under the previous load. Load increments for

the larger cell included self-weight, 0.5, 1, 2, 4, &, 16, 32, and 64 kPa and those of
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the smaller cell were self-weight, 0.5, 1, 2, 4, and 8 kPa. To simulate thickener
conditions in the extraction process, a single upward drainage path was permitted
during the test. For the large cell, water was collected from the upper drainage
tube whereas for the small cell, a syringe was used for removing extra water. At
all times during the test, water level was kept 1.0 cm above sample top.

Hydraulic conductivity was determined at the end of each load increment
using the constant head method. This test was conducted similar to the ASTM
Standard Test Method for Permeability of Granular Soils (D2434-68(2000)). For
this purpose, water was passed through the sample from bottom to top. Flow of
water was measured for one hour for the large cell and one half hour for the small
cell. Based on experimentation, these durations were found to be enough for
obtaining a steady state flow. Hydraulic conductivity (k, cm/sec) was calculated |
from knowledge of flow volume (Q, cm’/sec) collected in time (¢, sec), sample
height (L, cm), surface area (a, cm?) and head difference (h, cm) according to the
following version of Darcy’s law:

_ 9L
ah

Both the void ratio and the solids content were determined and plotted as

k (2.8)

functions of time as described previously. From knowledge of excess pore
pressure data, the effective stress corresponding to each stress increment was
calculated. The void ratio at the end of each load increment was plotted versus the

resulting effective stress. On the same plot, a best-fit curve was developed for the
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experimental data to be called as the void ratio-effective stress relationship for the
entire test. Hydraulic conductivity measured at the end of each load increment
was plotted versus the void ratio and the data was fitted to the most appropriate
curve to obtain the hydraulic conductivity-void ratio relationship.

Consolidation test were conducted to determine the above governing
relationships, which were subsequently used to model thickener performance.
Despite the low effective stresses in these thickeners, a number of load increments
were used to obtain a representative correlation. To minimize floc deformation, a
maximum of about 8 to 9 kPa loading was used for polymer modified materials.
Experimentation showed that under the low applied stresses, it is difficult to

liberate the entrapped water from the flocs.

3.5 STATISTICAL ANALYSIS

3.5.1 General

Statistical analyses were conducted for polymer modified laterite slurries
including Type C and Type D samples. This section first provides a theoretical
background of various statistical terms. This is followed by highlighting the
significance and the application of statistical analysis for understanding the
improved behavior of polymer modified slurries. Finally, this section shows how
statistical analyses were used in this research to study the effect of various
polymer parameters on the sedimentation and the consolidation behavior of

laterite slurries.
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3.5.2 Theoretical Background
3.5.2.1 General

This introductory section describes those basic concepts and the underlying
assumptions of statistics, which are relevant to this research work. Therefore, this
section develops the theoretical foundations necessary for a fundamental
understanding of the quantitative nature of applied research based on
experimentation. As such, the focus of this section is mostly on the functional

aspects of the theoretical concepts.

3.5.2.2 Variables

The term variable refers to those things, items and entities, which are
measured, controlled, or manipulated in research. In experimental research,
some variables are manipulated (independent variables) and the effects of
this manipulation on dependent variables are usually measured. Based on the
type and scale of measurement, variables can be classified into four broad
classes: nominal, ordinal, interval and ratio. Nominal variables such as
gender and race can be assessed only in terms of categories but cannot be
distinctly ranked or quantified. On the contrary, ordinal variables like
economic status allow ranking but not guantification. Interval variables
allow both ranking and quantification and include measurement of both time
and space: examples include many types of scalars and vectors. Finally, ratio
variables are similar to interval variables but they feature an identifiable

absolute zero such as the Kelvin temperature.
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3.5.2.3 Relationships

Data analysis in experimental research determines the relationship between
independent and dependent variables provided that the values of those
variables are distributed consistently in a sample of observations. Two basic
features including the magnitude and the reliability characterize a
relationship. Magnitude refers to the size or amount of variation in a
relationship. On the other hand, reliability pertains to the truthfulness or the
representativeness of the observed data for generalization. In other words,
reliability is the probability of a relationship to recur for replicated samples
drawn from the same population of items.

Relationships determine the extent of proportionality between two
variables. The correlation line between two variables is called the least
squares line because it is obtained by minimizing the sum of the squared
distances of all the data points from the line. The magnitude of a relationship
is determined by the coefficient of determination (R*). The significance of a
correlation with a particular magnitude depends on the sample size and the
outliers. Outliers are atypical observations, which affect the slope of the
correlation line and thereby R%. To improve a correlation, certain outliers can
be excluded from the analysis. However, such preclusion depends on the
physical phenomena: some outliers are extreme observations. Therefore,
scientific conclusions are always drawn by examining both the R? and the

variation in data.
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3.5.2.4 Statistical Significance

The statistical significance of a result is denoted by the p-value, which is based on
the assumption that the observed relationship between variables in a sample
occurs by chance (Brownlee, 1960). Generally, a higher p-value is associated with
a lower probability of the observed relationship being indicative of the
relationship between the respective variables in the population. Therefore, the p-
value indicates the probability of error involved in accepting observed results. In
most experimental studies, results that yield p < 0.005 are called highly
significant, p < 0.01 are considered significant whereas p < 0.05 is known as

borderline significant.

3.5.2.5 Sample Size

Magnitude and reliability of relationships between variables are inter-dependent
provided sample size is kept constant. Typically, the larger the magnitude of the
relationship between variables in a sample of a particular size, the more reliable
the relationship. Further, the probability of obtaining by chance a strong and a
significant relationship between variables is relatively high for small sample size.
Therefore, the necessary minimum sample size increases as the magnitude of the
effect to be observed decreases. If no relationship exists between two variables,
then the required sample size would approach the population size that is assumed
to be infinitely large. In most experimental studies, sample size is determined by
the number and the maximum possibiey values of the dependent variables to be
observed.
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3.5.2.6 Disiribution Function

The link between the magnitude and the significance of a scientific relationship
between different variables gives the p-value and the probability of error involved
in rejecting the relationship. For simplicity, the probability function is generally
derived from an assumed normal distribution. According to Pearson (1894), this
bell shaped curve is defined by a sample mean (x) and a sample variance (89,
These two fundamental statistical concepts are mathematically described by the

following two equations:

A= N 2.9)
g2 Z(xi”z)z
(N -1

(2.10)

where, x; = observed result

N = number of observed results

Generally, design of experiments based on normal distribution necessitates
a large enough sample size. This is because all types of shape for the sampling
distribution approach a normal with an increase in sample size (Fisher, 1928).
Therefore, all influencing parameters required for a good design of experiment
can be determined from background knowledge of population variance and
regardless of the type of distribution. Likewise, a sample size can be computed in
case population variance is unknown and such determination is also independent

of the type of distribution curve.
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3.5.3 Application
3.5.3.1 General

Designing a proper experimental program, conducting meticulous testing and
performing thorough analysis of the observed data lead to drawing reliable
conclusions. This section describes the statistical methodology used in this
research. First, the design of experiments is presented with a focus on the 2
factorial designs. This is followed by presenting the procedure for the analysis of
variance (ANOVA) and the use of the statistical software, MINITAB, is described
in detail. Next, the application of the above statistical techniques to both
sedimentation and consolidation of polymer modified laterite slurries is given

with special focus on the development and validation of the statistical models.

3.5.3.2 Design of Experiments

One of the aims of this research was to understand the statistical significance of
various polymer parameters on the solid-liquid separation of laterite slurries. For
this purpose, a 2% factorial design of experiments was adopted to develop a
statistical model. This method minimized the number of experiments by
considering each factor at two levels: high and low. Table 3.4 gives the
designation of various polymer characteristics used in this experimental design.
This table denotes all the lows by —1 and all the highs by +1. Similarly, anionic
polymers are symbolized by —1 and cationic polymers by +1. Such a notation is
generally used for simplicity in the analysis of properly designed experiments

(Montgomery 1991).
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Table 3.4: Designation of polymer parameters for use in experimental design

Type Charge MW Dosage
Low =-1
Low =-1
High =+1
Low =-1
Low =-1
High =+1
High =+1
Anionic =-1
Low =-1
Low =-1
) High =+1
High =+1
Low =-1
High =+1
High =+1
Low =-1
Low =-1
High =+1
Low =-1
Low =-1
High = +1
High =+1
Cationic =+1
Low =-1
Low =-1
) High =+1
High =+1
Low =-1
High = +1
High =+1
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Since, the validity of results only depends on the size of the sample, each
specimen, arising from a combination of the four factors in Table 3.4, was picked
randomly. Further, a separate polymer stock solution was prepared for each
specimen. This precluded the experimental bias that could possibly be induced by
the use of the same polymer stock solution for more than one test. In some cases,
replicate specimens were prepared to provide additional reliability to the
statistical model.

Four separate types of models were prepared for: (i) sedimentation of
polymer modified laterite ore slurries; (ii) consolidation of polymer modified
laterite ore slurries; (iii) sedimentation of polymer modified laterite PAL slurries;

and (iv) consolidation of polymer modified laterite PAL slurries.

3.5.3.3 Analysis of Variance

The theory of analysis of variance (ANOVA) is beyond the scope of this work.
However, it is important to understand that the analysis is conducted to obtain
statistical significance by partitioning the total variance into components and
comparing these components under hypothetical situations. It is also noteworthy
to realize that a good experimental design is obligatory to carry out proper
analysis of variance. As can be observed from Table 3.4, Iaboratory tests were
conducted by varying only one factor at a time thereby minimizing the number of
tests. The main reason of using this powerful tool was to statistically analyze the
complex phenomena of colloid-polymer-electrolyte interaction for understanding

the solid-liquid separation behavior of laterite slurries.
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Analysis of variance was conducted using the statistical software called
MINITAB (Release 13.30). A factorial design depicted in Table 3.4 was created
in the form of the given notations of ~1 (for anionic polymers, low charge, low
molecular weight and low dosage) and +1 (for cationic polymers, high charge,
high molecular weight and high dosage). The observed data obtained from
laboratory tests was used as an input. The output of ANOVA resulted in a model
equation comprising of the four factors, representing each of the polymer
parameters, and the significance (p-value) of each of these factors. The equation

was usually of the following form:
Y= (x:Tp)x(x. Cp)x(xs MWp)x(x: Dp) 2.11)

where, ¥ = model response corresponding to the observed value
X}, X2, X3 X4 = model coefficients

T» Cp MW, D, = polymer type, charge, molecular weight, dosage, respectively

3.5.3.4 Sedimentation

Two independent statistical models were developed to study the sedimentation
behavior of polymer modified laterite slurries. These included separate models for
each of the polymer modified laterite ore slurries and the polymer modified
laterite PAL slurries. Both models were based on sixteen tests as shown in Table
3.4. Replicate data was obtained for the former model from the initial stage of the
consolidation tests. On the contrary, because of the minimal variation in
observations, no replicate data was obtained for the latter model. The input and

the output variable was the initial hydraulic conductivity (k;).
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3.5.3.5 Comnsolidation

Two types of independent statistical models were developed to study the
consolidation behavior of polymer modified laterite slurries. Again, these models
included one each for the polymer modified laterite ore and PAL slurries. As
shown in Table 3.4, the former model was developed on the basis of sixteen tests
without replication. The latter model was built on four observed results and
twelve dummy data points based on the observed data.

To study the consolidation behavior of polymer modified laterite slurries,
log k-e and e-log o' relationships were modeled. These power relationships were
translated to k values at known void ratios and to e values at known effective
stresses. Therefore, the were first converted to a single points, which were

subsequently used in statistical analysis.

3.5.3.6 Model Validation

To validate the aforementioned statistical models, additional laboratory testing
was carried out. This included two sets of nine sedimentation tests for each of the
laterite ore and PAL slurries. For these tests, the slurries were modified with low,
medium and high molecular weight ionic polymers using low, medium and high
dosages. Similarly, one consolidation test was conducted for each of the laterite
ore and PAL slurries modified with a medium molecular weight ionic polymer
and a medium dosage. Details of these tests were previously given in Table 3.3.
The observed data were compared with the corresponding estimated data from

statistical models.
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3.6.1 General

Numerical simulations were conducted to exirapolate laboratory and statistical
data for predicting field performance of the storage and the CCD thickeners used
in the acid leaching process. Separate computer programs were used to model the
sedimentation and large-strain consolidation behavior of laterite slurries for the
two types of thickeners. This section first describes the salient features of the two
thickeners and then gives an account of modeling the sedimentation and

consolidation behavior of laterite slurries for the metal extraction process.

3.6.2 Thickeners

Thickening is the most cost effective method for solid-liquid separation of laterite
slurries. Other alternatives such as filtration or centrifugation are either costly or
difficult to apply to laterite slurries in the pressure acid leaching process. This
section briefly describes the main functions of the two types of thickeners under
study and their operation during the extraction process.

The storage thickener performs two functions. First, it thickens the slurry
feed to the autoclave thereby minimizing the liquor volume. This increases
autoclave capacity as well as efficiency by reducing the energy and acid
requirement. Second, this thickener acts as a buffer storage tank between the feed
preparation and the acid leaching stages. The main function of the CCD thickener
is to rapidly separate the solids from the pregnant liquor. Further, a higher amount

of the separated materials is required for increased yield.
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Figure 3.5 illustrates the operation of a typical thickener used in the metal
extraction process for laterite slurries. This figure shows that these cylindrical
vessels have an inverted conical base. A dilute slurry is generally fed at the top
and allowed to undergo solid-liquid separation under self-weight. The process is
similar to that described earlier in this chapter and illustrated in Figure 2.11.
Three observable zones include a clear liquid at the top, an intermediate
sedimentation zone, and a consolidation zone (also known as thickening zone or
compaction bed) at the bottom of the thickener. Drainage is allowed only in the
upward direction and overflow is collected around the periphery at the top. After
the completion of self-weight consolidation, the underflow is removed from the
bottom of the thickener at regular intervals of time.

The time requirement for the slurry to remain in the thickener depends on
the rate and amount of the solid-liquid separation process. Changing thickener
geometry and introducing rakes in the thickener can achieve additional
improvement but such redesign is beyond the scope of this research work.
Improvement in the solid-liquid separation process is achieved by adding
flocculating agents such as synthetic polymers. According to Kynch (1952), the
settling rates are not a unique function of the solids content of flocculated slurries.
Therefore, it is important to determine the applicability of laboratory test results
to the operation of a continuous thickener. The suitability of sedimentation and
large-strain consolidation tests to understand and improve the solid-liquid

separation of laterite slurries needs to be investigated.
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Figure 3.5: Schematic of a typical thickener used in the metal extraction process




3.6.3 Application
3.6.3.1 General

This section describes the application of computer software to model the
sedimentation and consolidation behavior of laterite slurries. For both components
of the solid-liquid separation process, the formulation of the numerical models

and the use of the software are presented.

3.6.3.2 Sedimentation

The computer program developed by Chan & Masala (1998) was used for modeling
the sedimentation behavior of laterite slurries. Based on the classical theory of
sedimentation, the model required material properties, initial test conditions and the
log k-e relationship to generate the sedimentation curve. Therefore, it was used for
two purposes; to simulate observed sedimentation curves and to obtain hydraulic

conductivity-void ratio relationships for missing data by successive iterations.

3.6.3.3 Consolidation

The computer program SECO, developed by Masala & Chan (2001), was used to
model the consolidation behavior of laterite slurries. This program is based on the
non-linear finite strain consolidation theory (Masala 1998). To account for non-
linearity, the two relationships describing the large-strain consolidation behavior
of laterite slurries were approximated to power laws. The parameters 4, B and
C,D were obtained from the log ke and e-log o’ relationships, respectively, as

given in the following two equations:
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k=4e” (2.13)

e=Cg?’ (2.14)

Formulated on the finite difference method, the program required material
properties, initial test conditions and boundary conditions of the thickeners as
inputs. A 15% initial solids content was used in the analysis for a 3.0 m high
thickener with no underflow.

The computer software was used to simulate the consolidation behavior of
four types of laterite slurries. These included laterite ore and PAL slurries and
polymer modified laterite ore and PAL slurries. The output of the computer
program was a solids content-time relationship. This output for the polymer
modified slurries was compared to the ones obtained for ore and PAL slurries to

estimate the improvement due to polymer addition.

3.7 LATERITE SLURRY (I
3.7.1 General

[ARACTERISTICS DIAGRAM

A laterite shurry characteristics diagram (LSCD) is devised to understand the
engineering behavior of this class of materials. A similar ternary diagram has
been used to select viable tailings disposal alternatives for Alberta oil sands (Scott
& Cymermann 1984). Shown in Figure 3.6, the diagram was used to understand
the effect of soil structure on the geotechnical behavior of laterite slurries. The
main soil characteristics that were studied in this research using the LSCD

included consistency, sedimentation-consolidation and hydraulic conductivity.
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3.7.2 Construction

Figure 3.6 illustrates that the LSCD is a ternary diagram having three apexes and
three axes. The solids content is plotted on the left hand side, the ratio clay
divided by clay plus water is given on the right hand side and the clay content is
reported along the base; the apexes represent water, coarse and clay. The clay size
fraction is defined as material finer than 0.002 mm. Points along the axis line
connecting the water-fines apexes denote mixtures of clay and water only.
Straight lines drawn from this axis line to the coarse apex signify comstant clay-
water ratio lines. Likewise, straight lines drawn from the base to the water apex
describe constant coarse-clay ratio lines. These lines represent slurries with
constant grain size distribution but varying solids content. Finally, the parallel
horizontal lines depict soils with constant solids content.

Figure 3.6 shows that the LSCD presents soil structure on the left. Soil
structure differentiates between a coarse matrix and a clay matrix. A coarse matrix
is defined as one in which the coarse grains touch one another. The void ratio of the
coarse particles can reach a maximum of 0.9 for a simple cubic arrangement of equal
spheres. Under such conditions, clay is present in the pore space between the coarse
grains. On the contrary, the coarse grains do not touch one another but are suspended
in a clay matrix. The boundary between the two types of matrix is estimated

according to the following equation (Azam & Al-Shayea 1999):

0 _100e,G,, wG, G
C(%) = G +C (2.15)

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where, C = clay content (by weight) to fill voids of the coarse matrix,

G = specific gravity of the clay fraction

Gy = gpecific gravity of the coarse fraction,

s = maximum void ratio of the coarse fraction taken as 0.9, and
w = water content of the entire soil mass

Soil behavior is depicted on the right side of the ternary diagram. Figure
3.6 shows five distinct types of soil behavior that depends on the amount of water
present in the soil. These behavior types are separated by five limiting lines,
which are based on observed data. The segregation limit defines the segregation
or settling of particles in suspension. Above this line, coarse grains seitle
preferentially with respect to clays whereas below it such a phenomena is not
observed. The sedimentation limit differentiates between sedimentation region
(above the line) and consolidation area (below the line). This limit distinguishes a
soil suspension from a soil slurry.

Figure 3.6 also gives the consistency limits to highlight the remaining part
of soil behavior. The liguid limit pertains to an undrained shear strength of 2.5
kPa and denotes the boundary between a soil slurry and a plastic solid. The plastic
limit means that soils above this limit behave like plastic solids and below this
line like semi solids. Similarly, the sharinkage limit differentiates between a semi
solid (above the line) and a brittle solid (below the line). It is expected that most
of the data on laterite slurries obtained during this research would lie above the

shrinkage limit.
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Figure 3.6 shows that the five limiting lines describing soil behavior are
part of the family of constant clay-water ratio lines. This means that the
engineering behavior of soils is governed by physico-chemical phenomena
between clay and water. Since, colloid-polymer-electrolyte interactions dictate the
behavior of laterite slurries, the clay-water ratio lines provide a useful tool to

understand the behavior of this class of materials.

3.7.3 Application
3.7.3.1 General

The ternary diagram constructed for Alberta oil sands has been used for the
management of large volumes of tailings materials. During the last twenty five
years, the diagram provided a design tool to devise alternative slurry disposal
methods. In this research, the laterite slurry characteristics diagram was mainly
used to understand the engineering behavior in the light of soil fabric. This section

describes the application of the LSCD to these two soil characteristics.

3.7.3.2 Soil Structure

A review of the variation of soil morphology with decreasing water content was
presented in Chapter Two. The ternary diagram was used to provide a
fundamental understanding of the influence of soil microstructure on the solid-
liquid separation of laterite slurries. This was achieved by empirically correlating
soil fabric with sedimentation and consolidation. It was important to know the

subdivision of the clay matrix into smaller units with distinct soil behavior.
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3.7.3.3 Soil Behavior

Soil behavior is well documented in the geotechnical engineering literature. The
focus of this study was to highlight the significance of clay-water ratio lines for a
thorough understanding of the engineering behavior of laterite slurries: ore and
PAL materials and their polymer modified versions. In this regard, the variation
of hydraulic conductivity was given a special emphasis due to its significance in

the solid-liquid separation of laterite slurries.

A comprehensive research methodology was followed to understand and
improve laterite slurries for the metal extraction process. Dynatec
Corporation and Ciba Specialty Chemicals provided slurry materials and
synthetic polymers, respectively. Four types of samples were prepared:
laterite ore and PAL samples and polymer modified ore and PAL samples.
Four laterite ore slurries were selected various from parts of the globe: Cuba,
Philippines, Australia and Indonesia. The corresponding laterite PAL slurries
were obtained using identical process conditions during pressure acid
leaching. Synthetic polymers were used to modify ore and PAL slurries of a
selected type representing limonite-saprolite blend from the Philippines. The
research program adopted during this study comprised of four stages:
laboratory investigations, statistical analysis, numerical simulation and data

presentation using the devised laterite slurry characteristics diagram.
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Laboratory investigations comprised of five distinct characteristics:
geotechnical index properties, mineralogy, pore water chemistry, morphology,
and solid-liquid separation. Details of the various testing techniques and
modifications to suit laterite slurries were provided. Salient features of this
investigation stage include the following:
= Heating was avoided in most cases but where absolutely necessary, an
oven temperature of 50 °C was employed.

s Determination of specific gravity involved the use of vacuum for air
removal and dry mass calculation after test completion.

= Grain size analyses were conducted on 25 g of dry soil using distilled water.
The ores were dispersed with calgon whereas the PALs were not dispersed.

= Segregation tests involved solids content profiling with depth after 24 h
in 150 mL graduated cylinders using different initial slurry solids contents.

= Consistency limits were determined by gradual drying of the high water
content slurries at 50 °C; mixing time was restricted to five minutes.

=  XRD analysis determined mineralogy of randomly oriented powdered samples
with grain size distributions identical to those under ambient process conditions.

= Pore water composition was determined using routine methods. Due to
negligible flocculant effects, detailed water chemistry was not investigated
for polymer modified slurries.

= Morphology was determined using SEM analysis on slurry samples

prepared by the cryogenic technique that ensured an intact fabric.
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= Sedimentation tests were conducted on 15% initial solids content slurries
poured in 8.5 cm diameter graduated cylinders to an initial height of 8.5 cm.

= The solid-liquid interface movement was captured using a camcorder
connected to a computer; digital refinement improved accuracy.

= Consolidation test was used due to minimal experimental and theoretical
errors and the ability to measure large strains and hydraulic conductivity.

= A 14.0 cm diameter cell that allowed the application of high loads and pore
pressure determination during the test was used for ore and PAL slurries.

= A 9.5 cm diameter cell was used for polymer modified slurries because of the
preclusion of high loads and pore pressure measurements during the test.

Statistical analysis was conducted for polymer modified samples to
understand the significance of various polymer parameters on solid-liquid
separation of laterite slurries. The theoretical basis of experimental design and
analysis and the use of a statistical program MINITAB were described.

Numerical simulations were conducted to extrapolate laboratory and
statistical data for predicting field performance of the storage and CCD thickeners
used in the extraction process. The use of separate computer programs to model
the sedimentation and consolidation behavior of laterite slurries was presented.

A Laterite Slurry Characteristics Diagram (LSCD) was devised to
understand the engineering behavior of these materials. The construction and
salient features and utilization of this diagram were presented. This ternary

diagram was used to correlate structure and behavior of laterite slurries.
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Chapter 4

Characteristics of Laterite

4.1 GENER.
Geotechnical characterization of laterite raw ore slurries is obligatory in
understanding and improving the solid-liquid separation behavior of this class of
materials. This knowledge is also pivotal for an economic assessment of different
laterite ores for use in the metal extraction process. This chapter highlights the
influence of geology and the environment on the solid-liquid separation behavior
of four types of laterite ore slurries. These samples were selected from various
parts of the globe: Cuba, Philippines, Australia and Indonesia. The Cuban sample
represented a limonite ore whereas the Indonesian sample denoted a saprolite ore;
the Philippines and the Australian samples corresponded to two distinct varieties
of limonite and saprolite ores blends. For these samples, results of laboratory
investigations pertaining to geotechnical index properties, mineralogy, pore water
chemistry, morphology and solid-liquid separation characteristics are discussed.
This is followed by providing the results of numerical simulation of the laboratory
data to predict filed performance of the storage thickener. Next, the laboratory and
modeling data is depicted on the laterite slurry characteristics diagram constructed
for the ore sample. Finally, a summary and the main conclusions drawn from this

chapter are given.
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4.2 GEOTECHNICAL INDEX PROPERTIES

4.2.1 General

Geotechnical characterization of laterite ore shurries begins with an investigation
of their index properties. These properties are used to classify laterite ores and to
evaluate the performance of their slurries. Table 4.1 summarizes the geotechnical
index properties of laterite ore slurries. This table indicates similarities and
contrasts in samples of different origin. Derived from geology, the color of these
samples denotes their composition that controls their distinct set of properties.

This section discusses of the geotechnical index properties of laterite ore slurries.

4.2.2 Water Content

Table 4.1 gives the water content of different laterite underflow slurries in the
storage thickener. The table indicates that all samples are associated with high
water content, which is attributed to the high water requirement for slurry
preparation. The amount of water required to convert laterite ores for preparing
suitable plant feed depends on the bond strength of particles, size of aggregates and
mineral composition (Schramm 1996). Removal of strong sesquioxide coating on
soil particles in these ores during wet screening is the key factor contributing to
their high water demand (Golightly 1981). Table 4.1 indicates that the water
content of the limonite-saprolite ores measures lower than both the limonite and the
saprolite ores. This is attributed to the possible presence of clay minerals formed in
relatively arid climate. Apart from being easily broken down, these clays adsorbed

water that cannot be removed at a temperature of 50 °C (Mackenzie 1957).
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Table 4.1: Geotechnical index properties of laterite ore slurries

Sample Type and Origin
Property Limonite Ore  Limonite-Saprolite Ore Saprolite Ore
Cuba Philippines Australia Indonesia
Color Pinkish Red  Pink Dark Gray Reddish Brown
w (%) 193 163 173 305
5 (%) 34 38 37 25
Gs 2.92 3.16 2.92 2.92
e 5.67 5.16 4.97 8.73
-0.075 mm (%) 93 93 92 92
- 0.002 mm (%) 20 35 56 19
Is 14.2 13.5 14.0 13.5
wr (%) 60 83 95 108
wp (%) 44 42 48 53
w; (%) 35 25 29 29
Ip (%) 16 41 46 55
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The solids content of laterite underflow ore slurries in the storage
thickener gives an insight into their dewatering behavior. Table 4.1 indicates a
variable amount of water release for the investigated ore slurries despite the fact
that the solids content after slurry preparation is the same for all. The table shows
that the limonite-saprolite ore slurries release more water than the other two ore
sturries. Thus, the former slurries coalesce the positive characteristics of both ore
types. This is attributed to the combined effect of geology that imparted
mineralogical composition and environment described by pore water chemistry.
Detailed discussion of the influence of these compositional and environmental
factors on the solid-liquid separation behavior of laterite ore slurries is discussed

latter in this chapter.

4.2.3 Specific Gravity

Table 4.1 indicates that the specific gravity of laterite ores is higher than most
sedimentary soils and falls within the range 2.8 to 3.2, common for residual soils.
This is atiributed to the presence of heavy iron oxides in these ores (Gidigasu
1976). The high values of specific gravity of the raw ores partly contribute in
improving the solid-liquid separation behavior of the slurries. Slight improvement
is observed for the limonite-saprolite ore slurry from the Philippines that has a
specific gravity of 3.16. This value of specific gravity is also responsible for a
higher value of void ratio of the Philippines ore slurry despite its low solids
content. For all ore slurries, the corresponding void ratios reflect the underflow
solids content in the storage thickener due to similar values of specific gravity.
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4.2.4 Grain Size Distribution
Figure 4.1 gives the grain size distribution of various laterite ore slurries. Results
of the combined hydrometer and wet sieve analyses depict the true grain sizes of
the investigated slurries because complete dispersion was achieved during the test
(Townsend et al. 1971; Wintermeyer & Kinter 1954). Based on ASTM
definitions, the figure distinguishes between three grain sizes for laterite ore
slurries. A sand size refers to material coarser than 0.075 mm and a clay size
pertains to material finer than 0.002 mm; a silt size is sandwiched between the
former two sizes of grains.

Figure 4.1 shows that the amount of sand size material is only 7 to 8% for
all of the laterite ores; material finer than 0.075 mm is in the range of 92 to 93%
as indicated by Table 4.1. This means that similar slurry preparation procedures
are adopted throughout the world and therefore the resulting laterite ore slurries
are generally composed of very fine materials. Figure 4.1 further illustrates that
bulk of the materials of all of the laterite ore slurries fall in the silt and clay size
regions. However, as indicated by this figure and Table 4.1, the amount of clay
size material in each of the ore slurry is variable. According to Golightly (1981),
the variability in the grain size distribution curves of various types of laterite ore
slurries is due to the variable degree of removal of sesquioxide coating from soil
particles during wet screening. As stated earlier, such a removal primarily
depends upon particle bond strength, aggregate size and mineralogical

composition (Schramm 1996).
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Figure 4.1 indicates that the limonite ore shurry from Cuba is a slightly
gap-graded material (concave upward gradation curve with clearly defined
inflection points) containing a clay size fraction of 20%. On the contrary, the
limonite-saprolite ore slurry from Philippines is well-graded (relatively linear
gradation curve and vague inflection peints) with a clay content of 35%. The
limonite-saprolite ore from Australia is a poorly-graded shurry as more than half
of the material is finer than the clay size. The linear gradation curve of the
saprolite ore from Indonesia indicates a well-graded slurry and an amount of the
clay size material equal to 18%.

Grain size distribution influences the mechanical and the physico-
chemical interactions of laterite ore slurries. First, the very fine gradation of these
slurries is partly responsible for the high void ratios in the storage thickeners as
indicated in Table 4.1. Second, well-graded materials help minimize segregation
of the clay and coarse fractions as discussed in the next section. Third, the clay
size fraction of these slurries governs the colloid-electrolyte interactions, which in

turn, influence plasticity, volume change and hydraulic conductivity.

4.2.5 Segregation

Figure 4.2 gives the results of the segregation tests on various laterite ore slurries
in the form of normalized height versus solids content for different initial solids
content. This figure shows that the observed solids content increases with depth
and that the profiles tend to reach the vertical with increasing initial solids
content. This behavior is attributed to diminishing segregation at high initial solids
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content, which correspond to higher amounts of clay size grains in the samples.
These clay size grains tend to create a mesh in which the coarse grains are trapped
and hence the latter cannot settle first (Caughill et al. 1993). The entrapment of
coarse grains by clay size grains is clearly observed in the limonite-saprolite ore
shurries, both of which contain high clay size fractions. Conversely, the gap-
graded limonite ore slurry from Cuba with 20% clay size fraction shows greater
deviation from the vertical for all values of initial solids content. Despite a low
clay size fraction, the saprolite ore slurry from Indonesia exhibits minimum
segregation due to its well-graded grain size distribution.

Figure 4.3 gives the percentage of segregation as a function of the initial
solids content for various laterite ore slurries. This figure indicates that variation
in the segregation characteristics of different slurries is marginal owing to the low
and nearly same amount of coarse size material. Most of the laterite slurries are
indicated to exhibit 3 to 12% segregation. The only exception is the limonite-
saprolite ore slurry from Australia that shows 23% segregation at 5% initial solids
content. This single point is attributed to the poor gradation of the slurry or a
possible experimental error.

On Figure 4.3, a segregation limit (/5) is defined as the initial solids
content that pertains to 5% segregation with depth measured during the test.
Based on this definition, I values for the four laterite ore slurries are given in
Table 4.1. These values indicate that all of the laterite ore slurries are essentially

non-segregating at an initial solids content of 15%.
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4.2.6 Consistency Limits

Table 4.1 indicates that laterite ores have variable consistency limits. This is
atiributed to their distinct mineralogy, which is derived from geology and the
environment, as well as chemistry of the pore water used during slurry
preparation. The high consistency limits of some of the laterite ores suggest the
possible presence of clay mineral species as well as amorphous materials such as
iron oxide and silica (Mitchell 1993). Despite the high amount of clay size
fraction, the low consistency limits of the limonite-saprolite ore from Australia
indicate that the water used for feed preparation contained high concentrations of
various electrolytes.

The plasticity chart (Casagrande 1948) gives a preliminary assessment of
the mineralogical composition of soils. Figure 4.4 that shows the regions of
various clay minerals and sand, plots various laterite ores on such a chart. This
figure illustrates that all of the laterite ores fall in the high liquid limit zone and
below the A-Line. According to Holtz & Kovacs (1981), soils plotting in this
region of the plasticity chart can be classified as micaceous fine sandy and silty
clays. Based on their position on the plasticity chart, these laterite ores are
expected to contain micaceous clay minerals such as chlorite and hydrous mica as
well as kaolinite. However, these minerals will only comprise part of the material
in the laterite ores and the bulk is expected to be composed of iron and aluminum
oxides. A comprehensive account of the mineralogical composition of different

laterite ores is given in the next section.

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uolssiwiad Inoyrm payngiyold uononpoudal Jayung “1sumo 1ybuAdoo au Jo uolssiuuad yum paonpoldey

144!

Plasticity Index (%)

75

60

N
W

Ll
o

15

Limonite Ore (Cuba)

Limonite-Saprolite Ore (Philippines) ‘\3&

Limonite-Saprolite Ore (Australia) g

Saprolite Ore (Indonesia)

]
a ®
Micaceous
i IS fine sandy and silty clays
— High w,
Low w, +—
0 25 50 75 100
Liquid limit (%)

Figure 4.4: Plasticity chart for laterite ores

125



43
4.3.1 General

Mineralogical composition governs the size, shape and surface characteristics of
soil particles. It determines the interaction of the solid phase with the liquid phase
and hence affects sedimentation, consolidation and hydraulic conductivity
(Mitchell 1993). Results of x-ray diffraction (XRD) analyses, anion exchange and

cation exchange are discussed here.

4.3.2 X-Ray Diffraction

Figure 4.5 highlights the main constituent minerals on the x-ray diffraction
patterns of bulk samples of the laterite ores. This figure shows that all of the
laterite ores contain goethite (a-FeO.0OH), which is derived from the conversion
of olivine. According to Burger (1979) and Troly et al. (1979), such mineral
transformation can take place under both humid and arid climates, which ensure
intense and prolonged weathering under low pH (Mohr & Van Baren 1954). This
process of laterization involves leaching of silica and accumulation of iron and
aluminum oxides ((Loughnan 1969; Pickering 1962). .

Figure 4.5 also shows maghemite (Fe;O3) and hematite (o-FeyO3) for the
limonite ore and both the limonite-saprolite ores; gibbsite (Al(OH);) is present in the
former ore. The presence of maghemite and hematite in these samples is due to
goethite desiccation that means the conversion of sesquioxide-rich material to

secondary minerals (Sherman et al. 1953). Attributed to hot climate, such dehydration
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of colloidal hydrated iron oxides involves loss of water and crystallization of
amorphous iron colloids into dense crystalline iron minerals (Hamilton 1964).
However, part of the silica and iron oxides are not completely converted and
occur in amorphous form as is shown for both the limonite-saprolite ores and the
saprolite ore.

The x-ray diffraction patterns shown in Figure 4.5 for both the limonite-
saprolite ores and the saprolite ore indicate the presence of various clay mineral
species. All of these samples show the presence of 1:1 phyllosilicate clay having
first and second order diffraction peaks at 14° and 28° angle (20); the second peak
being 60% of the first peak. Having a d spacing of 7.05 A, this clay mineral is
identified as chrysotile, which is a member of the kaolinite-serpentine group.
Chrysotile results from the oxidation or serpentinization of the olivine-rich parent
rock known as peridotite and involves alteration of Mg and Si0O; (Krause et al.
1997). This reaction also causes an increase in Mg®* content in the soil
(Golightly1979a).

Figure 4.5 also indicates the presence of indistinguishable 2:1 and/or 2:2
phyllosilicates between 5° and 7° angle (20) for the limonite-saprolite ore from
Australia and the saprolite ore form Indonesia. Still, the figure reveals poorly
crystallized material seen as shoulders on the low side of 7° angle (26), which are
attributed to the presence of chloritic intergrade in these samples (Grim 1968).
This hybrid mineral occurs between mica (d spacing of 10 A) and chlorite (4

spacing of 14 A) and is the product of progressive weathering of deeply buried
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mica. According to Worrall (1968), such a weathering process causes
depotassification (removal of K') in the crystal structure of mica that contains
about 9% potassium. The extent of depotassification of mica governs the electro-
chemical properties of the resulting intergrade mineral. The chloritic intergrade of
the limonite-saprolite ore from Ausiralia is more expandable-collapsible in nature
as indicated by the sharp and higher peak at 7° angle (26).

A comprehensive clay mineral identification was not carried out for
various laterite ores. This is because of the fact that clay platelets are invariably
coated with ultrafine sesquioxide particles thereby inhibiting the electro-chemical
activity of the former. This means that clay minerals are less significant and
detailed clay mineral identification is redundant for this application. To obtain a
tangible bulk mineralogy, grain size distributions identical to ambient process
conditions were obtained. The maximum grain size for bulk XRD specimens was
0.85 mm; fine extraction, preheating, and calcium and potassium presaturations
were not done.

The amount of each mineral type in various laterite ore samples depends
upon local provenance (climate, lithology and topography). Table 4.2 gives a
semi-quantitative estimate of x-ray diffraction results for various laterite ores.
This table indicates that all of the ores contain variable amount of heavy minerals
such as goethite, hematite, maghemite and iron oxides. The presence of these
heavy mineral species is the main factor that contributes to the high observed

specific gravity of the ore materials depicted in Table 4.1.
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Table 4.2. Percent amount of various minerals in laterite ores

Sample Type and Origin
Mineral Limonite Ore  Limonite-Saprolite Ore Saprolite Ore

Cuba Philippines Australia Indonesia
Chrysotile 10-15 10-15 15-20
Chloritic
Intergrade 40-45 30-35
Goethite 60-65 55-60 10-15 15-20
Gibbsite 15-20
Hematite 10-15 15-20 5-10
Maghemite 10-15 10-15 10-15
Silica and/or
Iron oxides 10-20 25-35
Estimated G;  4.0-4.9 3.9-438 3.1-4.7 2.9-39
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Based on mineralogical composition, an estimate of specific gravity can
be made using G, values of 4.26 for goethite; 5.26 for hematite and maghemite
(Gidigasu 1976); and 2.75 for clay minerals and gibbsite (Grim 1968). A
comparison of Table 4.1 and Table 4.2 indicates discrepancies between measured
and estimated G; values for various laterite ores. This disagreement is attributed to
the semi-quantitative nature of interpreting XRD results. Due to difficulty in
quantification, amorphous materials were excluded from G; calculation of the
limonite-saprolite ore from Australia and the saprolite ore from Indonesia. This
resulted in an underestimation of specific gravity for these ore samples.

Table 4.2 also explains the consistency behavior (depicted earlier in Table
4.1) of various laterite ores. The table shows that the ores containing high amount
of clay minerals such as chrysotile and chloritic intergrade possess higher water
holding capacity than those ores with low or no clay minerals. However, these
clay minerals are not the only contributors to the high consistency limits of
various laterite ores. Amorphous silica also tends to hold water due to adsorption
and capillary condensation. The high amount of siliceous materials in the saprolite
ore is responsible for providing additional plasticity due to its gelatinous
characteristics (Briceno & Osseo-Asare 1995).

The limitations of XRD analyses for laterite specimens must be taken into
account to better understand the resulits. Identification of amorphous materials
with x-ray diffraction is not straightforward; non-crystalline materials appear as

baseline noise on XRD patterns. The analyses depend on the degree of
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crystallinity of the material and the grain size. This latter parameter is critical due
to coating of soils particles with sesquioxides, which are inconsistently removed
during slurry preparation because of the variability in particle bond strength of
different ores (Schramm 1996). The use of random samples results in an exposure
of the different crystal faces thereby revealing all d spacings. This leads to weak
diffraction peaks in specimens containing clay minerals, for which basal spacing
intensity is reduced. Finally, the use of peak area method for calculating the
amount of minerals is semi-quantitative and not suitable for amorphous materials.
Despite these limitations, x-ray diffraction technique applied to laterite ores gives
invaluable information about soil composition. To compensate for the limitations

of the method, results of XRD analyses are supplemented by other tests.

4.3.3 Anion Exchange

Table 4.3 gives the anion exchange of laterite ores. The table indicates that the
limonite ore has a marginal TAEC of 2.89 cmol(-)/kg. Derived from equal
amounts of Cl” and SO, ions, this value is attributed to the presence of goethite
in the sample. On the other hand, the values of TAEC for all the other ores are
much higher and almost equal. The high TAEC values associated with these ores
owe their origin to the presence of chrysotile clay mineral, amorphous materials
and sesquioxides. At pH values below PZC that ranges from 6.8 to 8.5 (Prafitt
1978), the broken edges of these mineral species facilitate a positively charged
double layer (Mitchell 1993). Further, the TAEC of the ores is mainly derived
from SO4” ion because of the preferential adsorption of the ion (Tan 1998).
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Table 4.3. Anion exchange of laterite ores

Samnple Type and Origin
Exchangeable
Anions Limonite Ore  Limonite-Saprolite Ore Saprolite Ore
(cmol(-)/kg)
Cuba Philippines Australia Indonesia
Cr 1.51 1.36 1.22 3.00
NGOy 0.22 0.16 0.20 0.19
SO 1.17 15.31 15.55 12.67
TAEC 2.89 16.83 16.97 15.86
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4.3.4 Cation Exchange

Table 4.4 presents the cation exchange of laterite ores. The table indicates that the
limonite ore exhibits a TCEC of 14.52 cmol(+)kg, which is mainly derived from
exchangeable AP" and Fe®". The high amount of these high valence cations is
responsible for the high liguid limit of this ore, which is devoid of expansive clay
minerals (Mitchell 1993). This is also frue for the limonite-saprolite ore from
Philippines, which has a TCEC of 18.87 cmol (+) / kg and is due to Mg®*, Al**
and Fe**. The high amount of Mg?" in this latter ore is due to the presence of
chrysotile in the specimen (Golightly1979a).

The higher TCEC values of the limonite-saprolite ore from Australia and
the saprolite ore from Indonesia portray the type and amount of clay minerals
present in these ores. The high amount of Mg”" in both these ores is attributed to
the presence of chrysotile clay mineral. Further, the significant amount of Na" and
Ca®" in the former ore is associated with a more expandable-collapsible chloritic
intergrade. The presence of Na', Ca®" and Mg®" in both the ores, a common
feature of arid region soils (Brady 1990), indicates clay mineral formation.

Table 4.4 also translates the cation exchange of different laterite ores to
their microstructure by reporting exchangeable sodium percentage (ESP).
According to Mitchell (1993), soils with ESP < 2 possess a flocculated structure
whereas those with ESP > 2% are susceptible to dispersion. Therefore, with the
exception of the limonite ore slurry from Cuba, slurries prepared from all the

other ores are expected to possess dispersed soil morphology.
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Table 4.4. Cation exchange of laterite ores

Sample Type and Origin
Exchangeable
Cations Limonite Ore Limonite-Saprolite Ore Saprolite Ore
(cmol(+)/kg)

Cuba Philippines Australia Indonesia
Na* 0.21 0.47 1.25 1.13
K* 0.14 0.09 1.26 0.07
Ca”" 0.13 1.50 8.77 2.73
Mg 1.04 6.35 28.29 30.87
AP 5.47 425 2.91 0.24
Fe** 7.32 6.11 2.11 1.58
TCEC 14.52 18.87 44.56 36.35
ESP (%) 1.45 2.49 2.81 3.11
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44 PORE WATER CHEMISTR

4.4.1 General

The characteristics of the water filling the pores of a soil have a profound effect
on the interaction of the solid particles. The electro-chemical forces at the
interface of pore water and solid particles govern soil behavior. This section
presents the chemical characteristics of the pore water. These include pH and

electrical conductivity and electrolyte concentration.

4.4.2 pH and Electrical Conductivity

Table 4.5, which summarizes the pore water chemistry, indicates that the water
used in slurry preparation is generally neutral to slightly basic. This means that all
materials are close to the PZC for the given mineralogy. Therefore, the
conventional double layer theory is applicable to the colloid-electrolyte system of
laterite ore slurries.

Table 4.5 indicates that the electrical conductivity (EC) measured for pore
fluids of various laterite ore slurries varies significantly. Since, EC strongly
correlates with soil composition (Grim 1968), the reported values confirm the
mineralogy of various laterite ores. In general, siits have a medium EC of 50 to
300 and clays are associated with a high EC that ranges between 100 and 10,000
uS/cm. In addition to soil composition, the EC values are also affected by the
presence of salts in the soil (Rhoades et al. 1990). Therefore, both the limonite-
saprolite ore slurries are expected to have high concentrations of salt forming ions

such as Na', CaZ+, Mg2+, Cl'and 8042'.
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Table 4.5. Pore water chemistry of laterite ore slurries

Sample Type and Origin
Property Limonite Ore  Limonite-Saprolite Ore Saprolite Ore

Cuba Philippines Australia Indonesia
pH 7.1 7.2 7.5 7.3
EC (uS/cm) 156 744 12500 442
Na' (mg/L) 21.1 17.0 2530.0 9.8
K’ (mg/L) 1.1 1.1 40.0 0.4
Ca®* (mg/L) 3.5 19.5 134.0 2.1
Mg* (mg/L) 2.8 87.0 381.0 54.1
Mn*" (mg/L) 0.001 0.002 0.007 0.147
AP (mg/L) 0.008 0.016 0.120 0.008
Fe’* (mg/L) 0.01 0.12 0.76 0.05
Si*" (mg/L) 1.1 2.2 18.5 11.7
Cl" (mg/L) 20.5 28.4 4070.0 16.7
NOs5 (mg/L) 1.9 1.3 34.3 2.1
HCO;5 (mg/L) 15 24 94 30
SO (mg/L) 20.2 386.0 1300.0 185.0
TDS (mg/L) 77 550 8500 283
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4.4.3 Electrolyte Concentration

Table 4.5 also gives the concentration of individual cations and anions present in
the pore water of various laterite ore slurries. The table indicates that the chemical
compositions of all these waters have the same trend; Na®, Ca®", Mg®*, CI' and
SO4* are present as major ions in all pore waters. It follows that water used
during slurry preparation was obtained from identical sources having variable
degrees of dilution. This is confirmed by plotting the various cations and anions
depicted in Table 4.5 on the Stiff diagram as shown in Figure 4.6. This figures
illustrates similar shapes of the Stiff diagrams, which are typical of seawater. It
follows that readily available local waters were used for slurry preparation and
that the sources of water were located in the proximity of the sea.

Flocculation of colloids results from a thinner double layer and a smaller
surface potential (Mitchell 1993). Table 4.5 that also gives the total dissolved
solids (TDS), indicates that the TDS values for the pore waters vary by two orders
of magnitude. The TDS of pore water in the limonite ore slurry is 77 mg/L that
can result in a thick double layer and a dispersed fabric for clay particles (Verwey
& Overbeek 1948). However, due to the fact that this ore primarily consists of
sesquioxides, which tend to occur in aggregations, a flocculated structure is
expected for this slurry. On the contrary, dispersed fabrics are anticipated for all
the other ore slurries owing to the presence of high amount of Na’ ion. For a
dispersed fabric, the influence of this ion overcomes that of all of the others ions

and can therefore be called as the potential determining ion.
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4.5 MORPHOLOGY

4.5.1 General |

Morphological analyses were used for a qualitative evaluation of laterite ore
shurries. This section presents a microstructural assessment of laterite ore slurries
obtained from the storage thickener. Therefore, these visual observations pertain
to soil fabric after the completion of the sedimentation stage in the solid-liquid
separation process. Results of scanning electron microscopy are studied in

conjunction with elemental analyses.

4.5.2 Scanning Electron Microscopy

Figure 4.7, 4.8, 4.9 and 4.10 give the morphological details of limonite ore shurry
(Cuba), limonite-saprolite ore slurry (Philippines), limonite-saprolite ore shury
(Australia) and saprolite ore slurry (Indonesia), respectively. All of these figures
comprise of four micrographs, each with a different magnification and designated
by a scale. These enlargements include (a) 20 times, (b) 200 times, (c) 500 times
and (d) 2000 times. The first micrograph (a) represents the whole specimen in the
3 mm circular plastic straw. This micrograph was taken to observe the fractured
surface during sample preparation. The second micrograph (b) is an enlargement
of the selected area on the first micrograph. This location was selected to denote
an area that closely represents the entire slurry. The third micrograph (c) and the
fourth micrograph (d) show magnified locations on micrograph (b). These two
micrographs were taken either to inspect exaggerated portions of the micrograph

(b) or to highlight some peculiar features on that micrograph (b).
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Figure 4.7 shows the morphology of the limonite ore slurry from Cuba.
Micrograph (a) shows the development of cracks during sample preparation.
Micrograph (b) illustrates the presence of coarse grains scattered through out the
clay matrix. Micrograph (c), which focuses on the clay matrix, shows that this
matrix is composed of separate but mutually conjoined colonies. Micrograph (d)
shows that these agglomerated colonies are composed of very fine needle-like
goethite particles, which are smaller than the clay size particles (2 um).
Confirming the XRD results for the same material, this micrograph shows that the
clay matrix is composed of non-clay minerals. Further, these minerals are
observed to result in flocculated soil fabric in the given medium of low electrolyte
concentration and neutral pH. Therefore, the limonite ore slurry from Cuba is
expected to undergo rapid settling.

Figure 4.8 presents the microstructure of the limonite-saprolite ore slurry
from Philippines. Micrograph (a) shows a slightly curved (downward at right
corner) surface of the specimen. Micrograph (b) shows the presence of evenly
distributed coarse grains scattered through out the clay matrix. These grains are
either silt size particles or colonies of clay minerals. Micrograph (c) illustrates a
morphology similar to that of the limonite ore slurry from Cuba with the
additional feature of an occasional clay particle association. Micrograph (d)
highlights the clay association and shows platy sheets of chrysotile clay mineral
arranged in a cardhouse fashion and coated with needle shaped goethite. Figure

4.8 not only confirms the presence of small amount of clay minerals but also
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shows their dispersion in the given environment characterized by a neutral pH and
a relatively higher electrolyte concentration. However, that environment does not
cause a complete dispersion of the entire sample that is composed of goethite,
hematite and maghemite. Therefore, the solid-liquid separation behavior of the
limonite-saprolite ore slurry from Philippine is expected to be somewhat lower
than that of the limonite ore slurry from Cuba.

Figure 4.9 gives the fabric of the limonite-saprolite ore slurry from
Australia. Micrograph (a) fshows the perfect surface for SEM analysis.
Micrograph (b) illustrates the irregular distribution of silt size particles in the clay
matrix. Micrograph (c) that presents an enlargement of the clay matrix shows
complete dispersion of the clay particles. Micrograph (d) shows that this
cardhouse structure has resulted from face-to-face association of the clay particles
with spacing of about 2 pum. This figure verifies clay dispersion due to the
presence of exchangeable sodium, a slightly basic medium and a high electrolyte
concentration. The solid-liquid separation behavior of this material is anticipated
to be much slower than both of the above mentioned ore slurries.

Figure 4.10 gives the morphology of the saprolite ore slurry from
Indonesia. Micrograph (a) exhibits a good specimen surface with some
corrugations and protuberances. Micrograph (b) shows a clay matrix similar to
that of the limonite-saprolite ore slurry from Australia. Likewise, Micrograph (c)
that magnifies the clay matrix, illustrates complete dispersion. Micrograph (d),

which examines the cardhouse fabric, shows a very loose packing for this slurry
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with inter-particle spacing of the order of 10 to 12 pm. This micrograph also
shows the overwhelming presence of amorphous material in the form of small
globules (smaller than 1 pum) coating the clay particles. Figure 4.10 confirms clay
dispersion in a slightly basic medium and low electrolyte concentration. The
voluminous cardhouse structure of clay particles coated by the amorphous
materials, as observed in this figure, is attributed to some peculiar feature of the
latter material not explained by the classical double layer theory. The important
consequence of that fabric is slow sedimentation and consolidation and a reduced

hydraulic conductivity for this slurry.

4.5.3 Elemental Analysis

Figure 4.11 gives the elemental analysis of SEM samples (shown in Micrographs
(a)) for various laterite ore slurries. For each sample, this figure shows two Au
peaks due to gold coating of the specimens and one high Fe peak associated with
the presence of goethite, hematite and maghemite. In the limonite ore slurry from
Cuba, the low Al peak appears to be associated with gibbsite. Clay forming
elements such as Fe, Na, Mg, and Si, appearing in the other three slurries confirm
the presence of clay minerals in these samples. The high Si peak appearing in the
limonite-saprolite ore slurry (Australia) as well as in the saprolite ore slurry
(Indonesia) denotes the presence of amorphous silica and quartz in these samples.
Therefore, elemental analysis helped in specimen identification during scanning
electron microscopy and in the confirmation of results obtained from x-ray

diffraction analysis.
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Figure 4.11: Elemental analysis of SEM specimens of laterite ore slurries
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4.6.1 General

This section presents the solid-liquid separation behavior of laterite ore slurries.
At the outset, the influence of the diameter to height ratio on such a behavior is
investigated. The results of sedimentation and consolidation tests are studied in
the light of the laboratory characterization given throughout this chapter for
various materials. To correlate morphology with consolidation, results of
scanning electron microscopy, conducted on specimens cut from the latter test

sample, are presented.

4.6.2 Diameter-Height Ratio

The effect of diameter to height ratio on the solid-liquid separation behavior of
laterite slurries was investigated by conducting four sedimentation tests with
variable Dy/H,. Figure 4.12 gives the results of these tests conducted on the
limonite-saprolite ore slurry from Philippines using identical beakers of 8.3 cm
diameter. This figure shows insignificant variation in sedimentation curves for
different Do/H, ratios and closely matching H/H, values after 30 minutes of
sedimentation. This means that the sedimentation curves are reproducible within
experimental error induced by test conditions or observer’s bias. Further, this
figure illustrates that the limonite-saprolite ore slurry undergoes a rapid
sedimentation that allows the determination of the initial hydraulic conductivity
from data observed in the initial ten minutes of sedimentation. Such observations

are generally applicable to all types of laterite slurries.
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Figure 4.13 gives the variation in the initial hydraulic conductivity for
various Dy/H, ratios. This figure shows an exponential decrease in the initial
hydraulic conductivity with increasing D/H,. Bulk of this decrease (15%) is
observed when the Dy/H, ratio is changed from 1 to 2 whereas insignificant
variation in the initial hydraulic conductivity occurs for D/H, ratios between 2, 3
and 4. These observations are attributed to the formation of channels in the
sedimenting materials. Recorded annotations during laboratory experiments
suggest an increased tendency of channel formation for higher initial sample
height. These channels not only provide paths of least resistance for water flow
but also reduce tortuousity thereby further increasing the initial hydraulic
conductivity. To facilitate rapid sedimentation and to mimic thickener geometry, a
Do/H, ratio of 1 was used for all sedimentation tests during this research. The high
initial height required to obtain this ratio also allowed the development of a clear
solid-liquid interface thereby assisting in reducing the experimental errors. After
complete sedimentation, sample height of less than half of H, was achieved for
most of the laterite slurries. This ensured that the influence of Dy/H, during the

consolidation stage of the solid-liquid separation process is negligible.

4.6.3 Sedimentation

Figure 4.14 gives sedimentation test results in the form of interface height, void
ratio and solids content as functions of time. Figure 4.15 shows part of the interface
height versus time plot for the determination of initial hydraulic conductivity.
Table 4.6 summarizes the sedimentation behavior of laterite ore slurries.
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(a) Interface Height versus Time
(b) Void Ratio versus Time
(c) Solids Content versus Time
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Figure 4.14: Sedimentation test results for laterite ore slurries
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Table 4.6. Summary of sedimentation test results for laterite ore slurries

Sample Type and Origin
Property Limonite Ore  Limonite-Saprolite Ore Saprolite Ore
Cuba Philippines Australia Indonesia

Conditions at the Start of Sedimentation Test

H, (cm) 8.30 8.36 8.34 8.30
5o (%) 15 15 15 15
e 16.55 17.91 16.55 16.55
%o (kg/m’) 1109 1114 1109 1109
o, (Pa) 89 94 90 89

Hydraulic Conductivity During the Sedimentation Test

Vs (cm/min) 0.8029 0.1439 0.106 0.0010
7 1.92 2.16 1.92 1.92
k (cy/s) 122x100  210x10%  1.61x107 1.53x 10

Conditions at the End of Sedimentation Test

Hi (em) 2.86 3.89 4.90 8.04
57 (%) 33.87 27.04 23.10 15.41
er 5.70 8.53 9.72 16.03
kg/m®) 1287 1227 1179 1113
of (Pa) 80 89 86 89
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The sedimentation behavior of laterite ore slurries is the result of the
combined effect of geotechnical index properties, mineralogy and pore water
chemistry; all of which result in a specific morphology. Detailed discussions of
these material characteristics and the expected solid-liquid separation behavior
were provided earlier in this chapter. This section confirms and explains the
engineering behavior of laterite ore shurries.

Figure 4.14 shows that the limonite ore slurry from Cuba has the most
rapid sedimentation. This is attributed to the mechanical action of coarse particles
in this slightly gap-graded material and the presence of high amount of heavy iron
oxides in a neutral environment, which result in a flocculated morphology. This is
followed by the limonite-saprolite ore slurry from Philippines. The sedimentation
behavior of this slurry is due to a well-graded material with 35% clay size
content, the presence of clay minerals and reduced amount of iron oxides, and
higher amount of electrolytes in the pore water. These material characteristics
result in a generally flocculated fabric with localized cardhouses of clay particles.
The sedimentation behavior of the limonite-saprolite ore slurry from Australia is
dominated by the presence of high amount of clay size fraction including clay
minerals and amorphous materials and a high concentration of pore water
electrolytes. This causes a completely dispersed soil fabric that is difficult to
dewater under self-weight. Although, the amount of clay mineral is lower in the
saprolite ore slurry from Indonesia, this material has high amount of amorphous

materials. In the given environment, the amorphous materials partially coat a
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significant amount of the clay platelets. This means that clayey material as well as
individual clay platelets can be oppositely charged. Such incomplete coating of
clays results in a voluminous cardhouse morphology with an associated slow
sedimentation. Therefore, the sedimentation behavior of laterite ore slurries
follows a decreasing trend as materials change from limonite though saprolite ore.

Figure 4.15, which is the enlarged version of sedimentation curve of
Figure 4.14(a), gives the water release rate for various laterite ore slurries. This
figure shows that the slope of the initial straight-line portion of the sedimentation
curve decreases from limonite through saprolite ore slurries. Again, this is
attributed to the aforementioned reasons.

Table 4.6 that summarizes the sedimentation test results for laterite ore
slurries divides the test into three stages. This table indicates approximately
constant initial conditions at the start of the sedimentation tests. The slightly
higher values for the limonite-saprolite ore slurry are due mainly to the high
specific gravity of this material. The table reports that the &; of all ore slurries is
higher than sedimentary clays. This is attributed to the high specific gravity of
laterite ores and negligible segregation of their slurries. Further, the initial
hydraulic conductivity of various laterite ores follows the same decreasing trend
from limonite through saprolite ore slurries. The final conditions at the end of
sedimentation tests indicate effective stress lower than at start. This is due to the
high time requirement for the completion of the sedimentation stage: the test

duration of 24 h is insufficient to completely dissipate the excess pore pressure.
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4.6.4 Consolidation
4.6.4.1 General

A comparison of Table 4.1 and Table 4.6 reveals that during sedimentation the
limonite ore shurry from Cuba achieves a solids content equal to that of the
storage thickener. Conversely, the other three ore slurries do not reach the same
under self-weight. Therefore, these latter materials need to undergo consolidation
to get the desired solids content in the storage thickener. However, limonite-
saprolite ore slurry from Philippines was selected for the consolidation test
because of the increasing use of such materials due to their reduced operational
cost (Chalkley & Toraic 1997). This section gives the consolidation test results

coupled with fabric studies for the limonite-saprolite ore slurry from Philippines.

4.6.4.2 Test Result

Figure 4.16, 4.17 and 4.18 give consolidation test results in the form of sample
height, void ratio and solids content versus time for different load increments.
These results are summarized in Table 4.7, which indicates that bulk of the solid-
liquid separation occurs under self-weight. Under self-weight a 65% dewatering is
achieved as the void ratio changes from 17.9 to 8.0 and the solids content changes
from 15 to 28%. This is mainly atiributed to the high specific gravity (3.16) of the
limonite-saprolite ore slurry from Philippines. Up to an effective stress of 8 kPa,
an additional 18% dewatering is observed with an associated void ratio change
from 8.0 to 5.2 and a solids content increase of about 9%. Increase in ¢” beyond 8

kPa results in less than 5% dewatering and increase in solids content.
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Figure 4.16: Consolidation of limonite-saprolite ore slurry
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Table 4.7. Changes during solid-liguid separation of laterite ore shurry

o’ (kPa) AH/H (%) e s (%) Dewatering (Yo)*
Initial state 0.0 17.9 15.0 0.0
Self-weight 55.4 8.0 28.4 65.0

0.9 65.2 6.2 33.7 76.4

1.9 66.6 6.0 34.5 78.0

4.1 68.3 5.7 35.8 80.1

8.1 70.9 52 37.7 83.1
16.1 72.5 4.9 39.1 85.0
32.1 73.5 4.8 39.9 86.1
64.1 74.4 4.6 40.8 87.3
* Change in water volume divided by initial water volume
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Figure 4.19 gives the pore pressure measurements for each load increment.
This figure indicates an initial abrupt increase in excess pore pressure with load
application and a subsequent steady decrease; high excess pore pressure measured
for high load increments. Pore pressure equilibration occurs within the first two
hours of load application for all loads.

Figure 4.20 presents the hydraulic conductivity data measured afier each
load increment in the consolidation test. This figure shows that the variation in
hydraulic conductivity is four orders of magnitude for different load increments.
Despite the initial scatter in the data points indicated in Figure 4.20, steady state
values are observed within about 30 minutes of water flow through the specimen.

The drop in flow from an initial to a steady state value decreased with
increasing stress. This is attributed to the diminishing physical changes in the
specimen with decreasing void ratio. Olsen et al. (1985), suggested that such
time-dependent flow can be due to one or more of the following reasons: (a)
undissolved air in the equipment and/or specimen; (b) equipment compliance
depending on fabrication material and applied gradients; (c) inertia required to
move the pore fluid; and (d) time-dependent changes in pore space distribution.
Using identical equipment and test conditions for oil sand tailings, Suthaker &
Scott (1996) showed that the last reason is the most likely cause of the cbserved
time-dependent flow. They concluded that transient phenomenon is repeatable
and the initial conditions retainable. Therefore, the steady state value was taken

as the hydraulic conductivity and used in the analysis during this research.
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Figure 4.21 and Figure 4.22 summarize the consolidation test results for
the limonite-saprolite ore slurry from Philippines. Described as power laws, these
two figures give the hydraulic conductivity-void ratio and the void ratio-effective
stress relationships, respectively. Data in these two figures is shown in cm/sec and
kPa units as well as in m/min and Pa units, Fit parameters obtained from the latter
units are used in the numerical analysis, described latter in this chapter. For the
two relations, the 4 and C parameters denote the intercept or position of the fit
whereas the B and D parameters signify the slope or shape of the curve.

Figure 4.21 indicates that the hydraulic conductivity decreases by more
than three orders of magnitude (10 to 107 cm/sec) as the void ratio is decreased
from 8.0 to 4.0. The investigated ore slurry exhibits a hydraulic conductivity
similar to clays (< 10 cmy/sec at e < 2.0) at a higher void ratio of 5.0. This is
attributed to the high tortuousity imparted by the ultra-fine, needle-like goethite
crystals. The angular nature of these hard sesquioxide particles is also responsible
for the low compressibility of limonite-saprolite ore slurry from Philippines. A
similar behavior is envisaged for the limonite ore slurry from Cuba. Other laterite
ore slurries with high amount of soft clay minerals and rounded amorphous

materials should exhibit higher compressibility.

4.6.4.3 Morphology

Figure 4.23 and Figure 4.24 give the sample morphology after the completion of
the consolidation test for specimens cut in the vertical (parallel to applied stress)
and lateral (perpendicular to applied stress), respectively. These two figures indicate
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insignificant differences between soil microstructure in the two perpendicular
directions. Micrographs (2) of both of these figures show good fractured surfaces
during sample preparation. Micrographs (b) show dense soil fabrics composed of
particle assemblages with sizes ranging from 10 to 100 pm. Micrographs (c)
indicate the presence of a slightly larger number of pore spaces for the vertically cut
specimen when compared with the laterally cut sample. Micrographs (d) illustrate
that the size of these inter-assemblage pore spaces are 1 to 5 um in the vertical
direction and 1 to 3 um in the lateral direction. The size and tortuousity of these
inter-assemblage void spaces govern the hydraulic conductivity of the specimen.
These voids are affected by particle hardness and angularity, which in turn, control

the compressibility of the soil sample.

477 NUMERICAL SIMI
4.7.1 General

LATION

This section describes the performance prediction of various laterite ore slurries.
Sedimentation test data was fitted by iterative variation of 4 and B parameters
used in the hydraulic conductivity-void ratio relation; data fitting was checked
against the measured initial hydraulic conductivity. Such simulation allowed the
determination of hydraulic conductivity-void ratic relationship without
conducting the consolidation test. Similarly, the behavior of a storage thickener is
modeled using the large-strain consolidation test data for the limonite-saprolite

ore slurry from Philippines.
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4.7.2 Laboratory Data

Figure 4.25 gives the modeling of sedimentation curves for various laterite ore
sturries. This figure shows that, with the exception of the limonite ore slurry from
Cuba, the laboratory data fits well to the initial part of the sedimentation curve
that was used for the determination of initial hydraulic conductivity. Further, the
laboratory determined hydraulic conductivity-void ratio relation of the limonite-
saprolite ore slurry from Philippines matches closely with the curve. Using these
hydraulic conductivity-void ratio relationships, Figure 4.26 depicts the behavior
of various laterite ore slurries. This figure shows that the hydraulic conductivity
varies by several orders of magnitude both for various ore slurries and for
different void ratios of the same slurry. This is attributed to variation in physico-
chemical interactions between the colloidal particles and the electrolyte medium.
A detailed discussion of such interactions was given earlier in this chapter.
Further, all curves converge at low void ratios at which mechanical phenomena

govern soil behavior.

4.7.3 Storage Thickener

Figure 4.27 gives the solids content profiles in a typical 3.0 m storage thickener.
This figure was obtained by using the input parameters given earlier in Figures
4.21 and 4.22 in the sedimentation and consolidation program SECO described in
Chapter Three. To highlight the solids content variation in the compaction bed of
the storage thickener, sediment height is plotted on a logarithmic scale in this
figure.
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Figure 4.27 illustrates that the solids content increases both as a function of
time and of depth in the thickener. With increasing time, the decline in surface
height of the slurry indicates the gradual commencement of consolidation under
self-weight. This consolidation behavior is independent of the filling rate {Suthaker
1995). The figure shows that the profiles converge at low solids content due to the
continuation of sedimentation into consolidation. The solids content profile has two
smoothly joining straight-line components. The initial straight-line portion portrays
rapidly increasing solids content with depth whereas the final straight-line part
denotes a slow increase in solids content. The increasing length of this latter
straight-line segment with time signifies an increasing compaction bed thickness.

Figure 4.27 indicates that the improvement in solids content of the ore
slurry from Philippines is initially high and gradually fades away with time. The
solids content increases from 15% to 26.5% after one hour and up to 30% after 12
hours. Under self-weight, a further increase in solids content amounts to a mere
2% after a week in the storage thickener. A similar behavior can be envisaged for
all of the other laterite ore slurries.

The computer program modeled the performance of the ore slurry in the
storage thickener. This prediction showed that the solids content of the ore slurry
can be increased up to 30% in 12 hours. Given the operational constraints of the
metal extraction process such as time, thickener geometry, and the preclusion of
load application, the solid-liquid separation behavior of laterite ore slurries can be

improved using synthetic polymers as will be discussed in Chapter Six.
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Figure 4.28 depicts the characteristics of various laterite ore slurries on the ternary
diagram. The diagram compiles the data presented earlier on sedimentation limit
(Table 4.6) and consistency limits (Table 4.1) and shows that all of these limits
are part of the family of constant clay-water ratio lines. This is because these lines
denote constant physico-chemical interactions between clay particles and the
medium. The upward deviation of soil behavior from the constant clay-water ratio
lines at low clay content is attributed to the absence of clay minerals in the
limonite ore slurry from Cuba and the presence of amorphous material in the
saprolite ore slurry from Indonesia. This means that the clay-water ratio lines are
sensitive to mineral composition of the materials.

Figure 4.28 also gives the hydraulic conductivity of the laterite ore slurries
on the ternary diagram. The figure shows that the hydraulic conductivity is also
part of the family of constant clay-water ratio lines. This is because hydraulic
conductivity of laterite ore slurries depends on the same interactions described
above. The diagram indicates that the hydraulic conductivity of laterite ore
slurries varies by two orders of magnitude between the sedimentation limit (k =
107 c/sec) and the liquid limit (k= 108 cm/sec).

It is important to know that separate slurry characteristics diagrams should
be developed for different laterite ore materials. However, all of these different
materials can be plotted on the same ternary diagram for a convenient comparison

of engineering behavior.

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Loy 001

06

SOLIIN|S 910 9jLI8Ye] 10) (DT 87 ¥ om81y]

(%) Weyo)) Ke[)
09 0s oy 0¢ 0cC 01 § osiec)

197

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49 S

D CONCLUSIONS

This chapter provided a detailed geotechnical characterization of laterite ore
slurries. The influence of geological history and the environment on the solid-
liquid separation behavior of four laterite ores was investigated. These ore
were selected from various parts of the globe; Cuba, Philippines, Australia and
Indonesia. Results of laboratory investigations pertaining to geotechnical
index properties, mineralogy, pore water chemistry, morphology and solid-
liquid separation characteristics were presented. These data was used in the
numerical simulation to predict field performance of the storage thickener. The
entire data were depicted on the laterite slurry characteristics diagram. The
conclusions of this chapter can be summarized as follows:

=  Geotechnical characteristics of laterite ore slurries from different origins
depend on ore geology and the slurry preparation method. These ores have
specific gravities in excess of 2.90 and exhibit high water requirement for
conversion to slurries suitable for economic metal extraction.

= More than 90% of the material in such slurries is finer than 0.075 mm.
Depending on particle bond strength, aggregate size and mineralogy, the clay size
fraction ranges between 20 to 60%. The fine grain size and the presence of clays
render these ore slurries nonsegregating at an initial solids content of 15%.

= Classified as micaceous fine sandy and silty clays, these materials are
primarily composed of goethite, hematite and maghemite with sizeable amounts

of clay minerals and amorphous materials.
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= Local slurry preparation practices differ in various parts of the globe but all
use tap or groundwater that is influenced by seawater concentration. The pore
fluid is neutral to slightly basic with Na*, Ca*", Mg”, CI' and SO/ as
predominant ions.

= Variable mineralogy and pore water chemistry result in variable morphology.
Soil fabric ranges from flocculated to dispersed; a partial or complete cardhouse
microstructure is associated with limonite-saprolite ore slurries.

= The combined effect of variable material characteristics is vividly expressed
during sedimentation under self-weight. The initial hydranlic conductivity of
laterite ore slurries ranges between 107" to 107 cm/sec.

= The solid-liquid separation process is governed by sedimentation. Under self-
weight, 65% dewatering is achieved as the void ratio changes from 17.9 to 8.0
and solids content changes form 15 to 28%. A maximum effective stress of 8 kPa
is sufficient to obtain §3% dewatering.

= The hard, ultra-fine and angular sesquioxide particles are associated with high
tortuousity and high void ratio. These particle characteristics are responsible for
the low hydraulic conductivity and the low compressibility of laterite ore shury
during consolidation.

= The operational constraints of the metal extraction process include time,
thickener geometry, preclusion of load application, and minimal changes in
process conditions. Using synthetic polymers, improvement in the solid-liquid

separation behavior of laterite ore slurries should be investigated.
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Chapter 5

aracteristics of Laterite |

5.1 GENERAI

Geotechnical characterization of laterite PAL slurries is pivotal to understand and
improve their solid-liquid separation behavior. This knowledge is also useful for
an economic assessment of material performance during metal extraction. This
chapter studies the effect of environment on the solid-liquid separation behavior
of four types of laterite PAL slurries, obtained from consistent process conditions
given in Table 3.1. These samples corresponded to the ore samples described in
Chapter Four and selected from various parts of the globe: Cuba, Philippines,
Australia and Indonesia. The Cuban sample represented a limonite PAL whereas
the Indonesian sample denoted a saprolite PAL; the Philippines and the Australian
samples corresponded to two distinct varieties of limonite and saprolite PAL
blends. Results of laboratory investigations pertaining to geotechnical index
properties, mineralogy, pore water chemistry, morphology and solid-liquid
separation characteristics are discussed. This is followed by providing the results
of numerical simulation of the laboratory data to predict filed performance of the
CCD thickener. Next, the laboratory and modeling data is depicted on the laterite
slurry characteristics diagram constructed for the PAL samples. Finally, a

summary and the main conclusions drawn from this chapter are given.
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5.2 GEOTECH
5.2.1 General

INDEX PROPERTIES

Geotechnical characterization of laterite PAL slurries begins with an investigation
of their index properties. These properties are used to classify laterite PALs and to
evaluate the performance of their slurries. Table 5.1 summarizes the geotechnical
index properties of laterite PAL slurries. This table indicates similarities and
contrasts in different samples. Derived from the raw ore and the acid leaching
environment, the color of these samples denotes their composition that controls

their distinct set of properties.

5.2.2 Water Content

Table 5.1 gives the water content of different laterite underflow slurries from the
first thickener of the CCD circuit. The table indicates that all samples are associated
with high water content, which is attributed to the high water requirement during
the acid leaching operation. The amount of water required in the autoclave mainly
depends on the economics of the process (Carlson & Simmons 1960). The table
also shows that the water content of the PAL slurries is generally higher than their
corresponding ore slurries suggesting an improvement in the solid-liquid separation
behavior of the latter materials. Table 5.1 also indicates that the water content of the
limonite-saprolite PALs measures lower than both the limonite and the saprolite
PALs. This is attributed to the possible presence of some mineral types in these
PALs containing adsorbed and/or structural water that cannot be removed at a

temperature of 50 °C (Mackenzie 1957).
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Table 5.1: Geotechnical index properties of laterite PAL shurries

Sample Type and Origin
Property Limonite PAL Limonite-Saprolite PAL Saprolite PAL

Cuba Philippines Australia Indonesia
Color Brown Dark Brown  Brown Light Brown
o (%) 177 119 131 261
5 (%) 36 46 43 28
Gs 3.22 3.56 3.22 3.22
e 5.74 4.24 3.22 8.40
-0.075 mm (%) 70 71 69 72
-0.002mm (*) 6 7 12 19
Is 13.8 123 15.0 10.0
oy (Yo) 26 27 50 83
wp (Vo) 17 16 30 42
w, (%) 15 14 18 25
Ip (%) 9 11 20 41
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The solids content of laterite underflow PAL slurries in the first CCD
thickener gives an insight into their dewatering behavior. Table 5.1 indicates a
variable amount of water release for the investigated PAL slurries despite the fact
that the solids content at the start of the leaching operation is the same for all. The
table shows that the limonite-saprolite PAL slurries release more water than the
other two PAL slurries. Thus, the former slurries coalesce the positive
characteristics of both PAL types. This is attributed to the combined effect of
mineralogical composition and the leaching environment described by pore water
chemistry. Detailed discussion of the influence of these compositional and
environmental factors on the solid-liquid separation behavior of laterite PAL

slurries is discussed latter in this chapter.

5.2.3 Specific Gravity

Table 5.1 indicates that the specific gravity of laterite PALSs is higher than their
ore counterparts. This is attributed to the presence of heavy iron oxides in these
materials (Gidigasu 1976). The high values of specific gravity of the PALs partly
contribute in improving the solid-liquid separation behavior of the slurries.
Among the two limonite-saprolite PAL slurries, the slight improvement in solids
content observed in the Philippines sample is due to its higher specific gravity of
3.56. This value of specific gravity is also responsible for a higher value of void
ratio of the Philippines PAL slurry despite its low solids content. For all PAL
slurries, the corresponding void ratios reflect the underflow solids content in the
first CCD thickener due to identical values of specific gravity.
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5.2.4 Grain Size Distribution

Figure 5.1 gives the grain size distribution of various laterite PAL slurries. Results
of the combined hydrometer and wet sieve analyses depict the true grain sizes of
the investigated slurries because no dispersing agent was used during the test.
Based on ASTM definitions, the figure distinguishes between three grain sizes for
laterite PAL slurries. A sand size refers to material coarser than 0.075 mm and a
clay size pertains to material finer than 0.002 mm; a silt size is sandwiched
between the former two sizes of grains.

Figure 5.1 shows that the amount of sand size material is only 28 to 31%
for all of the laterite ores; material finer than 0.075 mm is in the range of 69 to
72% as indicated by Table 5.1. A comparison with the corresponding ore slurries
(Table 4.1) reveals that the sand size has increased by four to five times. This
means that acid leaching has either resulted in grain size growth or dissolution of
the fine materials. Based on literature (Tindall & Muir 1998) and observed
morphology (given later in this chapter), grain size growth is the most likely
phenomenon. Figure 5.1 further illustrates that bulk of the materials of all of the
laterite PAL slurries fall in the silt size region with variable clay size fraction. The
variability in the grain size distribution curves of various types of laterite PAL
slurries is due to the variable ore mineralogy; different initial minerals transform
to different final minerals during acid leaching. Further, these various minerals
may exhibit different particle bond strength and aggregate size (Schramm 1996)

thereby causing variability in grain size distribution.
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Figure 5.1 indicates that all of the laterite PAL slurries are well-graded
materials. Still, the limonite PAL slurry from Cuba and the limonite-saprolite
PAL slurry from Philippines can be considered slightly poorly-graded as these
samples contain a clay size fraction of 7%. On the contrary, the limonite-saprolite
PAL from Australia and the saprolite PAL slurry from Indonesia are more well-
graded materials having higher clay contents of 12 and 19%, respectively. The
latter clay size fraction for the saprolite PAL slurry from Indonesia is identical to
the corresponding ore shury. This suggests that amorphous materials do not
transform during acid leaching.

Grain size distribution influences the mechanical and the physico-
chemical interactions of laterite ore slurries. First, the high amount of sand size
material in these slurries is partly responsible for the lower void ratios in the CCD
thickener (Table 5.1) when compared to those of the ore slurries in the storage
thickener (Table 4.1). Second, well-graded materials help minimize segregation of
the clay and coarse fractions as discussed in the next section. Third, the clay size
fraction of these slurries governs the colloid-electrolyte interactions, which in

turn, influence plasticity, volume change and hydraulic conductivity.

5.2.5 Segregation

Figure 5.2 gives the results of the segregation fests on various laterite PAL
slurries in the form of normalized height versus solids content for different initial
solids content. This figure shows that the observed solids content increases with
depth and that the profiles tend to reach the vertical with increasing initial solids
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content. This behavior is similar to the ore slurries and is atiributed to diminishing
segregation at high initial solids content due entrapment of coarse grains by clay
size grains. This is clearly observed in the limonite-saprolite PAL slurry from
Australia and the saprolite PAL slurry from Indonesia. Conversely, the limonite
PAL slurry from Cuba and the limonite-saprolite PAL slurry from Philippines
show greater deviation from the vertical especially at low values of initial solids
content. Figure 5.2 also gives an indication of improved sedimentation of PAL
shurries by exhibiting higher solids content than their respective ore slurries.
Figure 5.3 gives the percentage of segregation as a function of the initial
solids content for various laterite PAL slurries. This figure indicates that variation
in the segregation characteristics of different slurries is marginal owing to the
nearly same amount of coarse size material. All of the laterite PAL slurries are
indicated to exhibit 3 to 15% segregation. On Figure 5.3, a segregation limit (Is) is
defined as the initial solids content that pertains to 5% segregation with depth
measured during the test. Based on this definition, Is values for the four laterite
PAL slurries are given in Table 5.1. With the exception of limonite-saprolite ore
slurry from Australia, these values indicate that the segregation limits of laterite
PAL slurries are lower than the corresponding ore slurries. This is attributed to the
interaction of solid particles with sulfuric acid present in the samples. Caughill et
al. (1993) reported a similar improvement in the segregation behavior of Alberta
oil sand tailings. Based on the Table 5.1, all of the laterite PAL slurries are

essentially non-segregating at an initial solids content of 15%.
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5.2.6 Consistency Limits

Table 5.1 indicates that laterite PALs have variable consistency limits. This is
attributed to their distinct mineralogy and the chemistry of the pore water during
the autoclave operation. The lower consistency limits of all of the laterite PALs
than their ore counterparts indicate mineral transformation during acid leaching.
Since, such transformation mainly occurs in sesquioxides whereas clay mineral
structures collapse, the limonite-saprolite PAL from Australia and the saprolite
PAL from Indonesia have higher consistency limits as they contain large amount
of amorphous materials. Further, the expected high concentration of various
electrolytes in the pore water is also partly responsible for the low consistency
limits of the laterite PAL slurries.

The plasticity chart (Casagrande 1948) gives a preliminary assessment of
the mineralogical composition of soils. Figure 5.4 that shows the regions of
various clay minerals and sand, plots various laterite PALs on such a chart. This
figure illustrates that the limonite PAL from Cuba and the limonite-saprolite PAL
from Philippines are close to the region designated as sand. Similarly, the
engineering behavior of the limonite-saprolite PAL from Australia is expected to
be similar to that of the kaolinite whereas the saprolite PAL from Indonesia is still
classified as micaceous fine sandy and silty clay (Holtz & Kovacs 1981). The
plasticity chart reveals little about the mineralogy of these materials. Therefore, a
comprehensive account of the mineralogical composition of different laterite

PALs is given in the next section.
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53 RALOGY
5.3.1 General

Mineralogical composition governs the size, shape and surface characteristics of
soil particles. It determines the interaction of the solid phase with the liquid phase
and hence affects sedimentation, consolidation and hydraulic conductivity
(Mitchell 1993). Results of x-ray diffraction (XRD) analyses, anion exchange and

cation exchange are discussed in this section.

5.3.2 X-Ray Diffraction

Figure 5.5 highlights the main constituent minerals on the x-ray diffraction
patterns of bulk samples of the laterite PALs. This figure shows that all of the
laterite PALSs contain hematite (Fe;Os), which is obtained from the interaction of
goethite (a-FeO.OH) with sulfuric acid according to the following two-step
reaction (Tindall & Muir 1998):

2 FeO(OH) () + 3 HyS04 — 2 Fe*™ + 3 SO~ + 4 H,0 5.1

2 Fe* +3 8045 + 4 H)O — Fey03 5 + 3 HpSO4 + H0 (5.2)

Figure 5.5 further illustrates that none of the PAL samples have any trace
of clay mineral species, which were present in their respective ore samples.
Although, the structures of most of the clay mineral species is known to collapse
at a temperature of up to 550 °C (Grim 1968), the combined influence of
temperature, pressure and sulfuric acid in the autoclave is observed to have

produced the same effect.
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Figure 5.5 also indicates the presence of magnesium suifate tetrahydrate at
18° angle (26) in limonite-saprolite PAL from Auwustralia and magnesium sulfate
hexahydrate at 20° angle (28) in the saprolite PAL from Indonesia. These two
mineral types are characterized by different amounts of water of crystallization.
Although, not easily detected by the XRD analyses, the diffraction patterns of
these PALs also show the presence of amorphous material such as amorphous
silica. The sulfate minerals are obtained during acid leaching by the conversion of
magnesium silicates, which constitute an appreciable amount of the corresponding
ores. Likewise, amorphous silica is obtained as a byproduct during the conversion
of magnesium silicate to magnesium sulfate.

The XRD analyses depend on the degree of crystallinity of the material
and grain size. Figure 5.5 shows that the peak intensity of the limonite PAL from
Cuba and the limonite-saprolite PAL from Philippines are the highest. On the
contrary, the other two PAL materials have much lower degrees of crystallinity.
The lower degrees of crystallinity of the limonite-saprolite PAL from Australia
and the saprolite PAL from Indonesia are attributed to the presence of amorphous
materials in these two samples. The effect of grain size in the XRD analysis of
laterite PALs is less important due to the absence of clay mineral species, which
are dissolved during the extraction process. Similarly, the iron oxide coatings are
invariably removed by identical process conditions during acid leaching.
Therefore, the use of x-ray diffraction technique applied to laterite PALs gives

credible and invaluable information about soil composition.
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The amount of each mineral type in various laterite PALs depends upon
ore mineralogy. Table 5.2 gives semi-quantitative estimates of x-ray diffraction
results for the former materials. This table indicates that all of the PALs contain
high amounts of hematite, which is the main factor that contributes to the high
specific gravity of the PAL materials.

Based on mineralogical composition, an estimate of specific gravity can
be made using G, values of 5.26 for hematite (Gidigasu 1976) and 3.80 for
magnesium sulfate minerals (Grim 1968). A comparison of Table 5.1 and Table
5.2 indicates discrepancies between measured and estimated G; values for various
laterite PALs. This overestimation is attributed to the semi-quantitative nature of
interpreting XRD results, which depend on the degree of crystallinity of the
material. Therefore, the percent amount of a mineral given for each sample in
Table 5.2 corresponds to the amount of the crystalline phase of that mineral in the
specimen. Due to this difficulty in quantification, amorphous materials were
excluded from G, calculation of the limonite-saprolite PAL from Australia and the
saprolite PAL from Indonesia.

Table 5.2 also explains the consistency behavior (depicted earlier in Table
5.1} of various laterite PALs. The table shows that the materials containing
significant amount of amorphous silica tend to hold water due to adsorption and
capillary condensation (Briceno & Osseo-Asare 1995). In addition to siliceous
materials, the presence of magnesium sulfate in the limonite-saprolite PAL from

Australia and the saprolite PAL from Indonesia resulted in high consistency limits
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Table 5.2. Percent amount of various minerals in laterite PALs

Sample Type and Origin
Mineral Limonite PAL Limonite-Saprolite PAL Saprolite PAL
Cuba Philippines Australia Indonesia
Magnesium
Sulfate 10-15
Tetrahydrate
Magnesium
Sulfate 15-20
Hexahydrate
Hematite 100 100 80-85 70-75
Silica and/or
Iron oxides 5-10 10-20
G 5.3 53 46-5.0 43-47
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of these materials. Variation in consistency of these two PALs is attributed either
to changes in the gelatinous character of the two mineral types of magnesium
sulfate and/or the difficulty in removing crystal water (Yariv & Cross 1979).

The presence of heavy hematite and magnesium sulfate minerals in the
laterite PALs is expected to cause an improvement in the solid-liquid separation
behavior over their counterpart ore slurries. The occurrence of magnesium
sulfates and amorphous materials in both the limonite-saprolite PAL from
Australia and the saprolite PAL from Indonesia, it is anticipated that their slurries

will exhibit slower and less dewatering during sedimentation and consolidation.

5.3.3 Anion Exchange

Table 5.3 presents the anion exchange characteristics of the laterite PALs. The
table indicates that all of the values are less than those of the laterite ores depicted
in Table 4.3. This is attributed to the absence of clay minerals with broken edges
in these former samples. The TAEC of all of the PAL materials is mainly derived
from SO4* ion because of the preferential adsorption of the ion (Tan 1998).
Further, the somewhat higher TAEC values associated with the limonite-saprolite
PAL from Australia and the saprolite PAL from Indonesia owes their origin to the
presence of magnesium sulfates and amorphous materials.

The point of zero charge (PZC) for hematite can be as low as 5.0 (Drever
1982). At very low pH values during the acid leaching process, the predominantly
hematite minerals, which are positively charged, are expected to result in a
negatively charged double layer (Mitchell 1993).

217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 5.3. Anion exchange of laterite PALs

Sample Type and Origin
Exchangeable
Anions Limonite PAL Limonite-Saprolite PAL Saprolite PAL
(cmol(-)/kg)

Cuba Philippines Australia Indonesia
Ccr 0.34 0.11 0.51 0.42
NOy 0.02 0.01 0.02 0.01
SO4” 1.05 2.79 4.07 5.39
TAEC 1.41 2.91 4.60 5.82
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5.3.4 Cation Exchange

Table 5.4 presents the cation exchange of laterite PALs. The table indicates that
the TCEC of all of the laterite PALs is mainly derived from exchangeable Mg”";
in case of limonite-saprolite PAL from Australia, some exchangeable Ca®" is also
observed. The predominance of Mg?" in these materials is attributed to the release
of this ion from collapsed chrysotile clay mineral during acid leaching. The
amount of these high valence cations is comparable with the liquid limit of these
PALs. According to Mitchell (1993), high amount of high valence cations result
in high liquid limit in nonexpansive materials.

The higher TCEC values and high consistency limits of the limonite-
saprolite PAL from Australia and the saprolite PAL from Indonesia indicate that
the magnesium sulfate minerals are similar to clay minerals. These sulfate
minerals partly contribute to the high amount of Mg?* in both of these materials.

Table 5.4 converts cation exchange of laterite PALSs to their structure
by reporting exchangeable sodium percentage (ESP). Soils with ESP<2
possess a flocculated fabric whereas those with ESP>2% are susceptible to
dispersion (Mitchell 1993). Using this definition, the limonite PAL slurry
from Cuba and the limonite-saprolite PAL slurry from Philippines is
expected to have a flocculated fabric. Conversely, both the limonite-saprolite
PAL slurry from Australia and the saprolite PAL slurry from Indonesia are
anticipated to possess a dispersed soil morphology. This analysis also shows

that the double layer theory is applicable to laterite PAL materials.
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Table 5.4. Cation exchange of laterite PALs

Sample Type and Origin
Exchangeable
Cations Limonite PAL Limonite-Saprolite PAL Saprolite PAL
(cmol(+)/kg)

Cuba Philippines Australia Indonesia
Na" 0.05 0.09 0.97 0.86
K 0.01 0.02 0.03 0.04
Ca** 0.00 0.02 6.22 0.22
Mg”* 5.61 12.40 40.29 40.48
AP* 0.47 0.48 0.51 0.24
Fe* 0.19 0.21 0.25 0.11
TCEC 6.33 13.22 48.27 41.95
ESP (%) 0.79 0.68 2.01 2.05
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54 PORE WATER CHEMISTRY
5.4.1 General

The characteristics of the water filling the pores of a soil have a profound effect
on the interaction of the solid particles with the liquid phase. In fact, the electro-
chemical forces at the interface of pore water and solid particles govern soil
behavior. This section presents the chemical characteristics of the pore water
associated with laterite PAL slurries. These include pH and electrical conductivity

and electrolyte concentration.

5.4.2 pH and Electrical Conductivity

Table 5.5 summarizes the characteristics of the pore water in the first thickener of
the CCD circuit. This table indicates the extreme degree of acidity of the pore
water by reporting pH values less than 1 for all of the laterite PAL slurries. It
follows that all materials are well below the PZC for the given mineralogy.
Therefore, the conventional double layer theory is applicable to the colloid-
electrolyte system of laterite PAL slurries.

Table 5.5 indicates that the electrical conductivity (EC) measured for pore
fluids of various laterite PAL slurries reaches the maximum limit of the
measuring device. The reported values of 10,000 pS/em for all materials suggest
the presence of high amount of salt forming ions (Rhoades et al. 1990). Based on
the investigated soil mineralogy, all of the laterite PAL slurries are expected to
contain high concentrations of cations such as HY, Ca®, Mg?", Mn®*, A1", Fe’",

Ni**, Co** and SO.%.
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Table 5.5. Pore water chemistry of laterite PAL slurries

Sample Type and Origin
Property Limonite PAL Limonite-Saprolite PAL Saprolite PAL
Cuba Philippines Australia Indonesia
pH 0.8 0.4 0.5 0.6
EC (uS/cm) 10000 10000 10000 10000
Na" (mg/L) 80 80 240 40
K" (mg/L) 80 80 80 40
Ca”* (mg/L) 90 220 1060 120
Mg*" (mg/L) 131 3360 4100 2200
Mn*" (mg/L) 514 570 310 119
AP¥ (mg/L) 2020 736 302 602
Fe** (mg/L) 492 670 1520 358
Ni** (mg/L) 11900 13400 12400 4840
Co* (mg/l) 1500 1540 874 256
Si*" (mg/L) 768 508 586 103
CI' (mg/L) 49 98 10320 36
NO;5™ (mg/L) 81 140 1 1
HCO;5 (mg/L) 5 5 5 5
SO.Z (mg/L) 44200 67000 64400 31820
TDS (mg/L) 61910 88407 86910 40540
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5.4.3 Electrolyte Concentration
Table 5.5 also gives the concentration of individual cations and anions present in
the pore water of various laterite PAL slurries. The table indicates that the
chemical compositions of all of these waters have the same trend; Ca®", Mg*",
Mn*", A¥, Fe™*, Ni**, Co**and SO, are present as major ions in all pore waters.
It follows that water the pore fluid chemistry is generally identical for all of the
laterite PAL slurries. This is confirmed by plotting the various cations and anions
depicted in Table 5.5 on the Stiff diagram as shown in Figure 5.6. This figures
illustrates that the shapes of the Stiff diagrams for different pore fluids are similar.
Table 5.5 also reports variations in the concentrations of different ions.
These variations are ascribable to the geological origin and the pore fluid
chemistry of the different laterite ore slurries. For example, the high amount of
A" in the limonite PAL from Cuba and that of Mg?" in the other three PALSs are
due to the dissolution of gibbsite and chrysotile, respectively, during acid
leaching. Similarly, the high amount of Cl" in the limonite-saprolite PAL from
Australia is attributed to the high amount of this ion in the pore fluid of the ore
slurry. The concentration of SO4* is mainly due to the dissociation of sulfuric
acid but also depends on the background concentration of this ion in the pore fluid
of the ore slurry. From the high concentrations of Ni** and Co®*, Table 5.5
indicates that the pressure acid leaching process is applicable to all types of
laterite ores. However, the yield of these economic metals is the least for the

saprolite variety.
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Due to the high values of TDS and the presence of multivalent ions in
laterite PAL slurries, as depicted in Table 5.5, flocculated soil microstructures are
anticipated. This is because flocculation of colloids is facilitated by a thinner
double layer and a reduced surface potential, of which both depend on the
presence of a high amount of multivalent electrolytes in the pore fluid (Miichell
1993). However, soil morphology also depends on the physico-chemical
characteristics of the solid phase. Therefore, the above generalization needs to be

verified by visual observations of granular interaction in various PAL shurries.

5.5 MORPHOLOGY
5.5.1 General

Morphological analyses were used for a qualitative evaluation of laterite PAL
slurries. This section presents a microstructural assessment of laterite PAL
slurries obtained from the first CCD thickener. Therefore, these visual
observations pertain to soil fabric after the completion of the sedimentation stage
in the solid-liquid separation process. Results of scanning electron microscopy are

studied in conjunction with elemental analyses.

5.5.2 Scanning Electron Microscopy

Figure 5.7, 5.8, 5.9 and 5.10 give the morphological details of limonite PAL slurry
(Cuba), limonite-saprolite PAL slurry (Philippines), limonite-saprolite PAL slurry
(Australia) and saprolite PAL shurry (Indonesia), respectively. These figures comprise

of four micrographs, each with a different magnification and designated by a scale.

225

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b)
(D
~1 pm

te PAL slurry (Cuba)

icrographs of limoni

Scanning electron m

Figure 5.7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

N
[
N



.

8

¢ smBiy

(ssurddiryg) Axms Tvd snjoxrdes-ayruoun] yo sydeidoronu uonos[e Juruuesy

wrl [~

®

wrl go1

@

227

ission.

ited without permi

ion proh

f the copyright owner. Further reproduct

ISsion O

Reproduced with perm



(erpensny) Annys Tyd 9

®

wrl g1

@

rjoades-ojuouu] Jo sydeidororu uonosas Surmuesy :6°¢ 2mndrg

wrl gy —

C)

228

ission.

ited without permi

ion proh

f the copyright owner. Further reproduct

ISsIion O

Reproduced with perm



(b)
(@
—1 pum

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

[\
e
o

lectron micrographs of saprolite PAL slurry (Indonesia)

anning e

Sc

Figure 5.10



The enlargements include (a) 20 times, (b) 200 times, (c) 500 times and (d)
2000 times. The first micrograph (a) represents the whole specimen in the 3 mm
circular plastic straw. This micrograph was taken to observe the fractured surface
during sample preparation. The second micrograph (b) is an enlargement of the
selected area on the first micrograph. This location was selected to denote an area
that closely represents the entire shurry. The third micrograph (c) and the fourth
micrograph (d) show magnified locations on micrograph (b). These two
micrographs were taken either to inspect exaggerated portions of the micrograph (b)
or to highlight some peculiar features on that micrograph (b).

Figure 5.7 shows the morphology of the limonite PAL slurry from Cuba.
Micrograph (a) shows a good specimen surface with minimal corrugations.
Micrograph (b) illustrates the presence of coarse grains scattered through out the
clay matrix. Micrograph (c) makes the same observation more clearly due to its
higher magnification. Micrograph (d) shows that the clay matrix is composed of
fine hematite crystals arranged in separate but mutually conjoined colonies
thereby representing a flocculated fabric. Identification of hematite is based on its
size that is smaller than the 2 um clay size and the nearly spherical particles of the
mineral (Krause et al. 1998). Confirming the XRD results for the same material,
this micrograph shows that the clay matrix is composed of non-clay minerals.
Further, these minerals are observed to result in flocculated soil fabric in the given
medium of low electrolyte concentration and acidic pH. Therefore, the limonite

ore slurry from Cuba is expected to undergo rapid settling.
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Figure 5.8 presents the microstructure of the limonite-saprolite PAL slurry
from the Philippines. Micrograph (a) shows the development of a crack in the
specimen and a rough surface. Despite these limitations, a representative smooth
area is observed to be available for detailed morphological assessment.
Micrograph (b) shows the presence of evenly distributed coarse silt size grains
scattered through out the clay matrix in the enlarged selected area. Micrograph (c)
illustrates an apparently cardhouse morphology of the specimen. However, this
observation is modified at a higher enlargement. Micrograph (d) shows a
morphology identical to that observed for the limonite PAL from Cuba. The
observable cardhouse structure is not associated with the clay matrix but with the
pore fluid. Such an alignment of the pore water results from freezing artifacts
reported to be associated with the cryogenic technique (Mikula 1989). A
comparison of the limonite PAL slurry from Cuba and the limonite-saprolite PAL
slurry from Philippines reveal a more compressed soil fabric for the latter. Given
identical mineralogical composition, the variable fabric of the two materials is
attributed to variations in pore fluid chemistry. The limonite-saprolite PAL slurry
from Philippines is characterized by a 30% higher electrolyte concentration with
significant contributions from multivalent ions. Therefore, the solid-liquid
separation behavior of the limonite-saprolite PAL shurry from Philippines is
expected to be somewhat higher than that of the limonite ore slurry from Cuba.

Figure 5.9 gives the fabric of the limonite-saprolite PAL slurry from

Australia. Micrograph (a) shows a reasonable specimen with scattered
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protuberances. Micrograph (b) illustrates the irregular distribution of silt size
particles in the clay matrix. Micrograph (c) again presents an apparently
cardhouse morphology of the specimen. As explained above, this observation is
due to freezing artifacts and modified at a higher enlargement. Micrograph (d)
shows a soil fabric similar to that of the limonite-saprolite PAL slurry from
Philippines. Figure 5.9 does not vividly express either soil mineralogy or the
associated fabric. Still, this figure suggests that the solid-liquid separation
behavior of limonite-saprolite PAL slurry from Australia is not very different
from the above mentioned materials.

Figure 5.10 gives the morphology of the saprolite PAL shury from
Indonesia. Micrograph (a) shows a good surface for half of the specimen with
some corrugations and cracking in the other half. Micrograph (b) shows a clay
matrix with some silt size particles. Likewise, Micrograph (c) that mainly focuses
on the clay matrix, illustrates complete dispersion. Micrograph (d), which
examines the cardhouse fabric, shows a very loose packing for this slurry with
inter-particle spacing of the order of 10 to 12 um. This micrograph also shows the
overwhelming presence of spherical hematite globules (smaller than 2 pm)
coating the soil particles. The platelets formed due to coating of soil particles by
hematite grains have dimensions of 5 pm diameter and 1pm thickness. The
formation of such a microstructure is typical for saprolite PAL slurries below the
PZC of hematite (Rubisov & Papangelakis 1999). Figure 5.10 confirms soil

dispersion in an acidic medium with high electrolyte concentration. The
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voluminous cardhouse structure of soil particles coated by hematite is expected to
result in a solid-liquid separation similar to the ore slurry of the same material.
Despite some freezing artifacts, the microstructure of laterite PAL sharries
obtained by cryogenic techniques explains several distinct features and can be
used to characterize slurries in an empirical way (Scott et al. 1985). Precipitation
of hematite is accompanied by an increase in grain size that in turn affects the
mechanical response of the PAL slurries. The increased grain size coupled with a

flocculated fabric is expected to result in better dewatering of PAL slurries.

5.5.3 Elemental Analysis

Figure 5.11 gives the elemental analysis of SEM samples (shown in Micrographs
(a)) for various laterite PAL slurries. This figure shows nearly identical elemental
compositions for all specimens. For each sample, this figure shows two Au peaks
due to gold coating and one high S peak associated with the presence of sulfuric
acid in the specimens. Further, the high Fe peaks associated with the presence of
hematite in the figure decrease in intensity from limonite PAL slurry from Cuba
through saprolite PAL slurry from Indonesia. This is attributed to the decreasing
amount of hematite when the materials change from limonite through saprolite. In
contrast, an increasing trend is observed for Mg peaks when the materials are
considered in the same order. Finally, the small Si peaks appearing in all of the
PAL slurries denote the presence of amorphous silica in some of the samples.
Therefore, elemental analyses are in conformity with x-ray diffraction analyses
and helped in specimen identification during scanning electron microscopy.
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5.6.1 General

This section presents the solid-liquid separation behavior of laterite PAL slurries.
First, the influence of the diameter to height ratio on such a behavior is investigated.
Results of sedimentation and consolidation tests are studied in conjunction with
laboratory characterization. Presenting SEM results of specimens cut from the latter

test sample makes a correlation between soil fabric and consolidation.

5.6.2 Diameter-Height Ratio

The effect of diameter to height ratio on the solid-liquid separation behavior of
laterite PAL slurries was investigated by conducting four sedimentation tests with
variable Dy/H,. Figure 5.12 gives the results of these tests conducted on the
limonite-saprolite PAL slurry from Philippines using identical beakers of 8.3 cm
diameter. This figure shows significant variation in sedimentation curves for
different Do/Ho ratios and H/H, values after 30 minutes of sedimentation are
different. This means that the sedimentation curves are highly dependent on the
initial sample height. This figure also shows that the limonite-saprolite PAL slurry
undergoes a rapid sedimentation thereby allowing the determination of the initial
hydraulic conductivity from the observed data in the initial ten minutes.

Figure 5.13 gives the variation in the initial hydraulic conductivity for
various Dy/H, ratios. This figure shows an exponential decrease in the initial
hydraulic conductivity with increasing Do/H,. More than half of this decrease is

observed when the Dy/H, ratio is changed from 1 t0 2 whereas an insignificant variation
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in the initial hydraulic conductivity occurs for Dy/H, ratios between 2, 3 and 4.
These observations are attributed to the formation of channels in the sedimenting
materials. Recorded annotations during laboratory experiments suggest an
increased tendency of channel formation for higher initial sample height. These
channels not only provide paths of least resistance for water flow but also reduce
tortuousity thereby further increasing the initial hydraulic conductivity.

To facilitate rapid sedimentation and to mimic thickener geometry, a
DJ/H, ratioc of 1 was used for all sedimentation tests on PAL slurries during this
research. The high initial height required to obtain this ratio also allowed the
development of a clear solid-liquid interface thereby assisting in reducing the
experimental errors such observer’s bias. After complete sedimentation, sample
height of less than half of H, was achieved for the laterite PAL slurries. This
ensured that the influence of Dy/H, during the consolidation stage of the solid-

liquid separation process is negligible.

5.6.3 Sedimentation

The sedimentation behavior of laterite PAL slurries is the result of the combined
effect of geotechnical index properties, mineralogy and pore water chemistry.
These material characteristics resulted in a specific morphology for each of the
laterite PAL slurry. Detailed discussions on all of these characteristics and the
expected solid-liquid separation behavior were provided earlier in this chapter.
This section aims at confirming and explaining the engineering behavior of
laterite PAL slurries. |
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Figure 5.14 gives sedimentation test results for various laterite PAL
slurries in the form of interface height, void ratio and solids content plotted as
functions of time. Figure 5.15 shows the initial part of the interface height versus
time plot for the determination of initial hydraulic conductivity. Finally, Table 5.6
summarizes the self-weight sedimentation behavior of the four PAL slurries.

Figure 5.14 shows that the limonite-saprolite PAL shurry from Philippines
has the most rapid sedimentation followed by the limonite PAL slurry from Cuba.
This is attributed to the high specific gravity and the more compressed soil fabric
of the former slurry. Given identical mineralogical composition, the compressed
soil fabric of the limonite-saprolite PAL slurry from Philippines is due to the high
electrolyte concentration in the pore water of this slurry.

The sedimentation behavior of the other two slurries is much slower and is
due to the presence of amorphous materials and magnesium sulfate. The observed
variation between the limonite-saprolite PAL slurry from Australia and the
saprolite PAL slurry from Indonesia is mainly attributed to the more than double
electrolyte concentration in the pore water of the former slurry. In addition, the
larger amount of amorphous materials and magnesium sulfate in the latter
material is also responsible for the faster settling of the saprolite PAL slurry from
Indonesia. Finally, the higher amount of structural water associated with
magnesium sulfate in the saprolite PAL slurry from Indonesia also results in
reduced dewatering. All of the above factors resulted in honey-combed fabric for

this material, as shown in Figure 5.10.
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Figure 5.14: Sedimentation test results for laterite PAL slurries
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Table 5.6. Summary of sedimentation test results for laterite PAL slurries

Sample Type and Origin
Property Limonite PAL Limonite-Saprolite PAL Saprolite PAL
Cuba Philippines Australia Indonesia

Conditions at the Start of Sedimentation Test

H, (cm) 8.35 8.50 8.50 8.50
50 (%) 15 15 15 15
e 18.25 20.17 18.25 18.25
% (kg/m°) 1115 1121 1115 1115
o, (Pa) 94 101 96 96

Hydraulic Conductivity During the Sedimentation Test

Vs (cm/min) 0.3250 0.4636 0.0455 0.0132
y* 2.22 2.56 2.22 2.22
k (cm/s) 470x 107 6.39x10% 6.57x10° 1.91x 10

Conditions at the End of Sedimentation Test

Hr (em) 2.70 1.95 430 6.25
s7(%) 3531 43.48 25.86 19.35
e 5.90 4.63 9.23 13.42
ykg/m®) 1322 1455 1217 1154
o/ (Pa) 85 87 92 94
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Figure 5.15, which is the enlarged version of the sedimentation curve of
Figure 5.14(a), gives the water release rate for various laterite PAL slurries. This
figure shows that the slope of the initial straight-line portion of the sedimentation
curve is highest for the limonite-saprolite PAL slurry from the Philippines. For
other materials, the slope decreases from limonite PAL slurry (Cuba) through
limonite-saprolite PAL slurry (Australia) and finally to saprolite PAL slurry
(Indonesia).

Table 5.6 that summarizes the sedimentation test results for laterite PAL
slurries divides the test into three stages. This table indicates approximately
constant initial conditions at the start of the sedimentation tests. The slightly
higher values for the limonite-saprolite PAL slurry from Philippines are due
mainly to the high specific gravity of this material. The table reports that the
initial hydraulic conductivity of all PAL slurries is higher than similar fine tailings
such as Alberta oil sands (Suthaker 1995). This is attributed to the high specific
gravity of laterite PAL materials and the negligible segregation of their slurries.
Further, the initial hydraulic conductivity is highest for the limonite-saprolite PAL
slurry from Philippines, whereas for other materials, the initial hydraulic
conductivity decreases from limonite through saprolite PAL slurry. The final
conditions at the end of sedimentation tests indicate effective stress values higher
than at the start. This means that the test duration of twenty-four hours is
sufficient to completely dissipate the excess pore pressure generated at the start of

the tests.
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Studying Table 4.6 in conjunction with Table 5.6 can make a comparison
of the sedimentation behavior of ore and PAL slurries. Such an analysis indicates
that the initial void ratios of all of the PAL materials are higher than their
corresponding ores owing to the high specific gravity of the former. With the
exception of the limonite ore from Cuba, all materials exhibit improvement in the
initial hydraulic conductivity and final void ratio after acid leaching. Finally, all
materials show an increase in final solids content under self-weight when acid
leached. This increase amounts to 60% for the limonite-saprolite material from

the Philippines.

5.6.4 Consolidation
5.6.4.1 General

A comparison of Table 5.1 and Table 5.6 reveals that during self-weight
sedimentation the limonite PAL slurry from Cuba and the limonite-saprolite PAL
slurry from Philippines achieve solids content just under those in the CCD
thickener. On the contrary, the other two PAL slurries do not reach the same
under self-weight sedimentation. Therefore, these latter materials need to undergo
consolidation to get the desired solids content in the CCD thickener. However,
limonite-saprolite PAL slurry from Philippines was selected for the consolidation
test. This selection was based on the increasing use of such materials due to their
reduced operational cost (Chalkley & Toraic 1997) and to compare this material
with its ore counterpart. This section gives consolidation test results along with

morphological studies for the limonite-saprolite PAL slurry from Philippines.
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5.6.4.2 Test Resulit

Figure 5.16, 5.17 and 5.18 give consolidation test results in the form of sample
height, void ratio and solids content as functions of time for different load
increments. These results are summarized in Table 5.7, which indicates that bulk
of the solid-liquid separation occurs during the sedimentation stage under self-
weight. Under self-weight a 90% dewatering is achieved as the void ratio changes
from 20.0 to 4.3 and the solids content changes from 15 to 46%. This is mainly
attributed to the high specific gravity (3.56) of the limonite-saprolite PAL slurry
from Philippines. Up to an effective stress of 8 kPa, an additional 2% dewatering
is observed with an associated void ratio change from 4.3 to 3.2 and a solids
content increase of about 7%. Increase in effective stress beyond 8 kPa results in
less than 5% dewatering and increase in solids content.

Figure 5.19 gives the pore pressure measurements for each load increment.
This figure indicates an initial abrupt increase in excess pore pressure with load
application and a subsequent steady decrease; high excess pore pressure measured
for high load increments. Pore pressure equilibration occurs within the first three
hours of load application for all loads.

Figure 5.20 presents the hydraulic conductivity data measured after each load
increment in the consolidation test. This figure shows that the variation in hydraulic
conductivity is less than three orders of magnitude for different load increments.
Despite the initial scatter in the data points indicated in Figure 5.20, steady state

values are observed within about 30 minutes of water flow through the specimen.
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Table 5.7. Changes during solid-liquid separation of laterite PAL slurry

o' (kPa) AHMH (%) e 5 (%) Dewatering (%)*
Initial State 0.0 20.0 15.0 0.0
Self-Weight 78.7 4.3 45.6 89.5

0.8 80.0 4.0 47.1 86.8

2.0 81.3 3.7 48.8 88.2

4.0 83.0 3.4 51.2 90.1

8.0 84.2 3.2 53.0 91.4
16.0 85.3 2.9 54.8 92.6
32.0 86.2 2.8 56.4 93.6
64.0 87.3 2.6 58.3 94.7
* Change in water volume divided by initial water volume
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The drop in flow from an initial to a steady state value decreased with
increasing stress. This is attributed to the diminishing physical changes in the
specimen with decreasing void ratio. Olsen et al. (1985), suggested that such
time-dependent flow can be due to one ore more of the following reasons: (a)
undissolved air in the equipment and/or specimen; (b) equipment compliance
depending on fabrication material and applied gradients; (¢) inertia required to
move the pore fluid; and (d) time-dependent changes in pore space distribution.
Using identical equipment and test conditions for Alberta oil sand tailings,
Suthaker & Scott (1996) showed that the last reason is the most likely cause of
the observed time-dependent flow. These authors concluded that this transient
phenomenon is repeatable and that the initial conditions are reattainable.
Therefore, the steady state value was taken as the hydraulic conductivity and
used in the analysis during this research.

Figure 5.21 and Figure 5.22 summarize the consolidation test results for the
limonite-saprolite PAL shurry from Philippines. Described as power laws, these two
figures give the log k-e and the e-log ¢’ relationships, respectively. Data in these
two figures is shown in cm/sec and kPa units as well as in m/min and Pa units. Fit
parameters obtained from the latter units are used in the numerical analysis,
described latter in this chapter. For the two relations, the 4 and C parameters denote
the intercept or position of the fit whereas the B and D parameters signify the slope
or shape of the curve. The parameters obtained for the investigated material are

comparable to other fine-grained Alberta cil sand tailings (Suthaker 1995).
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Figure 5.21 indicates that the hydraulic conductivity decreases by about two
orders of magnitude (107 to 107 cmy/sec) as the void ratio is decreased from 4.5 to
2.5. The investigated PAL shurry exhibits a hydraulic conductivity similar to clays (£
10" cm/sec at e < 2.0) at a void ratio of 3.0. This is attributed fo the high tortuousity
imparted by the ultra-fine, rounded hematite crystals. These spherical iron oxide
particles are also responsible for the relatively higher compressibility of the PAL
slurry compared to the ore slurry; limonite-saprolite from Philippines. Due to closely
matching material characteristics, a similar behavior is envisaged for all of the other

PAL shuries.

5.6.4.3 Morphology

Figure 5.23 and Figure 5.24 give the sample morphology after the completion of
the consolidation test for specimens cut in the vertical (parallel to applied stress)
and lateral (perpendicular to applied stress) directions, respectively. These figures
indicate that there is channelization in the vertical direction only. Such a soil
fabric facilitates the flow of water along the sample.

Figure 5.23 indicates the presence of large voids in the vertical direction.
Micrograph (a) of this figure shows a slight cleavage towards the right end of the
specimen. Micrograph (b) shows a dense soil fabric composed of assemblages
with sizes ranging from 10 to 20 pm. Micrograph (c) indicates the presence of a
large number of pore spaces for the this specimen. Micrograph (d) illustrates that
the size of these inter-assemblage pore spaces are 1 to 5 um. Therefore, the

hydraulic conductivity of this material is mainly in the vertical direction.
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Figure 5.24 indicates a reduced void ratio in the lateral direction compared
to the previous sample. Micrograph (2) of this figure shows a good fractured
surface for the specimen. Micrograph (b) shows a dense soil fabric that is devoid
of any assemblages. Micrograph (c) indicates the presence of occasional slit size
particles in the dense soil microstructure. Micrograph (d) illustrates that this fabric
is primarily composed of interconnected hematite particles having equally spaced
voids of less than 1 um size. Collectively, the soil fabric shows a markedly
reduced channeling of the specimen in the lateral direction in contrast to the
sample in the vertical direction. This ensures negligible water flow in the lateral
direction. These micrographs also confirm the reduced void ratio of the PAL

slurry compared to the ore slurry.

57 NUMERICAL SIMULATION

5.7.1 General

This section describes performance prediction of laterite PAL slurries.
Sedimentation test data was fitted by iterative variation of 4 and B parameters
used in the hydraulic conductivity-void ratio relation; data fitting was checked
against measured initial hydraulic conductivity. Such simulation allowed the
determination of hydraulic conductivity-void ratio relation without conducting the
consolidation test. Similarly, the behavior of a Counter Current Decantation
(CCD) thickener is modeled using the consolidation test data for the limomnite-

saprolite PAL slurry from Philippines.
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5.7.2 Laboratory Data

Figure 5.25 gives the modeling of sedimentation curves for various laterite PAL
shurries. This figure illustrates that the laboratory data fits reasonably well to the
initial part of the sedimentation curve that was used for the determination of
initial hydraulic conductivity. Further, this figure also indicates that the laboratory
determined hydraulic conductivity-void ratio relation for the limonite-saprolite
PAL slurry from Philippines matches closely with the measured sedimentation
curve for the same material.

Figure 5.26 depicts the behavior of laterite PAL slurries. This figure,
which uses the above-mentioned hydraulic conductivity-void ratio relations,
shows that the hydraulic conductivity varies by several orders of magnitude for
different void ratios. However, at high void ratios, variation among different PAL
slurries is only two orders of magnitude in contrast to six orders of magnitude for
the different ore slurries. Such a convergence of behavior is attributed to the
environmental conditions in the acid leaching process that yields identical
mineralogical composition and high electrolyte concentration. In other words,
variation in physico-chemical interactions between colloids and the electrolyte
medium is less significant for various PAL materials than for the corresponding
ore materials. This figure also shows that similar to the laterite ore slurries, all
relationships for the PAL materials converge at low void ratios. Again, such an
identical behavior is attributed to the governing influence of mechanics rather

than physico-chemistry.
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5.7.3 CCD Thickener

Figure 5.27 gives the solids content profile in a 3.0 m CCD thickener. This figure
was obtained by using the input parameters given in Figures 5.21 and 5.22 in the
sedimentation and consolidation program SECO described in Chapter Three. To
highlight the solids content variation in the compaction bed of the storage
thickener, sediment height is plotted on a logarithmic scale in the figure.

Figure 5.27 illustrates that the solids content increases both as a function of
time and of depth in the thickener. Further, the solids content profile has two
smoothly joining straight-line components. The initial straight-line portion portrays
rapidly increasing solids content with depth whereas the final straight-line part
denotes a slow increase in solids content. The increasing length of this latter
straight-line segment with time signifies an increasing compaction bed thickness.

Figure 5.27 indicates that the improvement in solids content of the PAL
slurry from Philippines is initially high and gradually fades away with time. The
solids content increases from 15% to 39% after one hour and up to 44% after 12
hours. Under self-weight, a further increase in solids content amounts to a mere
2% after a week in the CCD thickener. A similar behavior can be envisaged for all
of the other laterite PAL slurries.

Given the operational constraint of the metal extraction process such as
time, thickener geometry, and the prectusion of load application, the solid-liquid
separation behavior of laterite PAL slurries can be effectively improved using

synthetic polymers as will be discussed in Chapter Seven.
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ACTERISTICS DIAGRAM

Figure 5.28 depicts the characteristics of various laterite PAL slurries on the
ternary diagram. The diagram compiles the data presented earlier on
sedimentation limit (Table 5.6) and consistency limits (Table 5.1) and shows that
all of these limits are part of the family of constant clay-water ratio lines. This is
because these lines denote constant physico-chemical interactions between
colloidal particles and the medium. The deviation of soil behavior from the
constant clay-water ratio lines at low clay content is attributed to the absence of
clay minerals in the limonite PAL slurries and the presence of amorphous material
in the saprolite PAL slurry from Indonesia. This means that the clay-water ratio
lines are sensitive to mineral composition of the materials.

Figure 5.28 also gives the hydraulic conductivity of the laterite PAL
slurries on the ternary diagram. The figure shows that the hydraulic conductivity
is also part of the family of constant clay-water ratio lines. This is because
hydraulic conductivity of laterite PAL slurries depends on the same interactions
described above. The diagram indicates that the hydraulic conductivity of laterite
PAL slurries varies by one order of magnitude between the sedimentation limit (X
= 10" cm/sec) and the liquid limit (¢ = 10" cm/sec).

A comparison between the ore and the PAL slurries indicate an improved
behavior of the latter materials. Such amelioration is attributed to mineral and
environmental changes in the material characteristics during pressure acid

leaching process.
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Figure 5.28: LSCD for laterite PAL slurries
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) CONCLUSIONS

This chapter provided a detailed geotechnical characterization of laterite PAL
slurries. The influence of the acid leaching environment on the solid-liquid
separation behavior of four laterite PAL material was investigated. These
materials were selected from various parts of the globe; Cuba, Philippines,
Australia and Indonesia. Results of laboratory investigations pertaining fo
geotechnical index properties, mineralogy, pore water chemistry, morphology and
solid-liquid separation characteristics were presented. These data was used in the
numerical simulation to predict filed performance of the CCD thickener. The
entire data were depicted on the laterite slurry characteristics diagram. The
conclusions of this chapter can be summarized as follows:

= Geotechnical characteristics of laterite PAL slurries from different origins are
generally improved during pressure acid leaching. These materials have specific
gravities above 3.20 and exhibit high water requirement during the autoclave
operation for economic metal extraction.

s Materials undergo grain size growth during acid leaching. About 70% of the
material is finer than 0.075 mm whereas the amount of clay size fraction ranges
between 5 to 20%. The fine grain size and the presence of clay size fraction
render these PAL slurries nonsegregating at an initial solids content of 15%.

= Converted to materials similar to sand or less active clays, laterite PALs are
primarily composed of hematite. In some varieties, magnesium sulfates and

amorphous materials are present in sizeable amounts.
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= Autoclave operations generally use the required amount of sulfuric acid that
influences the concentration of the pore water. The pore fluid is highly acidic (pH
< 1) with H', Ca®*, Mg®", Mn®", AI*', Fe**, Ni**, Co’*and $O,* as predominant
ions.

= Similar mineralogy and pore water chemistry result in identical morphology.
Still, soil fabric ranges from flocculated to dispersed; a cardhouse microstructure
is associated with saprolite PAL slurry.

= Improvement in material characteristics is clearly identified during
sedimentation under self-weight. The initial hydraulic conductivity of laterite
PAL slurries ranges between 107 to 107 cm/sec.

= The solid-liquid separation process is governed by sedimentation. Under
self-weight a 90% dewatering is achieved as the void ratio changes from 20.0
to 4.3 and the solids content changes from 15 to 46%. A maximum effective
stress of 8 kPa is sufficient to obtain about 95% dewatering.

= The hard, ulira-fine and spherical iron oxide particles are associated with high
tortuousity and high void ratio. These particle characteristics result in the low hydraulic
conductivity and compressibility of laterite PAL slurry during consolidation. Still, both
of these parameters are improved compared to the ore shurry.

= The operational constraints of the metal extraction process include time,
thickener geometry, preclusion of load application, and minimal changes in
process conditions. Using synthetic polymers, improvement in the solid-liquid

separation behavior of laterite PAL slurries should be investigated.
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Chapter 6

olymer

Geotechnical investigation of polymer modified laterite ore slurries is pivotal in
understanding the improvement or deterioration of solid-liquid separation
behavior. This knowledge is useful for an assessment of the performance of
various synthetic polymers in the metal extraction process. This chapter highlights
the influence of polymer parameters on the solid-liquid separation behavior of the
limonite-saprolite ore slurry from the Philippines. Denoted as laterite ore shurry in
this chapter, characteristics of this material were described in chapter four. The
various polymer parameters include polymer type, charge, molecular weight
(MW) and dosage. Results of laboratory investigations pertaining to geotechnical
index properties, sedimentation (in conjunction with morphology) and
consolidation are discussed. Statistical analyses are used to develop and validate
models describing each of these stages of the solid-liquid separation process. This
is followed by providing the results of numerical simulation of the statistically
analyzed data to predict field performance of the storage thickener. Next, the
laboratory and modeling data is depicted on the laterite slurry characteristics
diagram constructed for the laterite ore sample. Finally, a summary and the main

conclusions drawn from this chapter are given.
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6.2 GEOTECHN!
6.2.1 General

DEX PROPERTD

Geotechnical characterization of polymer modified laterite ore slurries begins
with an investigation of their index properties. These properties are used to

classify the materials and to evaluate the performance of the synthetic polymers.

6.2.2 Segregation

Figure 6.1 gives the results of the segregation tests on laterite ore slurry modified
with 4 ppm of selected polymers. Results are given in the form of normalized
height versus solids content for different initial solids content. This figure shows
that the observed solids content increases with depth and that the profiles tend to
reach a constant solids content with increasing initial solids content. This
behavior is similar to the ore slurry without polymer modification and is attributed
to diminishing segregation at high initial solids content. Reduced segregation is
attributed to the formation of a mesh due to the interaction of solid particles and
synthetic polymers in the given medium.

Figure 6.2 gives the percentage of segregation as a function of the initial
solids content for laterite ore slurry modified with the above polymers. This figure
indicates that variation in the segregation characteristics of the ore shurry using
different polymers is not significant. The segregation limit (/s), which is defined
as the initial solids content that pertains to 5% segregation with depth, closely
matches for all polymers. Therefore, the investigated laterite ore slurry modified

with polymers is non-segregating at an initial solids content of 15%.
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6.2.3 Consistency Limits

Table A.1 and A2, presented in Appendix A, give the consistency limits of
laterite ore modified with various ionic and nonionic polymers, respectively.
Figure 6.3 summarizes test data in the plasticity chart (Casagrande 1948). This
figure shows that all of the polymer modified materials plot in the area designated
as micaceous fine sandy and silty clays. This suggests that the behavior of these
materials is similar to that of clay particles with variable electro-chemical activity.

Figure 6.3 also compares polymer modified ore slurries with the laterite
ore without polymer. This comparison illustrates that polymer modification of
laterite ore results in considerable variation in the engineering characteristics.
Materials modified with nonionic polymers plot close to the laterite ore without
polymer, whereas considerable variation is observed among both anionic and
cationic polymer modification. The figure shows that some of the polymer
modified ore slurries are associated with large amount of water in the newly
formed flocs. Described later in this chapter, the entrapped water results in an
increase in the consistency limits of the polymer modified ore slurries.

The variation in plasticity characteristics among different polymers is
mainly attributed to the variable interaction of synthetic polymers with the ore
material in the given medium. This indicates that the solid-liquid separation
behavior of this class of materials is governed by the parameters of synthetic
polymers (type, charge, MW and dosage). The relative significance of these

parameters is highlighted later in this chapter.
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6.3.1 General

This section gives the self-weight sedimentation behavior of laterite ore shurry using
various polymers; ionic and nonionic polymers are described separately. The initial
hydraulic conductivity is obtained from the initial straight-line portions of the
sedimentation curves. The effects of polymer parameters on the initial hydraulic
conductivity are highlighted. Morphological observations are used to understand
the observed behavior from a fundamental standpoint. Statistical analyses are used

to assess the relative significance of various polymer parameters.

6.3.2 Ionic Polymers
6.3.2.1 General

Figure 6.4 gives the sedimentation test results for laterite ore slurry modified with
various anionic polymers. This figure shows that similar to the ore slurry without
polymer modification, the self-weight sedimentation is essentially completed
within the first 180 minutes when the same slurry is modified with various
anionic polymers. This figure further shows that with 30 minutes from the start of
the test, most of the sedimentation curves start converging and curves for 4 and 12
ppm merge by the end of 180 minutes. The only exception to this general
behavior is that of the 10% charge (low)-7.5 x 10° g/mol MW (low) polymer.
Further, among the two polymer dosages, an increase in the rate of sedimentation
is observed with an increase in polymer dosage. Detailed discussion of the

behavior of these materials will be given in the next sub-section.
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Figure 6.4: Sedimentation test results for laterite ore slurry modified with various anionic polymers



Figure 6.5 gives the sedimentation test results for laterite ore slurry
modified with various cationic polymers. This figure indicates that although the
self-weight sedimentation is essentially completed in the first 180 minutes, no two
curves for 4 and 12 ppm dosages merge. With the exception of the 10% charge
(low)-17.5 x 10° g/mol MW (high) polymer, an increase in the rate of
sedimentation with an increase in polymer dosage is observed between the two
polymer dosages.

A comparison of Figures 6.4 and 6.5 indicates that colloid-polymer-
electrolyte interactions are much more variable for cationic polymers than for
anionic polymers. These interactions govern the sedimentation behavior of
the laterite ore slurry in the given neutral medium, which is comprised of low
concentration of ions and a TDS of 550 mg/L. A comprehensive discussion
of the variation during the sedimentation stage of the solid-liquid separation

process is given next.

6.3.2.2 Initial Hydraulic Conductivity

Figures A.l through A.4 give the sedimentation test result for the first 30
minutes for laterite ore slurry modified with various ionic polymers. The slope
of the initial straight-line portion is used fo obtain the initial hydraulic
conductivity (k). Derived from Figure A.1 though A.4, Table 6.1 gives & for
laterite ore slurry modified with various ionic polymers. Likewise, Figure 6.6
highlights the effect of polymer charge, molecular weight (MW) and dosage on

the k; of laterite ore slurry.
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Table 6.1: %; of laterite ore slurry modified with various ionic polymers

Polymer Parameters k;x 107 (cm/sec)
Type Charge MWx 106(gmd) Dose (ppm) SedimentationConsolidation
4 7 7
7.5 (Low)
12 15 15
10% (Low)
4 88 8s
17.5 (High)
12 99 102
Anionic
4 234 234
7.5 (Low)
75%, 12 394 423
(High) 4 263 292
17.5 (High)
12 372 409
4 11 12
7.5 (Low)
12 14 14
10% (Low)
4 409 445
17.5 (High)
12 5 5
Cationic
4 7 g
7.5 (Low)
750, 12 197 204
(High) 4 179 182
17.5 (High)
12 394 438
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Table 6.1 indicates variation in the £; of identical samples measured
during the sedimentation test and the initial part of the consolidation test.
Large variations are observed for high #4; due to the fact that for these
materials, a maximum of two data points were available for curve fitting of the
initial straight-line portion of the sedimentation curve. The cloudy solid-liquid
interface did not allow the observer to clearly determine the data points during
the initial stages of the test. Therefore, the resulting fit equation and hence k;
partly depended on observer’s bias. It is noteworthy that the cloudiness
reduced at lower rates of sedimentation suggesting a flocculation mechanism
that also includes the smaller solid particles in the slurry. The reduced
cloudiness in the vicinity of the solid-liquid interface permitted the observer to
ascertain the data points and make a better judgment about measured &;.
Therefore, variations in the k; between the two identical samples gradually
diminish with a decrease in k;

The k; of laterite ore slurry without polymer modification measured 21
x 107 (cm/sec) as reported in Chapter Four. A comparison of this value with
the data depicted in Table 6.1 reveals that polymer modification changes &; of
the laterite ore slurry to variable extent. Considering the sedimentation test
data, an improvement of about 20 times and a decrease of four times are
observed for the investigated materials. Such a large variability in the
observed k; is mainly attributed to the variable colloid-polymer-electrolyte

interactions.
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Figure 6.6 shows that for the conducted tests, polymer modification
improves k; of laterite ore slurry on ten occasions out of a total of sixteen tests. A
higher k; for the polymer modified slurry compared to that without polymer
modification is generally observed for either 75% charge (high) and/or 17.5 x 108
g/mol MW (high) polymers. On the other hand, a lesser %; for the polymer
modified slurry compared to that without polymer modification is mainly
observed for 10% charge (low) and 7.5 x 10° g/mol MW (low) polymers.

Figure 6.6 also indicates that for anionic polymers, increase in polymer
charge results in an increase in %; for all polymer MW and dosages. On the
contrary, an increase in polymer charge does not necessarily result in a k; increase
for laterite ore slurry modified with cationic polymers. For these polymers, charge
increase at 4 ppm dosage (Jow) results in a marginal k; decrease whereas at 12
ppm dosage (high) a substantial increase in k; is observed with an increase in
polymer charge.

The higher &; for the polymer modified slurry compared to that without
polymer modification is atfributed to increased polymer adsorption either at 75%
charge (high) and/or 17.5 x 10® g/mol MW (high), thereby resulting in increased
flocculation. Two exceptions to this generalization are observed in cationic
polymers: (i) 75% charge (high)-7.5 x 10% g/mol MW (low)-4 ppm dosage (low)
and (ii) 10% charge (low)- 17.5 x 10% g/mol MW (high)-12 ppm dosage (high).
The former is attributed to electrostatic repulsion between the positively charged

particle surfaces of sesquioxides and the cationic polymer possessing an identical
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charge. Such repulsion is known to hinder polymer adsorption and hence the
development of flocs (Gregory 1973). This is also supported by the fact that a
lesser k; is observed for the same polymer MW and dosage even at 10% polymer
charge (low). Conversely, the lafter exception is explained by the possible
development of bimodal size distribution consisting of individual particles and
flocs in the slurry (Hogg 1999). The individual dispersed particles obstruct the
settling of flocculated material thereby resulting in a reduced k. This is
substantiated by the fact that at 75% charge (high), electrostatic repulsion
overcomes the effect of dispersed particles, thereby resulting in 2 higher %; for the
same MW and dosage.

The smaller %; for the polymer modified slurry compared to that without
polymer modification is observed for polymers with 10% charge (low) and 7.5 x
10° g/mol MW (low). This is attributed to depleted polymer adsorption and
flocculation due to the combined effect of polymer charge and MW (Alonso &
Laskowski 1999). The smaller chain length associated with 7.5 x 10® g/mol MW
(low) cannot accommodate a large number of solid particles. This is supported by
the fact that at 17.5 x 10° g/mol MW (high), higher k; is generally observed for all
but one test. For anionic polymers, the 10% polymer charge (low) is insufficient
for hydrolysis and in fact causes dispersion similar to Na'" addition to clays. For
cationic polymers, electrostatic repulsion causes additional reduction in the
amount of flocculation. This is in accordance with recorded observations during

various sedimentation tests, which indicated reduced floc size.
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The increase in &; for anionic polymers, with increasing polymer charge,
polymer MW and dosage, is due to increasing flocculation. For the eight tests, an
increase in k; is observed when any of the polymer parameter is increased from a
low to a high value. The relative significance of these parameters will be
described later in this chapter. Here, a comparison between the low and the high
dosages is highlighted. Such a comparison indicates a minor increase in k; when
the dosage is increased from 4 ppm to 12 ppm. This indicates that the optimum
dosage for anionic polymers is just above the latter dosage used in this research.

For cationic polymers, charge increase at 4 ppm dosage (low) results in a
marginal k; decrease. This is attributed to an increase in electrostatic repulsion
between sesquioxides and cationic polymers at low dosages (Gregory 1973). The
same phenomenon is responsible for the low %; at 10% polymer charge (low) and
high dosage of 12 ppm (Hogg 1999). At 12 ppm dosage (high), such repulsion is
overcome by flocculation when the charge is increased from 10% (low) to 75%
(high). Further, for both 10% charge (low) and 75% charge (high), an increase in
polymer dosage results in a k; increase in all but one case. Therefore, an optimum
dosage for cationic polymers is also in the vicinity of 12 ppm for most cases
studied during this investigation.

The influence of various polymer parameters can be combined in a single
term to be called the polymer factor. Mathematically, this term is equal to
polymer charge divided by the product of polymer MW and polymer dosage and

has the units mol/g-ppm.
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Figure 6.7 gives the variation of the polymer factor with the initial
hydraulic conductivity of the polymer modified laterite ore slurries. This figure
shows a cyclic k; variation with polymer factor and the relationships hold for both
anionic and cationic polymers. Based on colloid-polymer-electrolyte interactions,
the relationships show three zones of behavior, in which the first and the third
zones match closely. These zones include: (a) dispersion, (b) uniform flocculation
and (c) bimodal flocculation.

The various zones depicted in Figure 6.7 are explained by the
mechanism governing colloid-polymer electrolyte interactions. It was
established in Chapter Four that the laterite ore slurry is predominantly
composed of iron oxides and some clay minerals in a near neutral pH and low
electrolyte concentration thereby resulting in large double large thickness. This
allows the synthetic polymers to experience electrostatic forces due to the
colloidal particles. As a result, the positively charged iron oxide surfaces attract
anionic polymers and clay surfaces cationic polymers. However, the magnitude
of these forces is generally small as the double layer of oppositely charged ions
surrounds the colloids (Mitchell 1993). Therefore, flocculation of both types of
colloidal particles takes place as a result of polymer addition to the slurry. The
type of flocculation or dispersion depends on bond strength and floc size. In
general, high charge synthetic polymers result in a stronger bond between the
polymer and the colloid as well as between various flocs. Similarly, a high

polymer molecular weight leads to a large floc size (Hogg 1999).
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Combining the various polymer parameters, a polymer factor around 5.0 x 107
® mol/g-ppm is chosen to be the boundary between the strong and the loose bonding.
Similarly, the inflexion points of the fitting curves are the limits between various
kinds of colloid-polymer-electrolyte interactions. These arbitrary limits on Figure 6.7
allow a better understanding of the sedimentation behavior of laterite ore shurries.

Up to an initial hydraulic conductivity of about 50 x 10~ cm/sec, a
dispersion zone occurs. All of the observed data that fall below the ore slurry
without polymer (21 x 10° cm/sec) is located in this zone. Likewise, most of the
observed data in this zone falls in the area designated as loose bonding. The partly
dispersed laterite ore slurry without polymers is rendered completely dispersed by
the low charge anionic polymers leading to a &; reduction. This is analogous to the
dispersion of negatively charged clay particles by the addition of Na'. Similarly,
electrostatic repulsion between the positive colloids and the cationic polymers
also results in dispersion and a &; reduction.

Between a k; of 50 and 300 x 107 cmy/sec, a flocculation zone is found. In this
zone, the high charge anionic polymers do not disperse but flocculate the solid
particles. This is similar to a flocculated clay fabric due to the addition of high charge
cations. Likewise, electrostatic repulsion is negligible for high charge cationic
polymers, which interact with the negatively charged double layer causing flocculation.
The high charge of the synthetic polymers results in strong colloid-polymer and floc-
floc bonds. This leads to a narrow size distribution of the flocs. Most of the observed

data in this zone falls above a polymer factor of 5.0 x 10” mol/g-ppm.
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Beyond a k; of 300 x 107 cm/sec, a zone of bimodal flocculation exists. In
this region, most of the observed data falls in the area designated as loose bonding,
which occurs due to the low polymer factor. Such bonding results in floc breakage
and bimodal size distribution that comprises of both large and small flocs. This
creates channels or flow paths of least resistance in the flocculated shurry matrix.
These channels result in an increase in the initial hydraulic conductivity of the
material.

This discussion is supported by extensive annotations taken during the
laboratory testing of the polymer modified laterite ore slurries and illustrates that
the combined effect of polymer parameters is efficiently explained by the term

polymer factor.

6.3.2.3 Morphology

The observed behavior given above is explained in the light of morphological
examinations of some of the samples taken after the sedimentation tests. Results
of scanning electron microscopy are studied in conjunction with elemental
analyses. Figure 6.8 and 6.9 give the morphological details of laterite ore shurry
modified with anionic polymers having 10% charge (low)-17.5 x 10° g/mol (high)
MW and 75% charge (high)-17.5 x 10° g/mol (high) MW, respectively. Similarly,
Figure 6.10 and 6.11 give the microstructural details of laterite ore slurry modified
with cationic polymers and the above designation, respectively. All observations
pertain to a polymer dosage of 4 ppm (low). All of these figures are comprised of

four micrographs, similar to those described in Chapters Four, Five and Six.
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Figure 6.8 shows the morphology of the laterite ore slurry modified with
10% charge (low)-17.5 x 10% g/mol MW (high)-04 ppm (low) anionic polymer.
Micrograph (a) shows a good specimen surface with some corrugations.
Micrograph (b) shows the presence of evenly distributed coarse grains scattered
through out the clay matrix. Micrograph (c) shows that these grains are mainly silt
size particles. Micrograph (d) illustrates that the clay fabric is flocculated but
does not vividly show any flocs with distinct boundaries. Collectively, the entire
morbhology is devoid of any definite structural motif and channeling is minimal.
Therefore, the hydraulic conductivity is considered to be entirely dependent on
the microfabric, which is composed of particle assemblages and interassemblage
pore spaces. The higher resistance offered to the flow of water through these
small pores is responsible for the low increase in hydraulic conductivity due to
polymer modification. The average k; of 86 x 10 cm/sec measured for this
sample is four times that of the ore slurry without polymer.

Figure 6.9 shows the morphology of the laterite ore slurry modified with
75% charge (high)-17.5 x 10% g/mol MW (high)-04 ppm (low) anionic polymer.
Micrograph (a) shows a reasonable specimen surface with some corrugations.
Micrograph (b) shows evenly distributed coarse grains scattered through out the
clay size matrix. Micrograph (c) depicts that most of these grains are comprised of
flocculated clay particles. Micrograph (d) illustrates that these flocs can be as
large as 15 pm. The morphology of this specimen is flocculated with hydraulic

conductivity governed by the pore spaces between the flocs. The larger pore size
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is resulted in an average k; of 277 x 107 cm/sec measured for this sample. This
hydraulic conductivity is about three times that of the previous sample and
thirteen times that of the ore slurry without polymer.

Figure 6.10 shows the morphology of the laterite ore slurry modified with
10% charge (low)-17.5 x 10° g/mol MW (high)-04 ppm (low) cationic polymer.
Micrograph (a) shows an excellent specimen surface for microscopy. Micrograph
(b) shows coarse silt grains scattered through out the clay matrix. Micrograph (c)
gives a flocculated clay size structure with abundant pore spaces between the
flocculated materials. Micrograph (d) illustrates large floc size, a low apparent
tortuousity and large pore size, all of which result in a high initial hydraulic
conductivity of this sample. The measured average k; is 427 x 10> cm/sec, which
is a twenty times increase compared with the ore slurry without polymer
modification.

Figure 6.11 shows the morphology of the laterite ore slurry modified with
75% charge (high)-17.5 x 10° g/mol MW (high)-04 ppm (low) cationic polymer.
Micrograph (a) shows a good specimen surface with minimal disturbance.
Micrograph (b) shows a compact clay size structure with evenly distributed silts
size grains. Micrograph (c) illustrates even-sized flocs with uniform pore spaces
between the flocs. Micrograph (d) shows that these pore spaces are smaller than
those in the previous sample. This has resulted in a lower value of average &; of
180 x 107 cm/sec compared with the previous sample. Still, this measured value

is about nine times that of the ore slurry without polymer.
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6.3.2.4 Statistical Analysis

Based on the 2¢ factorial design of experiments described in Chapter Three, a
statistical analysis was conducted for ionic polymers. Using the measured %; as
input, an estimate of ; resulted according to the following model:

k;=0.17963 - 0.01616 T,+ 0.09401 C, + 0.06511 MW, +0.0215 D, (6.1)
where,

T, = Polymer type

C, = Polymer charge

MW, = Polymer MW

D, = Polymer dosage

Using ~1 for low and +1 for high values of the above polymer parameters,
equation (6.1) estimated the &; depicted in Figure 6.12. Despite the scatter, this
figure shows a reasonable correlation between the observed and the estimated
values for the given set of data.

The analysis showed that the most significant factors are polymer charge (p-
value of 0.03) followed by polymer MW (p-value of 0.10). Conversely, polymer
dosage (p-value of 0.57) and polymer type (p-value of 0.67) are less significant.
This is in accordance with observations depicted in Figure 6.7. This figure showed
that variations in polymer charge and MW result in significant alterations in
observed k;, whereas marginal changes in k; occur due to variations in polymer
dosage and type. Therefore, the observed solid-liquid separation of laterite PAL

slurries modified with ionic polymers is in accordance with statistical analysis.
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6.3.3 Nonionic Polymers
6.3.3.1 General

Figure 6.13 gives the sedimentation test results for laterite ore slurry modified
with various nonionic polymers. This figure shows that similar to the ore slurry
without polymer modification, the self-weight sedimentation is essentially
complete within the first 180 minutes when the same slurry is modified with
various nonionic polymers. After about 30 minutes, all of the sedimentation
curves for various dosages start converging and curves for 4, 8 and 12 ppm merge
by the end of 180 minutes. Among the three polymer dosages, an increase in the
rate of sedimentation is generally observed with an increase in polymer dosage.
The only exception to this generalization is observed for the high MW at 12 ppm
dosage. The sedimentation behavior of laterite ore slurry modified with nonionic

polymers is explained in this section.

6.3.3.2 Initial Hydraulic Conductivity

Figures A.5 through A.7 give the sedimentation test result for the first 30 minutes
for laterite ore slurry modified with various nonionic polymers. The slope of the
initial straight-line portion is used to obtain the initial hydraulic conductivity (%;).
Derived from Figure A.S though A.7, Table 6.2 gives k; for laterite ore slurry
modified with various nonionic polymers. Likewise, Figure 6.14 highlights the
effect of polymer molecular weight (MW) and polymer dosage on the initial

hydraulic conductivity of laterite ore slurry, when modified with nonionic

polymers.
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Table 6.2: £; of laterite ore slurry modified with various nonionic polymers

Polymer Parameters b x 107
Type Charge MWx10°@mo) Dose (ppm) (cm/sec)
4 35
7.5 (Low) 8 66
12 175
4 88
Nonionic NA (11\2&: dium) 8 175
12 219
4 161
17.5 (High) 8 292
12 219
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The %; of laterite ore slurry without polymer modification measured 21 x
107 (cm/sec). A comparison of this value with the data depicted in Table 6.2
reveals that modification of laterite ore slurry with nonionic polymer always
improve k; of the material. Although, a maximum improvement of about fourteen
times is obtained, variability among various observed values is not as extensive as
for the ionic polymers and is attributed to colloid-polymer-elecirolyte interactions.

Figure 6.14 shows that a higher %, for the polymer modified slurry
compared to that without polymer modification is always observed for the
conducted tests. This is attributed to the polymer adsorption leading to
flocculation of the ore slurry due to the addition of nonionic polymers. Adsorption
is always facilitated because of the absence of polymer charge for nonionic
polymers. This precludes the phenomenon of dispersion and electrostatic
repulsion that led to ; reduction described earlier for low charge ionic polymers.

Figure 6.14 indicates that an increase in either the molecular weight (MW)
and/or dosage of the nonionic polymers improves &; of laterite ore slurry. This is
due to the increased adsorption and flocculation due to one or both of the polymer
characteristics. The only exception to this generalization is for 17.5 x 10% g/mol
MW (high)-12 ppm dosage (high) test, which shows a 25% decrease compared with
that for the 8 ppm dosage (medium) test. This is attributed to the development of
bimodal size distribution that causes a k; reduction when channeling is absent
because of low amount of unflocculated material (Hogg 1999). These phenomena

ocecur due to overdosing that causes the formation of polymer brush configuration.
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6.3.3.3 Morphology

Figure 6.15 shows the morphology of the limonite-saprolite ore slurry modified
with 12.5 x 10° g/mol MW (medium)-08 ppm dosage (medium) of nonionic
polymer. Micrograph (a) shows a specimen with two surfaces separated by a cut.
Micrograph (b) shows a compact clay microstructure with evenly distributed silts
size grains. Micrograph (c) illusirates some of these grains and a flocculated clay
structure. Micrograph (d) shows that the pore spaces in the clay fabric have
uniform size and distribution. This micrograph also indicates some tortuousity,
which is responsible for the moderate increase in the initial hydraulic conductivity
(175 x 107 cm/sec) of this specimen. It is noteworthy to mention that this fabric is
not very different from that depicted in Figure 6.11 for the 75% charge (high)-17.5
x 10° g/mol (high) MW-04 ppm (low) dosage of cationic polymer for which &

measured 180 x 107 cm/sec.

6.3.3.4 Statistical Analysis

Using 0 for no charge in nonionic polymers; -1 for 7.5 x 10° g/mol (low), 0
for 12.5 x 10° g/mol (medium) and +1 for 17.5 x 10° g/mol (high) polymer
MW; and -1 for 4 ppm, 0 for 8 ppm and +1 for 12 ppm polymer dosage,
equation (6.1) estimated the &; depicted in Figure 6.16. This figure gives the
results for nonionic polymers superimposed on those of the ionic polymers,
given earlier in Figure 6.12. The current figure shows that the results of
statistical analysis for nonionic polymers correlate well with those of the
ionic polymers.
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6.4 CONSOLIDATION

6.4.1 General

The interaction between synthetic polymers, soil particles and the pore fluid was
highlighted in the section on sedimentation. This section aims at understanding
the significance of such interactions during load application. First, the solid-liquid
separation behavior of laterite ore slurry modified with iomic polymers is
described. These results are then combined with those of the nonionic polymer
modification. In each case, consolidation test results are depicted in the form of

log k-e and e-log o’ relationships; both relations are then statistically analyzed.

6.4.2 lonic Polymers
6.4.2.1 General

Sixteen consolidation tests were conducted on laterite ore slurry modified with
ionic polymers. Results of these tests are depicted in Figures A.8 through A.39
given in Appendix A. For each test, results are depicted in the form of interface
height versus elapsed time and hydraulic conductivity versus elapsed time.
Table A.5 gives the solids content at the start and the end of the various
consolidation tests.

Consolidation test results indicate that the solid-liquid separation of
laterite ore slurries modified with ionic polymers is predominantly composed of
sedimentation. For all tests, the solid-liquid interface moved from an initial height
of 9.5 cm to a final height ranging from 5.5 to 4.5 cm under self-weight and

between 3.0 and 1.5 cm under 2 maximum stress of 9.0 kPa. This means that in a
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total height variation of 6.5 to 8.0 cm during the tests, the part due to
sedimentation amounts fo about 60% and that due to consolidation is 40%. The
higher solid-liquid separation during sedimentation is mainly attributed to the
high specific gravity (3.16) of the laterite ore material, discussed in Chapter Five.

Polymer modification results in flocculation of laterite ore materials
thereby causing additional dewatering due to the development of large and heavy
flocs. In the section on sedimentation, it was observed that modification of laterite
ore slurries with ionic polymers does not necessarily result in %; increase. In the
current section, it is observed that such modification invariably results in a higher
amount of dewatering under self-weight. Therefore, polymer selection should be
based on both the rate and the amount of solid-liquid separation.

The improved dewatering under self-weight is attributed to the
development of soil morphology during sedimentation. At the initial part of
sedimentation (used for %; determination), soil morphology undergoes minimal
variation and the soil containing entrapped water settles as one mass (Pane &
Schiffman 1997). During the transition stage, soil morphology undergoes
considerable changes as colloid-polymer-electrolyte interactions are progressively
overcome by effective stresses. A dense morphology is envisaged when the slurry
is converted to a soil sediment. Such a morphology is characterized by channels
and/or hairline cracks between adjacent dense soil minifabrics. These
discontinuities allow an easy and generally identical water escape during the latter

part of sedimentation.
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Hydraulic conductivity test results (given in Appendix A) indicate that
flow through the samples was not constant but decreased with time and reached
a steady state within 30 minutes. The drop in flow from an initial to a steady
state value decreased with increasing stress. This is attributed to the diminishing
physical changes in the specimen with decreasing void ratio. Olsen et al. (1985),
suggested that such time-dependent flow can be due to one ore more of the
following reasons: (a) undissolved air in the equipment and/or specimen; (b)
equipment compliance depending on fabrication material and applied gradients;
(c) inertia required to move the pore fluid; and (d) time-dependent changes in
pore space distribution. Using identical equipment and test conditions for
Alberta oil sand tailings, Suthaker & Scott (1996) showed that the last reason is
the most likely cause of the observed time-dependent flow. These authors
concluded that this transient phenomenon is repeatable and that the initial
conditions are reattainable. Therefore, the steady state value was taken as the

hydraulic conductivity and used in the analysis during this research.

6.4.2.2 Hydraulic Conductivity-Void Ratio

Figure 6.17 and 6.18 give the log k-e relationships for anionic and cationic
polymer modification, respectively. Table 6.3 summarizes the A and B
parameters obtained from these relationships. Figure 6.19 combines log ke
relationships for all ionic polymer modification and compare these with the
laterite ore slurry without polymer. Figure 6.20 explains the results by

highlighting the effect of hydraulic gradient (i) on the hydraulic conductivity.
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Table 6.3: log k-e parameters for laierite ore shurry modified with ionic polymers

Polymer Parameters

A B
Type Charge MWx10°(ghmol) Dose (ppm)
4 12x101% 58
7.5 (Low)
12 27x10° 59
10% (Low)
4 32x10% 37
17.5 (High)
12 26x10% 43
Anionic
4 77x10% 80
7.5 (Low)
12 1.0x10° 73
75% (High)
4 48x102 7.9
17.5 (High)
12 1.6x10" 85
4 21x107 90
7.5 (Low)
12 1.0x10%% 94
10% (Low)
4 58x10% 35
17.5 (High)
12 1.5x10% 54
Cationic
4 3.0x10% 37
7.5 (Low)
12 74x10% 38
75% (High)
4 1.4x10% 20
17.5 (High)
12 1.2x10%Y 36
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Figure 6.17 indicates that the hydraulic conductivity-void ratio
relationships of laterite ore sturry modified with 12 ppm dosage (high) of anionic
polymers plots above that using the 4 ppm dosage (low). This means that at a
given void ratio, the hydraulic conductivity for the former dosage is always higher
than that at the latter dosage. Therefore, the variation of hydraulic conductivity
during consolidation follows the same pattern of the &; during sedimentation for
laterite ore slurry modified with anionic polymers.

Figure 6.18 depicts a similar behavior for the laterite ore slurry modified
with cationic polymers with 7.5 x 10° g/mol MW (low) and a reverse behavior for
the same polymers with 17.5 x 10° g/mol MW (high) for both values of polymer
charge. This reversal in behavior is attributed to the type of flocculation
developed during sedimentation. The size of the floc and the floc assemblage
increase with an increase in polymer MW and this increase is more pronounced at
low MW. Due to the size increase with polymer dosage for the former polymer
MW, the hydraulic conductivity follows the same trend as for both anionic
polymers. Conversely, stronger bonds between the flocs and floc assemblages at
12 ppm dosage (high) of the latter polymer MW lead to a limited bond breakage
and water release and 2 hence a reversal in behavior.

A comparison of anionic and cationic polymer modification of laterite
ore slurry indicates that in addition to polymer charge, the bond strength
between the particle and the polymer depends on the sign of the charge. For the

given near neutral pore fluid with low electrolyte concentration, a stronger bond
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is formed between the positive sesquioxides and the anionic polymer. Further,
the opposite sign of the colloid and the polymer leads to a small size floc and
low tendency of floc assemblage for anionic polymers. Although, the flocs grow
and floc assemblages are increased with polymer dosage, little bond breakage
occurs up to the investigated void ratios. A similar behavior is observed for the
laterite ore slurry modified with cationic polymers at 7.5 x 10° g/mol MW (low).
The reversal in behavior for the same polymers with 17.5 x 10° g/mol MW (high)
for both values of polymer charge is discussed above. It is noteworthy that the
same sign of colloid and polymer results in loose bonds, large size flocs and floc
assemblages for cationic polymers.

Table 6.3 summarizes the A and B parameters of the log k-e
relationships for all ionic polymer modifications. This table indicates that
variations in parameter A (intercept or position) amount to six orders of
magnitude whereas parameter B (shape or slope) varies between 2 and 10. This
means that the log k-e relationships for the laterite ore slurry modified with both
anionic and cationic polymers depend on parameter A. Further, the A and B
parameters for the laterite ore slurry without polymer were 6.5226 x 107" and
9.7848, respectively. This A value for the laterite ore slurry without polymer is
less than all of the A values obtained for the polymer modified materials
depicted in Table 6.3. This means that ionic polymer modification of laterite ore
slurry invariably results in an improvement in the hydraulic conductivity of the

material during consolidation.
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Figure 6.19 combines the results of both anionic and cationic polymer
modification and compares these with the ore slurry without polymer. This figure
shows that almost the entire data plots above the ore slurry without polymer.
Therefore, all ionic polymers improve the hydraulic conductivity of laterite ore
slurry during consolidation. Such improvement in hydraulic conductivity varies
by one order of magnitude (1072 to 10 co/sec) at a void ratio of 9.0 and by two
orders of magnitude (10° to 107 cmy/sec) at a void ratio of 4.0. This means that at
the start of consolidation, hydraulic conductivity depends on the type of
flocculation attained during the initial stages of the solid-liquid separation
process. The effect of flocculation type is narrowed towards the end of
sedimentation under self-weight. During consolidation under applied loads,
breakage and redistribution of these flocs results in the release of pore water and
the escape of entrapped floc water through channels. As expected, these
phenomena are more conspicuous at low void ratios.

The effect of hydraulic gradient on hydraulic conductivity was studied by
performing constant head tests after each load increment during consolidation. The
gradient for each test was kept less than the critical gradient at which piping of the
sample occurs. Figure 6.20 gives the variation of hydraulic conductivity with hydraulic
gradient. This figure shows that the hydraulic conductivity of polymer modified laterite
ore slurry decreases with an increase in the hydraulic gradient. Further, a change in the
behavior between the laterite ore shurry modified with ionic polymers and the one

without polymers is observed. A hydraulic conductivity of say 10” cr/sec requires a
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gradient of 3.2 for the former materials and only 0.3 for the latter. This more than one
order of magnitude difference in gradient to achieve the same hydraulic conductivity is
attributed to the development of flocs due to polymer modification. These flocs contain
entrapped water that can only be extracted at elevated hydraulic gradients. For
polymers resulting in lower flocculation or bimodal size distribution, migration of fine
un-flocculated soil particles occurs into pore throats (Suthaker & Scott 1996). This
results in the development of channels thereby offering paths of least resistance to
water flow. The same phenomenon controls the hydraulic conductivity of the ore slurry
without polymer.

Since, no distinguishable trend in the hydraulic conductivity for the two
polymer types is observed in Figure 6.19, polymer selection should be based on
examining their performance independently. This requires that the sedimentation
data depicted in Figure 6.6 and consolidation data given in Figures 6.17 and 6.18,
be studied in conjunction. Based on this assessment, polymer parameters for best
anionic and cationic performers include 75% charge (high), 17.5 x 10° g/mol MW

(high) and 12 ppm dosage. These selected polymers are shown in Figure 6.19.

6.4.2.3 Void Ratio-Effective Stress

Figure 6.21 and 6.22 give the e-log o’ relationships for anionic and cationic
polymer modification, respectively. Table 6.4 summarizes the C and D
parameters obtained from these relationships. Figure 6.23 combines e-log ¢’

relationships for all ionic polymer modification and compare the results with the

ore slurry without polymer.
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Table 6.4: e-dog o’ parameters for laterite ore slurry modified with ionic polymers

Polymer Parameters

C D
Type Charge MWx 10°(gimol) Dose (ppm)
4 6.8 -0.12
7.5 (Low)
12 6.0 -0.12
10% (Low)
4 44 -0.22
17.5 (High)
12 4.5 -021
Anionic
4 6.1 -0.10
7.5 (Low)
12 5.5 -0.13
75% (High)
4 6.6 -0.09
17.5 (High)
12 5.8 -0.15
4 6.2 -0.11
7.5 (Low)
12 6.1 -0.11
10% (Low)
4 5.3 -0.14
17.5 (High)
12 74 -0.11
Cationic
4 5.9 -0.15
7.5 (Low)
12 53 -0.14
75% (High)
4 3.8 -0.27
17.5 (High)
12 5.8 -0.16
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Figure 6.21 indicates that the void ratio-effective stress relationships of
laterite ore slurry modified with 12 ppm dosage (high) of anionic polymers plots
above that of the 4 ppm dosage (low) for both polymer charges and both polymer
MW. This means that at a given effective stress, the void ratio of the former
dosage is always lower than that at the latter dosage. This is attributed to the
breakage and redistribution of the larger flocs formed at the higher dosage of
anionic polymers.

Figure 6.22 depicts a similar behavior for the laterite ore slurry modified
with cationic polymers with 7.5 x 10° g/mol MW (low) and a reverse behavior for
the same polymers with 17.5 x 10° g/mol MW (high) for both values of polymer
charge. This reversal in behavior is attributed to the type of flocculation
developed during the early stages of the solid-liquid separation process. As would
be expected, the size of the floc and the floc assemblage increase with an increase
in polymer MW. Further, a size increase with increasing polymer MW is eminent
for 7.5 x 10° g/mol MW (low) but negligible for 17.5 x 10° g/mol MW (high).
Due to the size increase with polymer dosage for the former polymer MW, the
compressibility behavior is similar to anionic polymers (Figure 6.21). Conversely,
stronger bonds between the flocs and floc assemblages at 12 ppm dosage ¢high) of
the latter polymer MW lead to a limited bond breakage. Alternatively, bond
breakage and the associated redistribution of flocs are not much pronounced at the
high dosage of 12 ppm. Therefore, a reversal in compressibility behavior is

observed for 17.5 x 10° g/mol MW (high) cationic polymers
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Table 6.4 summarizes the C and D parameters of the e-logo” relationships
for all ionic polymer modifications. This table indicates that parameter C
(intercept or position) is in the range of 3.8 and 7.4 whereas parameter D (slope or
shape) varies between - 0.09 and - 0.27. This indicates that e-logo’ relationships
for the laterite ore shury modified with ionic polymers depends mainly on
parameter C. For comparison, the C and D parameters for the laterite ore slurry
without polymer, were reported as 6.4208 and - 0.0896, respectively.

Figure 6.23 combines the results of both anionic and cationic polymer
modification and compares these with the ore slurry without polymer. This figure
shows that at effective stresses above 1.0 kPa, most of data for polymer modified
materials plot below the ore slurry without polymer. However, the ore slurry
without polymer bisects this data at effective stresses below 1.0 kPa. This means
that modification of the laterite ore slurry modified with ionic polymers can have
a favorable or adverse effect on compressibility. Therefore, polymer selection
should be based on optimizing both hydraulic conductivity (efficiency) and
compressibility (yield) in the storage thickener. Choosing the most efficient
anionic and cationic polymers (Figure 6.19), Figure 6.23 illustrates that these
polymers perform well for compressibility. At effective stresses of more than 0.2
kPa, both polymers improve compressibility and the void ratio of the laterite ore
slurry without polymers at 9.0 kPa is reduced from 5.0 to about 4.0 due to
modification with ionic polymer. There is essentially no difference in the

compressibility behavior of the two polymers.
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6.4.2.4 Statistical Analysis

The data given Table 6.3 was used to obtain hydraulic conductivity at different
void ratics. Corresponding to each test, this generated a set of sixteen hydraulic
conductivity values, which were statistically analyzed as before. Using the
statistical equation obtained for each void ratio, estimated hydraulic conductivity
values were obtained. The data is shown in Figure 6.24, which indicates that the
relationship between the estimated and measured values is linear. Similarly, using
the data given in Table 6.4 and conducting the above exercise for the void ratio-
effective stress relationships yields Figure 6.25. Again, a linear relationship is
obtained between the estimated and measured values.

The statistical equations were associated with P-values for each of the
polymer parameter. Figure 6.26 gives the statistical significance of various
polymer parameters on the solid-liquid separation of laterite ore slurry. This
figure shows that the effect of polymer parameters is more significant for
hydraulic conductivity than for compressibility. For hydraulic conductivity, the
significance of various polymer parameters is high for high void ratios and
decreases as the void ratio is decreased. In this case, the significance of polymer
charge is highest followed by polymer MW, polymer type and dosage are less
significant. For compressibility, the significance of various polymer parameters is
high at low effective stresses and either decreases or remains constant as the
effective siress is increased. In this case, the significance of polymer MW is

highest and all other factors are much lower and identical.
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6.4.3 Nonionic Polymers
6.4.3.1 General

One consolidation test was conducted on laterite ore slurry modified with
nonionic polymer. The polymer parameters for the selected polymer were 12.5 x
10°% g/mol MW (medium) and 8 ppm dosage (medium). Results of this test are
depicted in Figure A.40 and Figure A.41, given in Appendix A. These results are
depicted in the form of interface height versus elapsed time and hydraulic
conductivity versus elapsed time, respectively. Table A.6 gives the solids content
at the start and the end of the consolidation test.

Consolidation test results of Figure A.40 indicate that the solid-liquid
separation of laterite ore slurries modified with nonionic polymers is
predominantly composed of sedimentation. The solid-liquid interface moved
from an initial height of 9.5 ¢m to a final height of up to 4.6 cm under self-
weight and up to 2.8 under a maximum stress of 9.0 kPa. This means that in a
total height variation of 6.7 cm during the tests, the part due to sedimentation
amounts to 75% and that due to consolidation is only 25%. Similarly, hydraulic
conductivity test results given in Figure A.41 indicate that although flow
through the sample decreased with time, a steady state was achieved well before
30 minutes. This means that the investigated nonionic polymer is more efficient
than both anionic and cationic polymers. In general, the test data of laterite PAL
slurry modified with nonionic polymer follows the same trends of those

modified with ionic polymers.
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6.4.3.2 Hydraulic Conductivity-Void Ratio

Figure 6.27 give the hydraulic conductivity-void ratio relationship for
nonionic polymer modification of laterite ore slurry. A comparison of this
material with ionic polymer modification and the ore slurry without polymer
is also given in this figure. This figure shows that the nonionic polymer
results in a lower hydraulic conductivity during consolidation. This is
attributed to the preclusion of polymer charge that was observed to be the
most significant influencing factor for ionic polymer modification. The
absence of polymer charge leads to the formation of loosely bonded flocs,
which are easy to break upon load application. This liberates the previously
entrapped water in the flocs thereby results in a high hydraulic conductivity

during consolidation.

6.4.3.3 Void Ratio-Effective Stress

Figure 6.28 give the void ratio-effective stress relationship for nonionic
polymer modification and compares this relationship with those obtained for
ionic polymer modification and the ore slurry without polymer. This figure
indicates that the curve for nonionic polymer modification plots below that
of the ionic polymer modification and the ore slurry without polymer. The
higher compressibility of the nonionic polymer modified material is
attributed to the phenomenon of floc separation discussed above. Such floc
breakage results in floc and grain readjustment upon loading during

consolidation.
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Based on consolidation, nonionic polymer is not the most appropriate
candidate for modifying the hydraulic conductivity of laterite ore slurry.
However, the high compressibility of the material due to this polymer makes it
useful for the storage thickener. Therefore, the three contenders for the laterite ore
shurry include anionic and cationic polymers with 75% charge (high), 17.5 x 108
g/mol MW (high) at 12 ppm dosage and nonionic polymer with 12.5 x 108 g/mol
MW (medium) at 8 ppm dosage. Due to variation in material characteristics, this

conclusion should be verified for specific processes.

6.4.3.4 Statistical Analysis

The log k-e and the e-log o’ relationships for the nonionic polymer modified
laterite ore slurry and the statistical equations obtained for ionic polymer
modifications were used for the analysis described in this section. In the
statistical equations, all of the variables were give a value of zero that
corresponded to polymer parameters falling between the boundary values for
ionic polymers. Figure 6.29 gives the relationships between the measured and
estimated hydraulic conductivity for polymer modified laterite ore slurry.
Similarly, Figure 6.30 presents the relationship between the measured and
estimated void ratio for polymer modified laterite ore slurry. Both of these
figures show that the curves for nonionic polymer modification follow those of
the ionic polymer modification. Therefore, the solid-liquid separation behavior
of this class of materials can be estimated with a reasonable degree of
confidence.
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6.5 NUMERICAL SIMULATION

6.5.1 General

This section describes the performance prediction of laterite ore slurry modified
with synthetic polymers. The consclidation data depicted in previous sections
are used to predict the solid-liquid separation behavior of laterite ore slurry for a
hypothetical storage thickener. A comparison of the behavior of laterite ore
slurry without polymer is made with that modified with anionic, cationic and

nonionic polymers.

6.5.2 Analyzed Data

The log k-¢ and the e-log ¢’ relationships summarized in Figures 6.27 and Figure 6.28
are used to extrapolate the behavior of laterite ore shury. For use in the consolidation
program, data depicted in these two figures is converted to commensurate units and the
transformed data was plotted to obtain the new fit parameters; the new units being
m/min and Pa for log ke and the e-log o relationships, respectively. Table 6.5

summarizes the parameters derived for these transformed umits.

6.5.3 Storage Thickener

Figure 6.31 gives the predicted behavior of polymer modified laterite ore shurry in
a storage thickener using the consolidation program SECO. Similarly, Figure 6.32
compares the predicted consolidation data with data predicted by the
sedimentation program. For use in both of these programs, a 3.0 m height was

chosen for the storage thickener.
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Table 6.5: Summary of analyzed data for laterite ore slurry

Material A B C D
Without Polymer 70x 107 979 119 -0.09
Modified With Best Anionic Polymer 10x10™ 854 164  -0.15
Modified With Best Cationic Polymer 70x10%® 3.55 17.7 -0.16
Modified With Nonionic Polymer 20x10% 4,03 129 -0.12
334
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Figure 6.31 gives the solids content profile in a 3.0 m storage thickener at
three points in time: 1, 12 and 24 hours. This figure was obtained by using the
input parameters given in Table 6.5 in the sedimentation and consclidation
program SECO described in Chapter Three. To highlight the solids content
variation in the compaction bed of the storage thickener, sediment height is
plotted on a logarithmic scale in the figure.

Figure 6.31 indicates that the improvement in solids content of the ore slurry
due to polymer modification is initially high and gradually fades away with time.
This is attributed to enhanced colloid-polymer-electrolyte interactions during the
sedimentation stage of the solid-liquid separation process. Using consolidation
parameters given in Table 7.5, improvement is highest for anionic polymers followed
by cationic polymers and then nonionic polymers. After 1 hour, the solids content
increases from 26.8% for the ore slurry without polymer to 28.9, 28.6, and 28.1% for
modification with anionic, cationic and nonionic polymers, respectively.

Improvement in the solids content between the ore slurry and the polymer
modified materials increases with time and the difference among various polymers
gradually diminish with time. After 12 hours, the solids content increase from
29.5% for the ore slurry to a maximum of 31.9% for polymer modified materials.
After one day, these values amount to 30.3% and 32.4% for the same two materials:
ore shury and its polymer modified version. Therefore, a solids content increase of
21% and 27% are estimated at the two points in time for the laterite ore slury

modified with the selected anionic polymer.
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Figure 6.31 shows that the solids content profiles are similar to the ore slurry
without polymer; solids content increases both as a function of time and of depth in
the thickener. The solids content profile has two smoothly joining straight-line
components. The initial straight-line portion porirays a high increase in solids content
with depth whereas the final straight-line part denotes a slow solids content increase.
Although the sediment starts developing during the initial stages of the solid-liquid
separation process, a distinct compaction bed is observed in the storage thickener.

Figure 6.32 depicts the performance of the selected polymer for optimum
results during both sedimentation and consolidation. The chosen anionic polymer
had 75% charge (high), 17.5 x 10° g/mol MW (high) and 12 ppm dosage (low).
This figure compares the predictions of the two programs: (a) sedimentation and
(b) sedimentation and consolidation. Since, parameters based on consolidation
data were used, the latter program only predicted the consolidation behavior. The
figure shows a straight-line increase in solids content during sedimentation that is
complete in 75 minutes. Taking this time as the start of consolidation, the
predictions of the latter program indicate a slow increase in solids content. This
procedure minimizes the weak Jink between sedimentation and consolidation reported
by the developers (Masala & Chan 2001) and makes the predictions of the two
programs in close conformity. The figure illustrates that at a typical retention time
of 60 minutes, sedimentation is the dominant phenomenon during the solid-liquid
separation process. Some additional improvement in solids content can be

achieved during consolidation.
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ATERISTICS DIAGR

Figure 6.33 gives the hydraulic conductivity of the polymer modified laterite ore
slurry on the ternary diagram and compares the same with data for the ore shurry
without polymer. The figure shows that similar to the laterite ore slurry without
polymer, the hydraulic conductivity of polymer modified materials is part of the
family of constant clay-water ratio lines. This is because these lines denote
colloid-polymer-electrolyte interactions.

The diagram indicates that the hydraulic conductivity of polymer modified
laterite ore slurries varies by two orders of magnitude between the sedimentation
limit (k = 10 cm/sec) and the liquid limit (% = 10 cm/sec). Earlier, it was
observed that in comparison to the laterite ore slurry without polymer, identical
values of hydraulic conductivity for the polymer modified materials are obtained
at higher solids content (low void ratio). Preceding discussions attributed this to
variations in colloid-polymer-electrolyte interactions and the resulting fabric
during the various stages of the solid-liquid separation process.

Given the operational constraints of the metal extraction process such as time,
thickener geometry, and the preclusion of load application, the solid-liquid separation
behavior of laterite ore slurry is improved using synthetic polymers. Effective
improvement depends upon the choice of polymer for the given mineralogy and pore
water chemistry. Under self-weight, improvement due to polymer medification is
highest initially and gradually diminishes. Sedimentation is the governing phenomenon

during the solid-liquid separation process of polymer modified laterite ore shurries.
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D CONCLUSIONS

This chapter provided a detailed characterization of polymer modified laterite
ore slurries. The influence of various polymer parameters (type, charge,
molecular weight and dosage) on the solid-liquid separation behavior of
selected laterite ore slurry was investigated. Results of laboratory
investigations pertaining to geotechnical index properties, sedimentation in
conjunction with soil morphology and consolidation were presented. These
data were statistically analyzed and used in the numerical simulation to predict
field performance of the storage thickener. The entire data were depicted on
the laterite slurry characteristics diagram. The conclusions of this chapter can
be summarized as follows:

= Polymer modification of laterite ore slurry causes subtle variations in
geotechnical characteristics. These materials generally adsorb large amount of
water and are essentially nonsegregating.

=« Both anionic and cationic polymers can increase or decrease &; of laterite ore
slurry during sedimentation. An increase of 20 times and a decrease of four times
were observed. Optimum polymer parameters for both anionic and cation polymers
include a 75% charge (high), 17.5 x 10° g/mol MW (high) and 12 ppm dosage (high).

= Although, nonionic polymers always improve k;, this increase is lower than
ionic polymers; a maximum of 14 times % is observed. Generally, &; increases
with an increase in polymer MW from 7.5 x 10% g/mol (low) though 17.5 x 108

g/mol (high) or dosage from 4 ppm (low) through 12 ppm (high).
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= The initial hydraulic conductivity of polymer modified PAL slurry strongly
depends on soil morphology. Good flocculation, reduced tortuousity and the
presence of channels are associated with high &;.

=  The type of flocculation attained during the initial stages of sedimentation
governs both stages of the solid-liquid separation process. For anionic polymers,
tightly bonded small flocs develop whereas loosely attached large flocs characterize
cationic polymers; floc size decreases with increasing polymer charge.

= The performance of various synthetic polymers during consolidation depends
on floc breakage and grain redistribution. These phenomena control the escape of
water from the pores or void spaces between grains and the release of entrapped
water from the flocs.

= Hydraulic conductivity during consolidation depends on the imposed hydraulic
gradient. A high gradient is required to extract water entrapped in the flocs whereas
a low gradient is associated with flow through channels and low tortuousity.

= Polymer selection depends on optimizing efficiency (hydraulic conductivity) and
yield (compressibility) of the extraction process. An anionic polymer with 75%
charge (high), 17.5 x 10° g/mol MW (high) and 12 ppm dosage (high) is the most
suitable one for an improved solid-liquid separation of laterite ore slurries.

= Sedimentation is the governing phenomenon for the solid-liquid separation of
polymer modified laterite ore slurries. During this stage, there is a maximum
chance for colloid-polymer-electrolyte interactions to be displayed. Additional

improvement can be achieved during consolidation.
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Chapter 7

7.1 GENERAL

Geotechnical investigation of polymer modified laterite PAL slurries is pivotal in
understanding the improvement or deterioration of solid-liquid separation
behavior. This knowledge is useful for an assessment of the performance of
various synthetic polymers in the metal extraction process. This chapter highlights
the influence of polymer characteristics on the solid-liquid separation behavior of
the limonite-saprolite PAL slurry from the Philippines. Denoted as laterite PAL
slurry in this chapter, characteristics of this material were described in chapter
five. The various polymer parameters include polymer type, charge, molecular
weight (MW) and dosage. Results of laboratory investigations pertaining to
geotechnical index properties, sedimentation (in conjunction with morphology)
and consolidation are discussed. Statistical analyses are used to develop and
validate models describing both stages of the solid-liquid separation process. This
is followed by providing the results of numerical simulation of the statistically
analyzed data to predict field performance of the CCD thickener. Next, the
laboratory and modeling data is depicted on the laterite slurry characteristics
diagram constructed for the laterite PAL sample. Finally, a summary and the main

conclusions drawn from this chapter are given.
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7.2 GEOTECHNICALT
7.2.1 General

[DEX PROPERTIES

Geotechnical characterization of polymer modified laterite PAL slurries begins
with an investigation of their index properties. These properties are used to

classify the materials and to evaluate the performance of the synthetic polymers.

7.2.2 Segregation

Figure 7.1 gives the results of the segregation tests on laterite PAL slurry
modified with 4 ppm of selected polymers. Results are given in the form of
normalized height versus solids content for different initial solids content. This
figure shows that the observed solids content increases with depth and that the
profiles tend to reach a constant solids content with increasing initial solids
content. This behavior is similar to the PAL slurry without polymer modification
and is attributed to diminishing segregation at high initial solids content. Reduced
segregation is attributed to the formation of a mesh due to the interaction of solid
particles and synthetic polymers in the given medium.

Figure 7.2 gives the percentage of segregation as a function of the initial
solids content for laterite ore slurry modified with the above polymers. This figure
indicates that variation in the segregation characteristics of the ore slurry using
different polymers is not significant. The segregation limit (/s), which is defined
as the initial solids content that pertains to 5% segregation with depth, closely
matches for all polymers. Therefore, the investigated laterite PAL slurry modified

with polymers is non-segregating at an initial solids content of 15%.
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7.2.3 Consistency Limits

Table B.1 and B.2 give the consistency limits of laterite ore modified with various
jonic and nonionic polymers, respectively. Figure 7.3 summarizes test dafa in the
plasticity chart (Casagrande 1948). This figure shows that the polymer modified
laterite PAL materials plot close to kaolinite clay mineral. This suggests that the
behavior of these materials is anticipated to be similar to that of clay particles
with low electro-chemical activity.

Figure 7.3 also compares polymer modified PAL slurries with the laterite
PAL without polymer. This comparison illustrates that polymer modification of
laterite PAL results in considerable variation in the engineering characteristics; a
material not very different from sand is converted to one similar to clays. In
contrast to laterite PAL without polymer, polymer modified PAL slurries are
associated with a large amount of entrapped water in the newly formed flocs. This
entrapped water results in an increase in the consistency limits of the polymer
modified PAL slurries. The transformation in material properties is expected to
change the solid-liquid separation behavior of the laterite PAL shurry.

The variation in plasticity characteristics among different polymers is
mainly atiributed to the variable interaction of synthetic polymers with the PAL
material in the given medium. This indicates that the solid-liquid separation
behavior of this class of materials is governed by the parameters of synthetic
polymers (type, charge, MW and dosage). The relative significance of these

parameters is highlighted later in this chapter.
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7.3.1 General

This section gives the self-weight sedimentation behavior of laterite PAL slurry
using various polymers; ionic and nonionic polymers are described separately. The
initial hydraulic conductivity is obtained from the initial straighi-line portions of the
sedimentation curves. The effects of polymer parameters on the initial hydraulic
conductivity are highlighted. Morphological observations are used to understand
the observed behavior from a fundamental standpoint. Statistical analyses are used

to assess the relative significance of various polymer parameters.

7.3.2 lonic Polymers
7.3.2.1 General

Figure 7.4 and Figure 7.5 give the sedimentation test results for laterite PAL slurry
modified with various anionic and cationic polymers, respectively. Both of these
figures show that similar to the PAL slurry without polymer modification, the self-
weight sedimentation is essentially completed within the first 180 minutes when the
same slurry is modified with various polymers. These figures further show that within
30 minutes from the start of the tests, all of the sedimentation curves start converging
and curves for 4 and 12 ppm merge well before the end of 180 minutes. Furthermore,
both figures indicate an L-shaped sedimentation curve, which highlights a distinct
point of inflection between the sedimentation and the consolidation zones. This is
attributed to the high specific gravity of the soil particles and the improved

flocculation of these particles due to polymer modification.
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A comparison of Figure 7.4 and Figure 7.5 indicates that among the two
polymer dosages, a slight increase in the rate of sedimentation is observed with an
increase in polymer dosage. Further, colloid-polymer-electrolyte interactions
appear to be consistent for both anionic and cationic polymers. These interactions
govern the sedimentation behavior of the laterite PAL slurry in the highly acidic
electrolyte medium comprised of large amount of multivalent ions. Detailed
discussion about subtle variations in the sedimentation behavior is given later in

this chapter.

7.3.2.2 Initial Hydraulic Conductivity

Figures B.1 through B.4 give the sedimentation test result for the first 30 minutes for
laterite PAL slurry modified with various ionic polymers. The slope of the initial
straight-line portion is used to obtain the initial hydraulic conductivity (%;). Derived
from Figure B.1 though B.4, Table 7.1 gives %; for laterite PAL slurry modified with
various ionic polymers. Like wise, Figure 7.6 highlights the effect of polymer charge,
molecular weight (MW) and dosage on the £; of laterite PAL slurry.

The k; of laterite PAL slurry without polymer modification measured 64 x
107 (cm/sec) as reported in Chapter Five. A comparison of this value with the
data depicted in Table 7.1 reveals that polymer modification changes %; of the
laterite PAL slurry to variable extent. An improvement of more than two times
and a depletion of less than two times are observed for the investigated materials.
This variability is mainly attributed to the variable colioid-polymer-electrolyte

interactions in an acidic medium.
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Table 7.1: k; of laterite PAL slurry modified with various ionic polymers

Polymer Parameters kx 107
Type Charge MW x 10%(gfmol) Dose (ppm) (em/sec)
4 76
7.5 (Low)
12 110
10% (Low)
4 118
17.5 (High)
12 124
Anionic
4 36
7.5 (Low)
12 39
75% (High)
4 39
17.5 (High)
12 40
4 148
7.5 (Low)
12 154
10% (Low)
4 158
17.5 (High)
12 165
Cationic
4 67
7.5 (Low)
12 85
75% (High)
4 85
17.5 (High)
12 86
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Figure 7.6 shows that for the conducted tests, polymer modification
improves k; of laterite PAL slurry on twelve occasions out of a total of sixteen
tests. A higher k; for the polymer modified slurry compared to that without
polymer modification is generally observed for all but 75% charge (high)
anionic polymers. Improvement in the initial hydraulic conductivity is highest
for 10% charge (low) cationic polymers, followed by 10% charge (low) anionic
polymers and then 75% charge (high) cationic polymers.

Figure 7.6 also illustrates that an increase in polymer charge from 10% to
75% resulis in a decrease in k. Similarly, an increase in %; is observed with
increasing polymer MW from 7.5 x 10° g/mol to 12.5 x 10° g/mol and polymer
dosage from 4 ppm to 12 ppm; variations in %; due to polymer MW and polymer
dosage are marginal. The influence of polymer parameters can be combined in
one term to be called the polymer factor. Mathematically, this newly devised term
is equal to polymer charge divided by the product of polymer MW and polymer
dosage and has the units mol/g-ppm.

Figure 7.7 gives the variation of the initial hydraulic conductivity with the
polymer factor. This figure shows that decreasing the polymer factor due to an
increase in polymer MW and/or polymer dosage results in an increase in k;. The
polymer factor varies by more than three orders of magnitude and has exponential
relationships with &; for ionic polymers. These relationships clearly illustrates that
the combined effect of polymer parameters is efficiently explained by the term

polymer factor.
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Figure 7.7 shows that the relationships between polymer factor and k; for
both polymer types are parallel. This highlights the influence of the severe
environmental conditions of the laterite PAL slurry. The pore fluid is highly acidic
with Ca®*, Mg®", Mn®", AP, Fe™*, Ni**, Co**and SO, as predominant ions. This
figure further shows that cationic polymers are more effective than anionic
polymers in %; improvement of the laterite PAL slurry. The figure demonstrates that
at a polymer factor of say 1 x 10”° mol/g-ppm, k; for anionic polymer modification
is 115 x 10° cm/sec whereas k& for cationic polymer modification is 160 x 1073
cm/sec. This amounts to a 40% £; increase for the latter polymer type.

The above observations are explained on the basis of the following
mechanism. The positively charged hematite particles and the acidic medium that is
characterized by an excess of H' ions, help create a negatively charged double layer
in the vicinity of the particles. The cationic polymers containing the methyl chloride
functional group remain positively charged under acidic conditions. These positive
polymer chains become loosely attached to several negatively charged double layers
around the particles thereby causing flocculation of the latter. On the contrary, the
sodium acrylate functional group of anionic polymers undergoes protonation
(exchange of Na' by H') in the acidic medium. This results in significant charge
neutralization of the anionic polymer thereby rendering it less effective for
flocculation. Still, the nonprotonated sites on these polymers interact with the positive
charges in the double layer thereby resulting in some flocculation. Therefore, cationic

polymers are more effective in &; improvement of the laterite PAL slurries.
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Figure 7.6 shows that for both polymer types, 10% polymer charge {(low)
results in a higher k; increase than the 75% polymer charge (high). This is attributed
to the higher degree of flocculation due to the inhibited electro-chemical activity
between the 10% charge (low) polymers and the pore fluid electrolytes beyond the
double layers of the solid particles. These depleted interactions allow the synthetic
polymers to reach the electrical double layer and cause the above flocculation
mechanism to occur. Recorded observations during various sedimentation tests
using 10% charge (low) polymers indicated large flocs with unobservable variation
in floc size. The resulting behavior depicted in Figure 7.6 is in accordance with
other published data. Using anionic polymers for laterite acid leach residues,
Briceno & Osseo-Asare (1995¢) reported a decrease in settling rate with increasing
polymer charge.

A smaller k; for the polymer modified slurry compared to that without
polymer modification is observed for 75% charge (high) anionic polymers. This is
attributed to the possible development of bimodal size distribution consisting of
individual particles and flocs of variable sizes in the slurry (Hogg 1999). The
individual dispersed particles obstruct the settling of the flocculated material that
is already impeded by the variable floc size. The same phenomenon occurs for
75%; charge (high) cationic polymers but because of the favorable polymer-
electrolyte interactions, its intensity is reduced. Consequently, & due to
modification of these latter polymers is not less than that of the laterite PAL shurry

without polymers.
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The marginal increase in the initial hydraulic conductivity due to polymer
MW and dosage is attributed to the effect of pressure acid leaching on the colloid-
polymer-electrolyte interactions. Particle size growth during the process results in
reducing the particle surface area available for adsorption. The addition of polymers
causes flocculation that further reduces the available surface area (Hogg 1999).
Further, the long chain length associated with 17.5 x 10° g/mol (high) MW causes
intermingling of the chains thereby leading to an insignificant increase in flocculation
(Alonso & Laskowski 1999). Therefore, a 7.5 x 10° g/mol (fow) MW and/or 4 ppm
(low) dosage is required to provide sufficient surface coverage for effective bridging
phenomenon to occur. Both of these lower values reduce the polymer factor thereby

increasing the initial hydraulic conductivity of the laterite PAL slurry.

7.3.2.3 Morphology

The observed behavior given above is explained in the light of morphological
examinations of some of the samples taken after the sedimentation tests. Resulis
ofv scanning ¢lectron microscopy are studied in conjunction with elemental
analyses. Figure 7.8 and 7.9 give the morphological details of laterite PAL slurry
modified with anionic polymers having 10% charge (low)-17.5 x 10° g/mol (high)
MW and 75% charge (high)-17.5 x 10° g/mol (high) MW, respectively. Similarly,
Figure 7.10 and 7.11 give the microstructural details of laterite PAL slurry modified
with cationic polymers and the above designation, respectively. All observations
pertain to a polymer dosage of 4 ppm (low). All of these figures are comprised of

four micrographs, similar to those described in Chapters Four, Five and Six.
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Figure 7.8 shows the morphology of the limonite-saprolite PAL slurry
modified with 10% charge (low)-17.5 x 10 g/mol (high) MW-04 ppm (low)
dosage of anionic polymer. Micrograph (a) shows a good specimen surface with
some protuberances. Micrograph (b) shows the presence of occasional coarse
grains in the clay matrix. Micrograph (¢) shows that the clay fabric consists of
vaguely defined clusters, which are separated by interassemblage pore spaces.
Micrograph (d) illustrates that the clay fabric that consists of globular hematite is
flocculated. However, this clay fabric does not show distinct floc boundaries
although channels partly separate these large aggregations. Therefore, the k;
depends on both the microfabric and on the minifabric. The k; of 118 x 1073
cm/sec measured for this sample is twice that of the PAL slurry without polymer.

Figure 7.9 shows the morphology of the limonite-saprolite PAL slurry
modified with 75% charge (high)-17.5 x 10° g/mol (high) MW-04 ppm (low)
dosage of anionic polymer. Micrograph (a) shows a very rough specimen surface
with a large diametrical bisector. Micrograph (b) shows some coarse grains in the
predominantly clay matrix. Micrograph (c) depicts that the clay matrix is devoid
of distinctly observable channeling. Micrograph (d) illustrates that the hematite
particle aggregations are arranged in a tubular fashion with 2 um diameter tubes.
Although, the morphology of this specimen is flocculated, & is governed by the
small tube size in the flocs. The & of 39 x 107 cm/sec measured for this sample is
three times less than that of the previous sample and two-thirds of that of the PAL

slurry without polymer.
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Figure 7.10 shows the morphology of the limonite-saprolite PAL slurry
modified with 10% charge (low)-17.5 x 10° g/mol (high) MW-04 ppm (low)
dosage of cationic polymer. Micrograph (a) shows a good specimen surface with
negligible sample disturbance at the bottom. Micrograph (b) shows the occasional
presence of coarse size grains in the clay matrix. Micrograph (c) gives a
flocculated clay structure with some channeling. Micrograph (d) illustrates a clay
fabric that consists of flocculated hematite particles with evenly distributed pore
spaces. This morphology is not very different from that shown in Figure 7.8; a
sample with similar &, The measured %; of the current sample is 158 x 107 cm/sec,
which is more than twice that of the PAL slurry without polymer modification.

Figure 7.11 shows the morphology of the limonite-saprolite PAL slurry
modified with 75% charge (high)-17.5 x 10° g/mol (high) MW-04 ppm (low) dosage
of cationic polymer. Micrograph (a) shows a bad specimen surface with extensive
disturbance. Micrograph (b) shows a compact clay structure with some coarse grains.
Micrograph (c) illustrates a flocculated clay fabric composed of circularly arranged
spherical hematite particles, which engulf vaguely defined tubes. Micrograph (d)
shows that the pore spaces are 2 to 5 um in this sample. This resulted in a & of 85 x
10” cm/sec, which is twice that of the specimen depicted in Figure 7.9.

The morphology of polymer modified PAL shuries reveal that all polymers
cause a flocculated clay fabric. This flocculation is more pronounced for 10% charge
(low) polymers compared with 75% charge (high) polymers. Further, channeling is

evident for the former polymers whereas tubulation is observed for the latter polymers.
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7.3.2.4 Statistical Analysis

Based on the 2° factorial design of experiments described in Chapter Three, a
statistical analysis was conducted for ionic polymers. Using the measured &; as
input, an estimate of &; resulted according to the following model:

k;=0.0957 + 0.0229 7, - 0.0359 C, + 0.0063 MW, + 0.0048 D, (7.1
where,

T, = Polymer type

C, = Polymer charge

MW, = Polymer MW

D, = Polymer dosage

Using -1 for low and +1 for high values of the above polymer parameters,
equation (7.1) estimated the k; depicted in Figure 7.12. This figure shows a good
correlation between the observed and the estimated values for the given set of
data; none of the observed data need to be neglected as an outlier.

The analysis showed that the most significant factors are polymer type and
charge (p-value of 0.001) followed by polymer MW (p-value of 0.02) and then
polymer dosage (p-value of 0.05). This is in accordance with observations
depicted in Figure 7.7. This figure showed that variations in polymer type and
polymer charge result in significant alterations in observed &;, whereas marginal
changes in %; occur due to variations in polymer MW and dosage. Therefore, the
observed solid-liquid separation of laterite PAL slurries modified with ionic

polymers is in accordance with statistical analysis.
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7.3.3 Nonionic Polymers
7.3.3.1 General

Figure 7.13 gives the sedimentation test results for laterite PAL slurry modified
with various nonionic polymers. This figure shows that similar to the PAL shury
without polymer modification, the self-weight sedimentation is essentially
complete within the first 180 minutes when the same slurry is modified with
various nonionic polymers. After about 30 minutes, all of the sedimentation
curves for various dosages start converging and curves for 4, 8 and 12 ppm merge
by the end of 180 minutes. Among the three polymer dosages, an increase in the
rate of sedimentation is generally observed with an increase in polymer dosage.
The only exception to this generalization is observed for the 17.5 x 108 g/mol
(high) polymer MW at 12 ppm dosage. The sedimentation behavior of laterite

PAL slurry modified with nonionic polymers is explained in this section.

7.3.3.2 Initial Hydraulic Conductivity

Figures B.5 through B.7 give the sedimentation test result for the first 30 minutes
for laterite PAL slurry modified with various nonionic polymers. The slope of the
initial straight-line portion is used to obtain the initial hydraulic conductivity (&;).
Derived from Figure B.5 though B.7, Table 7.2 gives k; for laterite PAL slurry
modified with various nonionic polymers. Likewise, Figure' 7.14 highlights the
effect of polymer molecular weight (MW) and polymer dosage on the initial
hydraulic conductivity of laterite PAL slurry, when modified with nonionic

polymers.
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Table 7.2: k; of laterite PAL slurry modified with various nonionic polymers

Polymer Parameters P 03
Type Charge MW x 10° (gmol) Dose (ppm) (em/sec)
4 41
7.5 (Low) 8 48
12 55
4 69
Nonionic NA 12.5 (Medium) 8 83
12 90
4 110
17.5 (High) 8 117
12 114
370
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The k; of laterite PAL slurry without polymer modification measured 64 x
107 (cm/sec) as reported in Chapter Five. A comparison of this value with the
data depicted in Table 7.2 reveals that nonionic polymer modification does not
necessarily improve k; of the material. Due to electrostatic charge repulsion, 7.5 x
10° g/mol MW (low) polymer results in £, reduction. Although, an improvement
of almost two times is obtained, variability among measured values of various
polymer MW is not as extensive as observed earlier for ionic polymers.

The operative mechanism for nonionic polymer flocculation is hydrogen
bonding. Under acidic conditions, nonionic polymers display a slight cationic charge
due to partial protonation of the amide group, which is the basic building block of
these polymers. According to Briceno & Osseo-Asare (1995¢), acrylamides attract
protons in acidic media due to the fact that these polymers display weak base
properties. Such partial positivity of the nonionic polymer results in hydrogen
bonding between the negatively charged double layer around the particles and the
polymer. Further, mutual electrostatic repulsion between adjacent protonated amide
groups results in stretching out of the polymer into solution. This results in enhanced
flocculation as the polymer chain length is increased with increasing polymer MW.

Figure 7.14 indicates that an increase in either the molecular weight (MW)
and/or dosage of the nonionic polymers improves &; of laterite PAL slurry. This is
due to increased adsorption and flocculation according to the above mechanism.
Conversely, the & reduction is attributed to the development of bimodal size

distribution occurring at high MW polymers (Hogg 1999).

372

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.3.3.3 Morphology

Figure 7.15 shows the morphology of the laterite PAL slurry modified with 12.5 x
10° g/mol (medium) polymer MW-08 ppm of nonionic polymer. Micrograph (a)
shows a rough specimen with two surfaces separated by a cut. Micrograph (b)
shows a compact clay microstructure with some silts size grains. Micrograph (c)
illustrates the presence of some channeling and a flocculated clay structure.
Micrograph (d) shows that the pore spaces in the clay fabric have uniform size
and distribution. This micrograph also indicates some tortuousity, which is
responsible for the moderate k; increase (83 x 107 cm/sec) of this specimen.
Although, no tubular arrangement is observed, the apparent porosity depicted in
this fabric is not very different from that given in Figure 7.11 for the 75% charge
(high)-17.5 x 10° g/mol (high) MW-04 ppm (low) dosage of cationic polymer. The %

of that sample measured 85 x 107 em/sec.

7.3.3.4 Statistical Analysis

Using -1 for 7.5 x 10° g/mol (low), 0 for 12.5 x 10° g/mol (medium) and +1 for
17.5 x 10® g/mol (high) polymer MW and -1 for 4 ppm, 0 for § ppm and +1 for
12 ppm polymer dosage, equation (7.1) estimated the %; depicted in Figure
7.16. This figure shows that the results of statistical analysis for nonionic
polymers correlate reasonably well with those of the ionic polymers for
measured data above 70 x 10~ cm/sec. Although, a positive slope is obtained
for the nonionic polymer relationship, this relationship is almost flat compared

with the 45° slope for ionic polymer modification.
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7.4 CONSOLIDATION

7.4.1 General

The interaction between synthetic polymers, solid particles and the pore fluid was
highlighted in the section on sedimentation. This section aims at understanding
the significance of such interactions during load application. First, the solid-liquid
separation behavior of laterite PAL slurry modified with ionic polymers is
described. These results are then combined with those of the nonionic polymer
modification. In each case, consolidation test results are depicted in the form of

log k-e and e-log o relationships; both relations are then statistically analyzed.

7.4.2 lonic Polymers
7.4.2.1 General

Four consolidation tests were conducted on laterite PAL slurry modified with
ionic polymers. Results of these tests are depicted in Figures B.8 through B.15
given in Appendix B. For each test, results are depicted in the form of interface
height versus elapsed time and hydraulic conductivity versus elapsed time.
Table B.5 gives the solids content at the start and the end of the various
consolidation tests.

Consolidation test results indicate that the solid-liquid separation of
laterite PAL slurries modified with ionic polymers is predominantly composed of
sedimentation. For all tests, the solid-liquid interface moved from an initial height
of 9.5 cm to a final height of up to 2.6 cm under self-weight and up to 2.2 under a

maximum stress of 9.0 kPa. This means that in a total height variation of 7.3 ¢cm
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during the tests, the part due t0 sedimentation amounts to 95% and that due to
consolidation is only 5%. Such a high solid-liquid separation during
sedimentation is mainly attributed to the high specific gravity of the laterite PAL
material, discussed in Chapter Five.

Polymer modification results in flocculation of laterite PAL materials
thereby causing additional dewatering due to the development of large and heavy
flocs. In the section on sedimentation, it was observed that modification of laterite
PAL slurries with ionic polymers does not necessarily result in %; increase. In the
current section, it is observed that such modification invariably results in a higher
amount of dewatering under self-weight. Therefore, polymer selection should be
based on both the rate and the amount of solid-liquid separation.

The improved dewatering under self-weight is attributed to the
development of soil morphology during sedimentation. At the initial part of
sedimentation (used for %; determination), soil morphology undergoes minimal
variation and the soil containing entrapped water settles as one mass (Pane &
Schiffman 1997). During the transition stage, soil morphology undergoes
considerable changes as colloid-polymer-electrolyte interactions are progressively
overcome by effective stresses. A dense morphology is envisaged when the shurry
is converted to a soil sediment. Such a morphology is characterized by channels
and/or hairline cracks between adjacent dense soil minifabrics. These
discontinuities allow an easy and generally identical water escape during the latter

part of sedimentation.

377

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hydraulic conductivity test results (given in Appendix B) indicate that
flow through the samples was not constant but decreased with time and reached
a steady state within 30 minutes. The drop in flow from an initial to a steady
state value decreased with increasing stress. This is attributed to the diminishing
physical changes in the specimen with decreasing void ratio. Olsen et al. (1985),
suggested that such time-dependent flow can be due to one ore more of the
following reasons: (a) undissolved air in the equipment and/or specimen; (b)
equipment compliance depending on fabrication material and applied gradients;
(c) inertia required to move the pore fluid; and (d) time-dependent changes in
pore space distribution. Using identical equipment and test conditions for
Alberta oil sand tailings, Suthaker & Scott (1996) showed that the last reason is
the most likely cause of the observed time-dependent flow. These authors
concluded that this transient phenomenon is repeatable and that the initial
conditions are reattainable. Therefore, the steady state value was taken as the

hydraulic conductivity and used in the analysis during this research.

7.4.2.2 Hydraulic Conductivity-Void Ratio

Figure 7.17 gives the log k-e relationships for both anionic and cationic polymer
modification. Table 7.3 summarizes the A and B parameters obtained from these
relationships. Figure 7.18 combines log &-¢ relationships for all ionic polymer
modification and compare these with the laterite PAL slurry without polymer.
Figure 7.19 explains the results by highlighting the effect of hydraulic gradient (7)

on the hydraulic conductivity.
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Table 7.3: log k-¢ parameters for laterite PAL shurry modified with ionic polymers

Polymer Parameters
A B
Type Charge MWx 10f {(ghmol) Dose (ppm)
4 e e
7.5 (Low)
12 e e
10% (Low)
4 49x 10" 93
17.5 (High)
12 eeeee e
Anionic
S
7.5 (Low)
12 seeee eemen
75% (High)
4 1.0x107 4.8
17.5 (High)
12 e e
e —
7.5 (Low)
12 e e
10% (Low)
4 60x 107" 209
17.5 (High)
12 e e
Cationic
S
7.5 (Low)
12 oo cenee
75% (High)
4 34x10° 76
17.5 (High)
By
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Figure 7.17 gives the hydraulic conductivity-void ratio relationships of
laterite PAL shurry modified with variable charge but identical polymer MW
and dosage. The constant polymer MW and dosage were 17.5 g/mol (high) and
4 ppm (low), respectively; polymer charges were 10% (low) and 75% (high).
The figure shows that polymer modification affects the hydraulic conductivity
during the consolidation stage. This means that although colloid-polymer-
electrolyte interactions decrease as the slurry is converted to a sediment, these
interactions still govern the solid-liquid separation behavior of laterite PAL
materials.

Table 7.3 summarizes the A and B parameters of the Jog k-e relationships
for all ionic polymer modifications. The large variation in parameter A depicted
in this table shows that the log k-e relationships for the laterite PAL slurry
modified with ionic polymers mainly depend on this parameter This table
indicates difference between anionic and cationic polymers. For the former
polymers, variations in parameter A amounts to four orders of magnitude whereas
parameter B varies between 4 and 10. Similarly, for cationic polymers, parameter
A and B varies by nine orders of magnitude and between 7 and 21, respectively.
Further, the A and B parameters for the laterite PAL slurry without polymers,
were 1.2908 x 107'% and 7.4536, respectively. These values for the laterite PAL
slurry without polymers appear to be not very different from the data depicted in
this table. However, a comparison of the different materials has to be made to

identify the variation in behavior.
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Figure 7.18 combines the results of both anionic and cationic polymer
modification and compares these with the PAL shurry without polymer. This
figure shows that ionic polymer modification results in an increase in the
hydraulic conductivity of laterite PAL slurry. For these polymers, hydraulic
conductivity is the same at a void ratio of about 5.0. However, as the void ratio is
reduced, the hydraulic conductivity of the two materials varies and one order of
magnitude difference is noted at a void ratio of 4.0. In general, the hydraulic
conductivity of the laterite PAL slurry modified with ionic polymers is higher
than that modified with cationic polymers. Further, the laterite PAL slurry
modified with cationic polymers is a continuation of the laterite PAL slurry
without polymers.

The observed behavior of laterite PAL slurry modified ionic polymers
during consolidation is opposite to that observed during sedimentation. This is
attributed to channel formation in the former shlurries. Such channels are more
pronounced in anionic polymer modified laterite PAL slurries due to a lower
degree of flocculation achieved by these materials during the initial stages of
sedimentation. This means that the loosely bonded small flocs get detached under
small loads and develop channels and hairline cracks, which govemn the hydraulic
conductivity of these materials. On the contrary, laterite PAL slurry modified with
cationic polymers is characterized by tightly bonded large flocs. Hydraulic
conductivity of these latter materials is governed by the release of entrapped water

in the flocs; a slower process than flow through channels.
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The continuation of the laterite PAL slurry modified with cationic
polymers with that without polymers signifies identical pore distribution and
tortuousity of the two materials. Hence, their hydraulic conductivity at a given
void ratio is the same despite differing grain or floc distributions.

The effect of hydraulic gradient on hydraulic conductivity was studied by
performing constant head tests after each load increment during consolidation. The
gradient for each test was kept less than the critical gradient at which piping of the
sample occurs. Figure 7.19 gives the variation of hyﬂraulic conductivity with
hydraulic gradient. This figure shows that the hydraulic conductivity of laterite
PAL slurry decreases with an increase in the hydraulic gradient. At a gradient of
less than 0.2, all materials have the same hydraulic conductivity in the range of 10
cm/sec. As the gradient is increased from 0.2, there is a change in the behavior
between the laterite PAL slurry modified with ionic polymers and the one without
polymers. Despite a nonuniform effective stress distribution at high gradients, this
change explains the behavior of the two material types. A hydraulic conductivity of
say 10 cm/sec requires a gradient of 7.0 for the former materials and only 0.75 for
the latter. This is mainly atiributed to the development of flocs due to polymer
modification. These flocs contain entrapped water that can only be exiracted at
elevated hydraulic gradients. For polymers resulting in lower flocculation or
bimodal size distribution, migration of fine un-flocculated soil particles occurs into
pore throats (Suthaker & Scott 1996). This results in the development of channels

thereby offering paths of least resistance to water flow.
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Combining the results of sedimentation and consolidation help in selecting
appropriate polymers for improving the hydraulic conductivity of laterite PAL
slurries. Although anionic polymers result in a higher dewatering during
consolidation, these polymers do not necessarily improve k; during sedimentation.
Conversely, cationic polymers result in good flocculation causing an increase in &;
during sedimentation but the newly developed flocs do not easily release the
entrapped water during consolidation. In both cases, 10% charge (low) polymers
are more effective in improving k; than 75% charge (high) polymers. Therefore,
10% charge (low) cationic polymers are suitable candidates for optimizing the
rate and the yield in the CCD thickeners. Based on the results given in the section
on sedimentation, the two 10% charge (low) cationic polymers result in
improving the %; by more than twice. Based on economic considerations, a
decision between the 7.5 x 10° g/mol MW (low) polymer and 17.5 x 10° g/mol
MW (high) polymer can be made. For both of these polymers, the effect of
polymer dosage on %; improvement is not highly significant and hence, 4 ppm

(low) of the selected polymer may be enough for desired results.

7.4.2.3 Void Ratio-Effective Stress

Figure 7.20 gives the void ratio-effective stress relationships for ionic polymer
modification of laterite PAL slurries. Table 7.4 summarizes the C and D
parameters obtained from these relationships. Figure 7.21 combines e-log o’
relationships for all ionic polymer modification and compares the results with
PAL slurry without polymer.
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Table 7.4: e-log o’ parameters for laterite PAL slurry modified with ionic polymers

Polymer Parameters

C D
Type Charge MWx 10°(gimol) Dose {(ppm)
O
7.5 (Low)
12 e e
10% (Low)
4 4.8 -0.01
17.5 (High)
12 e e
Anionic
4 e e
7.5 (Low)
12 e e
75% (High)
4 4.2 - 0.05
17.5 (High)
12 e e
4 e e
7.5 (Low)
12 e e
10% (Low)
4 4.8 -0.02
17.5 (High)
12 e e
Cationic
S
7.5 (Low)
12 e e
75% (High)
4 47 - 0.04
17.5 (High)
12 e e
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Figure 7.20 gives the void ratio-effective stress relationships of laterite
PAL slurry modified with variable charge but identical polymer MW and
dosage. The constant polymer MW and dosage were 17.5 g/mol (high) and 4
ppm (low), respectively; polymer charges were 10% (low) and 75% (high). The
figure shows that polymer modification affects the compressibility of the
material during the consolidation stage. This means that although colloid-
polymer-electrolyte interactions decrease as the slurry is converted to a
sediment, these interactions still affect the solid-liquid separation behavior of
laterite PAL materials.

Figure 7.20 shows that polymers with 10% charge (low) are less
compressible than those with 75% charge (high). The former materials decrease
from a void ratio of 5.0 at an effective stress of 0.05 kPa to a maximum of about
4.5 at 9.0 kPa. For identical values of effective stress, the void ratio changes from
5.0 to just under 4.0 for polymers with 75% charge (high). This means that the
polymers with 75% charge (high) are twice compressible than those with 10%
charge (low) under the low effective stress of 9.0 kPa.

The compressibility of the polymer modified laterite PAL slurries is
attributed to the type of flocculation. For the 10% charge (low) polymers, equal
size flocs are formed during the initial stages of sedimentation resulting in 2
higher k;. Conversely, bimodal size distribution and the associated lower k; was
observed for the 75% charge (high) polymers during sedimentation. The smaller

flocs fit between the larger flocs thereby leading to a reduced void ratio. Further,
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this type of flocculation has the shortcoming of leaving behind a significant
amount of unflocculated material. In the laterite PAL slurry, such materials are
mainly hematite grains, which by virtue of their spherical nature slide past one
another and lead to a further volume reduction.

Figure 6.20 indicates that the power law fits the observed data
reasonably well and therefore explains the compressibility behavior of
polymer modified laterite PAL slurries. Among all possible equations, this law
was found to be the closest match with measured data. For similar fine-grained
slurries such as the mature fine tails of Alberta oil sands, Suthaker (1995)
showed that the power law is most appropriate.

Table 7.4 summarizes the C and D parameters of the e-logd’ relationships
for all ionic polymer modifications. This table indicates that parameter C
(intercept or position) is in the range of 4.2 and 4.8 whereas parameter D (slope or
shape) varies between - 0.02 and - 0.05. This suggests that the position of the
various polymer modified laterite PAL slurries is close but their shapes are
different. For comparison, the C and D parameters for the laterite PAL slurry
without polymer, were reported as 3.8 and - 0.09, respectively.

Figure 7.21 combines the results of both anionic and cationic polymer
modification and compares these with the PAL slurry without polymer. This
figure shows that all of the polymer modified slurries are less compressible
than the PAL slurry without polymer. This is attributed to the difficulty in

removing entrapped water from the flocculated materials at low effective
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stress. Figure 7.21 further indicates that instead of fits for anionic and
cationic polymers, an upper and lower limit was obtained in each case. For
both polymers, these limits occur at 10% charge (low) and 75% charge
(high), respectively. It is interesting to note that most of the fits converge at
an effective stress of 0.1 kPa. This is attributed to minimal changes in
morphology during sedimentation. Significant morphological changes occur
during the transition stage between sedimentation and consclidation. This
highlights the influence of transition state on the solid-liquid separation
behavior of laterite PAL shuries. Increasing the effective stress causes a
redistribution of the flocs thereby decreasing the void ratio. The variation
among different polymers portrays the degree (large flocs versus small flocs)
and type (equal size flocs versus bimodal size flocs) of flocculation, and the
effect of unflocculated spherical particles discussed, earlier in this section.
Figure 7.21 is used to assist in selecting appropriate polymers for
improving the solid-liquid separation behavior of laterite PAL slurries.
Based on hydraulic conductivity during sedimentation and consolidation,
10% charge (low) cationic polymers were selected. Although, these
polymers result in a low compressibility (difficult water removal) during
consolidation, these should still be selected. This selection is made because
of two considerations: (a) the low expected effective stress in the CCD
thickener, and (b) the negligible variation in compressibility at low

effective stresses.
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7.4.2.4 Statistical Analysis

The data given Table 7.3 was used to obtain hydraulic conductivity at different
void ratios. Based on the results of sedimentation tests, it was assumed that the fit
equations remain the same for the given polymer charge. Corresponding to each
test, this generated a set of sixteen hydraulic conductivity values, which were
statistically analyzed as before. Using the statistical equation obtained for each
void ratio, estimated hydraulic conductivity values were obtained. The data is
shown in Figure 7.22, which indicates that the relationship between the estimated
and measured values is linear. Similarly, using the data given in Table 7.4 and
conducting the above exercise for the void ratio-effective stress relationships
yields Figure 7.23. Again, a linear relationship is obtained between the estimated
and measured values.

The statistical equations were associated with P-values for each of the
polymer parameters. Figure 7.24 gives the statistical significance of various
polymer parameters on the solid-liquid separation of polymer modified laterite
PAL slurry. This figure shows that the effect of polymer parameters is equally
significant for both hydraulic conductivity and compressibility. The significance
of various polymer parameters is high under initial conditions (high void ratios or
low effective stress) and decreases with load application. For both cases, the
significance decrease is highest for polymer type followed by polymer charge;
molecular weight and dosage are insignificant factors in the solid-liquid

separation behavior of laterite PAL slurries.
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7.4.3 Nonionic Polymers
7.4.3.1 General

One consolidation test was conducted on laterite PAL slurry modified with
nonionic polymer. The polymer parameters for the selected polymer were 12.5 x
10 g/mol MW (medium) and 8 ppm dosage (medium). Results of this test are
depicted in Figure B.16 and Figure B.17, given in Appendix B. These results are
depicted in the form of interface height versus elapsed time and hydraulic
conductivity versus elapsed time, respectively. Table B.6 gives the solids content
at the start and the end of the consolidation test.

Consolidation test results of Figure B.16 indicate that the solid-liquid
separation of laterite PAL slurries modified with nonionic polymers is
predominantly composed of sedimentation. The solid-liquid interface moved
from an initial height of 9.5 cm to a final height of up to 1.8 cm under self-
weight and up to 1.6 under a maximum stress of 9.0 kPa. This means that in a
total height variation of 7.9 ¢m during the tests, the part due to sedimentation
amounts to 97% and that due to consolidation is only 3%. Similarly, hydraulic
conductivity test results given in Figure B.17 indicate that although flow
through the sample decreased with time, a steady state was achieved well before
30 minutes. This means that the investigated nonionic polymer is more efficient
than both anionic and cationic polymers. In general, the test data of laterite PAL
slurry modified with nonionic polymer follows the same trends of those

modified with ionic polymers.
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7.4.3.2 Hydraulic Conductivity-Void Ratio

Figure 7.25 give the hydraulic conductivity-void ratio relationship for nonionic
polymer modification of laterite PAL slurry. A comparison of this material
with ionic polymer modification and the PAL slurry without polymer is also
given in this figure. This figure shows that the nonionic polymer results in a
higher hydraulic conductivity during consolidation. This is attributed to the
preclusion of polymer charge that was observed to be one of the two
significant influencing factors for ionic polymer modification. The absence of
polymer charge leads to the formation of loosely bonded flocs, which are easy
to break upon load application. This liberates the previously entrapped water
in the flocs thereby results in a high hydraulic conductivity during

consolidation.

7.4.3.3 Void Ratio-Effective Stress

Figure 7.26 give the void ratio-effective stress relationship for nomionic
polymer modification and compares this relationship with those obtained for
ionic polymer modification and the PAL slurry without polymer. This figure
indicates that the curve for nonionic polymer modification plots below that
of the ionic polymer modification and the PAL slurry without polymer. The
higher compressibility of the nonionic polymer modified material is
attributed to the phenomenon of floc separation discussed above. Such floc
breakage results floc and grain readjustment upon loading during

consolidation.
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Based on consolidation, nonionic polymer is the most appropriate
candidate for modifying laterite PAL slurry. However, the k; due to this polymer
during sedimentation is only 83 x 10™ cm/sec, which is about 30% higher than the
PAL slurry without polymer. Such a low increase in k; due to this polymer renders
it less suitable for this application. Still, nonionic polymers with 17.5 x 10° g/mol
MW (high) may prove to be more promising owing to their better performance
during sedimentation. Therefore, 10% charge (low) cationic polymers are best
suited for laterite PAL slurry. Due to little variation in material characteristics,
this conclusion is valid for most processes due to identical conditions in the

CCD circuit.

7.4.3.4 Statistical Analysis

The log k-¢ and the e-log o’ relationships for the nonionic polymer modified
laterite PAL slurry and the statistical equations obtained for ionic polymer
modifications were used for the analysis described in this section. In the statistical
equations derived for ionic polymers, all of the variables were given a value of
zero corresponding to polymer parameters falling between the boundary values
for ionic polymers. Figure 7.27 gives the relationships between the measured and
estimated hydraulic conductivity for polymer modified laterite PAL slurry.
Similarly, Figure 7.28 presents the relationship between the measured and
estimated void ratio for polymer modified laterite PAL slurry. Both of these
figures show that the fits for nonionic polymer modification are not very different
from those of the ionic polymer modification.
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7.5
7.5.1 General

This section describes the performance prediction of laterite PAL slurry modified
with synthetic polymers. The sedimentation and consolidation data depicted in
previous sections are used to predict the solid-liquid separation behavior of
laterite PAL slurry for a hypothetical CCD thickener. A comparison of the
behavior of laterite PAL slurry without polymer is made with that modified with

anionic, cationic and nonionic polymers.

7.5.2 Analyzed Data

The log k-e and the e-log o’ relationships summarized in Table 7.3 and Table 7.4 are
used to extrapolate the behavior of laterite PAL slurry. For use in the consolidation
program, data depicted in these two tables was converted to commensurate units and
the transformed data was plotted to obtain the new fit parameters; the new units being
m/min and Pa for log ke and the e-Jog o relationships, respectively. Table 7.5

summarizes the parameters derived for these new units.

7.5.3 CCD Thickener

Figure 7.29 gives the predicted behavior of polymer modified laterite PAL slurry
in a CCD thickener using the consolidation program SECO. Similarly, Figure
7.30 compares the predicted consolidation data with data predicted by the
sedimentation program. For use in both of these programs, a 3.0 m height was

chosen for the CCD thickener.

404

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 7.5: Summary of analyzed data for laterite PAL shurry

Material A B C D
Without Polymer 1.0x 10 7.45 7.0 -0.09
Modified With Anionic Polymer (UL)”  30x 10™ 9.30 53 -0.01
Modified With Cationic Polymer (UL)”  40x10% 209 56 -0.02
Modified With Nonionic Polymer 6.0x10% 6.7 32 -0.03

* UL stands for Upper Limit
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Figure 7.29: Predicted behavior in the CCD thickener
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Figore 7.29 gives the solids content profile in a 3.0 m CCD thickener at
three points in time: 1, 12 and 24 hours. This figure was obtained by using the
input parameters given in Table 7.5 in the sedimentation and consolidation
program SECO described in Chapter Three. To highlight the sclids content
variation in the compaction bed of the CCD thickener, sediment height is plotted
on a logarithmic scale in the figure.

Figure 7.29 indicates that the improvement in solids content of the PAL
slurry due to polymer modification is initially high and gradually fades away with
time. This is attributed to enhanced colloid-polymer-electrolyte interactions
during the sedimentation stage of the solid-liquid separation process. Using
consolidation parameters given in Table 7.5, improvement is highest for nonionic
polymers, followed by anionic polymers and then cationic polymers. After 1 hour,
the solids content increases from 35.4% for the PAL slurry without polymer to
43.6, 41.6, and 38.6% for modification with nonionic, anionic and cationic
polymers, respectively. These values amount to 18, 9% and 23% improvements
for the above selected polymers.

Figure 7.29 shows that the solids content profiles are similar to the PAL
slurry without polymer; solids content increases both as a function of time and of
depth in the thickener. The solids content profile has two smoothly joining
straight-line components. The initial straight-line portion portrays increasing
solids content with depth whereas the final straight-line part denotes constant

solids content. Although the sediment starts developing during the initial stages of
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the solid-liquid separation process, a distinct compaction bed is observed only
after 12 hours. The thickness of this compaction bed increases from 0.1 m after 12
hours to 0.2 m after 24 hours. This suggests the presence of a consolidation zone
in the CCD thickener at prolonged durations.

Figure 7.30 depicts the performance of the selected polymer for optimum
results during both sedimentation and consolidation. The chosen cationic polymer had
10% charge (low), 17.5 x 10% g/mol MW (high) and 4 ppm dosage (low). This figure
compares the predictions of the two programs: (a) sedimentation and (b) sedimentation
and consolidation. Since, parameters based on consolidation data were used, the
program only predicted the consolidation behavior. The figure shows a straight-line
increase in solids content during sedimentation that is complete in 90 minutes. Taking
this time as the start of consolidation, the predictions of the latter program indicate a
slow increase in solids content. This procedure minimizes the weak link between
sedimentation and consolidation reported by the developers (Masala & Chan 2001) and
makes the predictions of the two programs in close conformity. The figure illustrates
that at a typical retention time of 60 minutes, sedimentation is the dominant
phenomenon during the solid-liquid separation process. Some additional improvement
in solids content can be achieved during consolidation.

The predicted behavior gives a idea about the range of possible improvement.
Given the operational constraints of the metal extraction process such as time, thickener
geometry, and the preclusion of load application, the solid-liquid separation behavior of

laterite PAL slurry can be improved using synthetic polymers. Effective improvement
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depends upon the choice of polymer parameters for the given mineralogy and pore
water chemistry. Under self-weight, improvement due to polymer modification is
highest initially and gradually diminishes. Sedimentation is the governing phenomenon

during the solid-liquid separation process of polymer modified laterite PAL slurries.

Figure 7.31 gives the hydraulic conductivity of the polymer modified laterite PAL
slurry on the ternary diagram and compares the same with data for the PAL slurry
without polymer. The laterite slurry characteristics diagram shows that similar to
the laterite PAL slurry without polymer, the hydraulic conductivity of polymer
modified materials is part of the family of constant clay-water ratio lines. This is
because these lines denote colloid-polymer-electrolyte interactions.

The diagram indicates that the hydraulic conductivity of polymer modified
laterite PAL slurries varies by one order of magnitude between the sedimentation
limit (k= 10" cm/sec) and the liquid limit (k = 10°° ecm/sec). Earlier, it was observed
that in comparison to the laterite PAL slurry without polymer, identical values of
hydraulic conductivity for the polymer modified materials are obtained at higher
solids content (low void ratio). Preceding discussions attributed this to variations in
colloid-polymer-electrolyte interactions and the resulting morphology during the
various stages of the solid-liquid separation process. Therefore, the ternary diagram
highlights the significance of the constant clay-water ratio lines on the behavior of

polymer modified laterite PAL slurries.
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) CONCLUSIONS

This chapter provided a detailed investigation of the polymer modified laterite
PAL slurries. The influence of various polymer parameters (type, charge, MW
and dosage) on the solid-liquid separation behavior of the selected laterite PAL
slurry was investigated. Results of laboratory investigations pertaining to
geotechnical index properties, sedimentation in conjunction with soil morphology
and consolidation were presented. These data were statistically analyzed and used
in two numerical simulation programs to predict the performance of the CCD
thickener. The entire data were depicted on the laterite slurry characteristics
diagram. The conclusions of this chapter can be summarized as follows:

= Polymer modification of laterite PAL slurries converts a sand like material to
one similar to clays. These transformed materials generally adsorb a significant
amount of water and are essentially nonsegregating.

= Anionic polymers generally k; improve the hydraulic ¢ 10% charge (low)
results in £; increase of two times for anionic polymers and 2% times for cationic
polymers. Conversely, a 75% charge (high) results in about 45% k; decrease for
the former and a 30% £&; increase for the latter polymers. Variations in polymer
MW and dosage are less significant.

= For nonionic polymers, a 7.5 x 10° g/mol MW (low) results in % decrease of
up to 35%. At elevated MW of 12.5 x 10° g/mol (medium) and 17.5 x 10° g/mol
(high), increase in k; amounts to 40% and 80%, respectively. Increasing polymer

dosage from 4 ppm (low) to 12 ppm (high) results in 2 4; increase of up to 30%.
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= The initial hydraulic conductivity of polymer modified PAL slurry strongly
depends on soil morphology. Good flocculation, reduced tortuousity and the
presence of channels or tubules are associated with high k.

= The performance of various synthetic polymers during consolidation is the
opposite of that during sedimentation. High %; polymers have lower hydraulic
conductivity and compressibility during consolidation and vice versa. This is due
the difficulty in removing the entrapped water from the flocs.

=  Hydraulic conductivity during consolidation depends on the imposed
hydraulic gradient as opposed to Darcy’s law. A high gradient is required to
extract water entrapped in the flocs whereas a low gradient is associated with flow
through channels and low tortuousity.

= Compressibility during consolidation depends on the type of flocculation.
Strong attachment between large and equal size flocs result in low compressibility
and the reverse is true for loose bonding and bimodal size distribution.

= Polymer selection depends on optimizing efficiency (hydraulic conductivity) and
yield (compressibility) of the extraction process. A cationic polymer with 10% charge
(low), 17.5x 10° g/mol MW (high) and 4 ppm dosage (low) is best suited fo improve
the solid-liquid separation of laterite PAL slurries.

= Sedimentation is the governing phenomenon for the solid-liquid
separation of polymer modified laterite PAL slurries. During this stage, there
is a maximum chance for colloid-polymer-electrolyte interactions to be

displayed.
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Chapter 8

8.1

The pressure acid leaching process is the most widely used method for extracting
economic metals from laterites. The solid-liquid separation of the laterite ore slurries
prepared prior to leaching influences the efficiency of this method. Likewise, the
solid-liquid separation of the laterite PAL slurries in the counter current decantation
(CCD) circuit affects the yield. Given the increasing demand of Ni and Co, there was
an exigent need to conduct a comprehensive and fundamental study of this class of
materials. The main objective of this work was to understand and improve the solid-
liquid separation of laterite slurries. The specific objectives included the following:

= To determine geotechnical index properties for preliminary soil assessment

= To study the effect of mineralogy and pore water chemistry on solid-liquid separation
= To investigate the influence of microstructure on solid-liquid separation

» To study solid-liquid separation behavior by determining sedimentation,
consolidation and hydraulic conductivity properties

These objectives were achieved using the following framework:

= Understanding laterite slurry behavior under ambient process conditions

= Devising a polymer amelioration method for improved solid-liquid separation
= Developing a detailed laboratory characterization protocol

s Predicting field performance from laboratory data
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This chapter first summarizes the methodology adopted during the current
research that was described in detail earlier in Chapter Three. Then, it gives an
account of the main observations and conclusions given earlier in Chapters Four
through Seven. This is followed by highlighting the geotechnical significance as
well as the field application of this research work. As is the case with many
research undertakings, new venues for future work related to laterite ore and
laterite PAL materials were discovered during the course of the cwrrent study.
Some of the major discoveries are given as recommendations towards the end of

this chapter.

8.2 RESEARCH METHODOLGY

= The research program comprised of laboratory investigations, statistical
analysis, numerical simulation and data presentation using LSCD.

= Four types of samples were prepared: laterite ore and PAL samples and
polymer modified ore and PAL samples.

= Four ore slurries were selected from various parts of the globe: Cuba,
Philippines, Australia and Indonesia. The corresponding PAL slurries were
obtained using identical process conditions during pressure acid leaching.

= Synthetic polymers were used to modify ore and PAL slurries of a
selected type representing limonite-saprolite blend from the Philippines.

= Laboratory investigations comprised of geotechnical index properties,

mineralogy, pore water chemistry, morphology, and solid-liquid separation.
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= During laboratory investigations, significant modifications were adopted in
testing techniques to suit laterite slurries.

= Heating was avoided in most cases but where absolutely necessary, an
oven temperature of 50 °C was employed.

= Determination of specific gravity involved the use of vacuum for air
removal and dry mass calculation after test completion.

= (rain size analyses were conducted on 25 g of dry soil using distilled water.
The ores were dispersed with calgon whereas the PALs were not dispersed.

= Segregation tests involved solids content profiling with depth after 24 h
in 150 mL graduated cylinders using different initial slurry solids contents.

= Consistency limits were determined by gradual drying of the high water
content slurries at 50 °C; mixing time was restricted to five minutes.

= XRD analysis determined mineralogy of randomly oriented powdered samples
with grain size distributions identical to those under ambient process conditions.

= Pore water composition was determined using routine methods. Due to
negligible flocculant effects, detailed water chemistry was not investigated
for polymer modified slurries.

= Morphology was determined using SEM analysis on slurry samples
prepared by the cryogenic technique that ensured an intact fabric.

= Sedimentation tests were conducted on 15% initial solids content slurries
poured in 8.5 cm diameter graduated cylinders to an initial height of 8.5 cm.

= The solid-liquid interface movement was captured using a camcorder
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connected to a computer; digital refinement improved accuracy.

= Consoclidation test was used due to minimal experimental and theoretical
errors and the ability to measure large strains and hydraulic conductivity.

= A 14.0 cm diameter cell that allowed the application of high loads and pore
pressure determination during the test was used for ore and PAL slurries.

= A 9.5 ¢cm diameter cell was used for polymer modified slurries because of the

preclusion of high loads and pore pressure measurements during the test.

8.3 OBSERVATIONS AND CONCLUSIONS

8.3.1 General For All Laterite Slurries
8.3.1.1 Observations

= Laterite slurries constitute a distinct class of materials with geotechnical
characteristics depending on ore geology and the metal extraction process.
= Laterite ores are primarily composed of sesquioxides in a neutral environment

whereas the hematite-rich PAL materials interact with a highly acidic medium.

8.3.1.2 Conclusions

= The engineering behavior of laterite slurries ameliorates by using synthetic
polymers; anionic for ore slurries and cationic for PAL slurries.

= Effective flocculation during the initial stages of the solid-liquid separation
process improves sedimentation, consolidation and hydraulic conductivity.

= Sedimentation is the governing phenomenon during the solid-liquid separation

process of laterite slurries.
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= Hydraulic conductivity and compressibility during consolidation depend on
efficient removal of both pore water and water entrapped in flocs.

= The polymer factor that combines the various parameters of synthetic
polymers, correlates with solid-liquid separation behavior of polymer modified

laterite slurries.

8.3.2 Laterite Ore Slurries
8.3.2.1 Observations

= Geotechnical characteristics of laterite ore slurries from different origins
depend on geology and the slurry preparation method. These ores have specific
gravities of 2.90 and exhibit high water requirement for conversion to shurries.

¢ Classified as micaceous fine sandy and silty clays, these materials are
primarily composed of goethite, hematite and maghemite with sizeable amounts
of clay minerals and amorphous materials.

s Local slurry preparation practices differ in various parts of the globe but most
use tap water that is influenced by seawater concentration. The pore fluid is

neutral to slightly basic with Na', Ca®*, Mg?*, CI" and SO4*" as predominant ions.
p

8.3.2.2 Conclusions

s More than 90% of the material in such slurries is finer than 0.075 mm.
Depending on particle bond strength, aggregate size and mineralogy, the clay size
fraction ranges between 20 to 60%. The fine grain size and the presence of clays

render these ore slurries nonsegregating at an initial solids content of 15%.
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= Variable mineralogy and pore water chemistry result in variable morphology.
Soil fabric ranges from flocculated to dispersed; a partial or complete cardhouse
microstructure is associated with limonite-saprolite ore slurries.

= The combined effect of variable material characteristics is vividly expressed
during sedimentation under self-weight. The initial hydraulic conductivity of
laterite ore slurries ranges between 107 to 107 cmy/sec.

»  The solid-liguid separation process is governed by sedimentation. Under self-
weight, 65% dewatering is achieved as the void ratio changes from 17.9 to 8.0
ands solids content changes form 15 to 28%. A maximum effective stress of 8 kPa
is sufficient to obtain 83% dewatering.

= The hard, ultra-fine and angular sesquioxide particles are associated with high
tortuousity and high void ratio. These particle characteristics are responsible for the low

hydraulic conductivity and compressibility of laterite ore shurry during consolidation.

8.3.3 Laterite PAL Slurries
8.3.3.1 Observations

s Geotechnical characteristics of laterite PAL slurries from different origins are
generally improved during pressure acid leaching. These materials have specific
gravities above 3.20 and exhibit high water requirement during the autoclave
operation for economic metal extraction.

= Converted to materials similar to sand or less active clays, laterite PALs are
primarily composed of hematite. In some varieties, magnesium sulfates and

amorphous materials are present in sizeable amounts,
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» Autoclave operations generally use the required amount of sulfuric acid that
influences the pore water concentration. The pore fluid is highly acidic (pH < 1)

with Ca?*, Mg®", Mn™", A", Fe**, Ni**, Co*" and SO,% as predominant ions.

8.3.3.2 Conclusions

= Materials undergo grain size growth during acid leaching. About 70% of the
material is finer than 0.075 mm whereas the amount of clay size fraction ranges
between 5 to 20%. The fine grain size and the presence of clay size fraction
render these PAL slurries nonsegregating at an initial solids content of 15%.

= Similar mineralogy and pore water chemistry result in identical morphology.
Still, soil fabric ranges from flocculated to dispersed; a cardhouse microstructure
is associated with saprolite PAL slurry.

= Improvement in material characteristics is clearly identified during
sedimentation under self-weight. The initial hydraulic conductivity of laterite
PAL slurries ranges between 102 to 107 cm/sec.

= The solid-liquid separation process is governed by sedimentation. Under
self-weight a 90% dewatering is achieved as the void ratio changes from 20.0
to 4.3 and the solids content changes from 15 to 46%. A maximum effective
stress of 8 kPa is sufficient to obtain about 95% dewatering.

= The hard, ultra-fine and spherical iron oxide particles are associated with high
tortuousity and high void ratio. These particle characteristics result in the low hydraulic
conductivity and compressibility of laterite PAL slurry during consolidation. Still, both
of these parameters are improved compared to the ore shurry.
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8.3.4 Conclusions For Polymer Modified Laterite Ore Slurries

= Both anionic and cationic polymers can increase or decrease &; of laterite ore
slurry during sedimentation. An increase of 20 times and a decrease of four times
were observed. Optimum polymer parameters for both anionic and cation polymers
include a 75% charge (high), 17.5 x 10° g/mol MW (high) and 12 ppm dosage (high).

= Although, nonionic polymers always improve k;, this increase is lower than
ionic polymers; a maximum of 14 times £ is observed. Generally, %; increases
with an increase in polymer MW from 7.5 x 10° g/mol (low) though 17.5 x 10°
g/mol (high) or dosage from 4 ppm (low) through 12 ppm (high).

»  The initial hydraulic conductivity of polymer modified PAL slurry strongly
depends on soil morphology. Good flocculation, reduced tortuousity and the
presence of channels are associated with high ;.

= The type of flocculation attained during the initial stages of sedimentation
governs both stages of the solid-liquid separation process. For anionic polymers,
tightly bonded small flocs develop whereas loosely attached large flocs characterize
cationic polymers; floc size decreases with increasing polymer charge.

= Based on the polymer factor, the performance of various synthetic polymers during
consolidation depends on floc breakage and grain redistribution. These phenomena
control the escape of pore water and the release of entrapped water from the flocs.

= Hydraulic conductivity during consolidation depends on the imposed hydraulic
gradient and the void ratio. A high gradient is required to extract water entrapped in flocs

whereas a low gradient is associated with flow through channels and low tortuousity.
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= Polymer selection depends on optimizing efficiency (hydraulic conductivity) and yield
(compressibility) of the extraction process. An anionic polymer with 75% charge (high),
17.5 x 10® g/mol MW (high) and 12 ppm dosage (high) is the most viable for improving
the solid-liquid separation of laterite ore shurries.

= Sedimentation is the governs the solid-liquid separation of polymer modified
laterite ore slurries. During this stage, colloid-polymer-electrolyte interactions are

maximized. Additional improvement can be achieved during consolidation.

8.3.5 Conclusions For Polymer Modified Laterite PAL Slurries

= Polymer modification of laterite PAL slurries converts a sand like material to
one similar to clays. These transformed materials generally adsorb a significant
amount of water and are essentially nonsegregating.

= A 10% charge (low) results in &; increase of two times for anionic polymers
and 2% times for cationic polymers. Conversely, a 75% charge (high) results in
about 45% k; decrease for the former and a 30% £ increase for the latter
polymers. Variations in polymer MW and dosage are less significant.

= For nonionic polymers, a 7.5 x 10° g/mol MW (low) results in k; decrease of
up to 35%. At elevated MW of 12.5 x 10° g/mol (medium) and 17.5 x 10° g/mol
(high), increase in &; amounts to 40% and 80%, respectively. Increasing polymer
dosage from 4 ppm (low) to 12 ppm (high) results in a k; increase of up to 30%.

= The initial hydraulic conductivity of polymer modified PAL slurry strongly
depends on soil ﬁomhoiogy. Good flocculation, reduced tortuousity and the
presence of channels or tubules are associated with high k..
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»  The performance of various synthetic polymers during consolidation is the
opposite of that during sedimentation. High k; polymers have lower hydraulic
conductivity and compressibility during consolidation and vice versa. This is due
to the difficulty in removing the entrapped water from the flocs.

s Hydraulic conductivity during consolidation depends on the imposed hydraulic
gradient and the void ratio. A high gradient is required to extract water enfrapped in the
flocs whereas a low gradient is associated with flow through channels and low tortuousity.

= Compressibility during consolidation depends on the type of flocculation.
Strong attachment between large and equal size flocs result in low compressibility
and the reverse is true for loose bonding and bimodal size distribution.

® Polymef selection depends on optimizing efficiency (hydraulic conductivity)
and yield (compressibility) of the extraction process. A cationic polymer with 10%
charge (low), 17.5 x 10® g/mol MW (high) and 4 ppm dosage (low) is best suited to
improve the solid-liquid separation of laterite PAL slurries.

= Sedimentation is the governing phenomenon for the solid-liquid separation of
polymer modified laterite PAL slurries. During this stage, there is a2 maximum

chance for colloid-polymer-electrolyte interactions to be displayed.

8.4 SIGNIFICANCE AND APPLICATION

The field of geoenvironmental engineering focuses on the management of solid
wastes. Engineers benefit from the knowledge of soil scientists, geologists,

hydrologists, and environmental scientists. This research is an excellent example
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of the multi-disciplinary nature of geoenvironmental engineering. The solid-liquid
separation of laterite slurries was studied and improved using sedimentation,
consolidation and hydraulic conductivity principles. The successful application of
basic soil mechanics concepts to a hydrometallurgical process has broadened the
scope of geotechnical engineering.

This research showed that sedimentation governs the dewatering behavior
of laterite slurries. Improved solid-liquid separation necessitated maximum
colloid-polymer-electrolyte interactions during initial stages. In comparison to
PAL slurries, these interactions were more profound for ore slurries due to their
ultrafine grain sizes and large surface areas. Anionic polymers were found to be
best suited for ore slurries because these materials were primarily composed of
positively charged sesquioxides in a neutral environment. The presence of large
amount of multivalent ions in a highly acidic medium helped in the development
of a negatively charged double layer in the hematite-rich PALs. Therefore,
cationic polymers proved most viable for these latter slurries.

The amount of nickel in mineable laterites ores varies from 1.0%
(minimum for limonite) to 3.0% (maximum for saprolite). The sulfuric acid
pressure leaching process is the method of choice for metal extraction from most
laterite ores. The estimated volume of the generated waste slurries is usually twice
that of the mine. In addition to improving the efficiency and productivity of the
extraction technology, the devised polymer amelioration methods are expected to

reduce the amount of waste slurries deposited in the tailings ponds.
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8.5 ECOMMENDATIONS

= The data generated by this research work should be validated under actual
process conditions of elevated temperature and pressure. The economic feasibility
of the polymer amelioration methods should be evaluated.

= The devised polymer amelioration methods should be tested and verified in
pilot scale thickeners to improve efficiency and productivity of the metal
extraction process.

= Multi-disciplinary studies should be conducted to investigate the autoclave
performance of ore slurries modified with anionic polymers and the long term
behavior of waste slurries modified with cationic polymer in the tailings ponds.

= A comparative study of the two polymer amelioration methods should be
undertaken to use the data generated by this research for other types of laterite ore
and PAL materials.

= Results of this study can be utilized for an assessment of alternative slurry
disposal methods. The usefulness of the devised polymer amelioration methods
on the rheological behavior of laterite slurries should be investigated.

= The data generated by this research are applicable to the management of solid
wastes. An assessment of the devised polymer amelioration methods for reducing
the volume of waste slurries deposited in the tailings ponds should be made.

= A comprehensive environmental impact study should be conducted to
investigate the influence of dissociated synthetic polymers on aquatic life in the

tailings ponds.
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Appendix A

This appendix provides the test data in the form of tables and figures. The test

data was analyzed and discussed in Chapter Six.
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Table A.1: Consistency limits of laterite ore modified with various ionic polymers

Polymer Parameters

Type Charge WX 10° Dose Wiey  Weem  Wsen Do
(g/mol)  (ppm)
7.5 4 81 43 97 38
10% tow) 12 82 44 27 18
o 175 4 86 52 34 24
(High) 12 78 " i -
Anionic
7.5 4 83 51 34 3
75% (ow) 12 90 52 33 38
(High) 175 4 26 “ " -
o 9 57 36 42
7.5 4 77 45 30 39
10% (Low) 12 85 53 36 3
o 17.5 4 92 60 41 12
e o 95 56 36 39
Cationic
7.5 4 79 43 27 36
75% (how) 12 80 44 3 36
(High) 175 4 o3 - " ”
(High) 19 o1 - - ”
442

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A.2: Consistency limits of laterite ore modified with various nonionic polymers

Polymer Parameters

. oh MW x 10° Dose Wi Weom  Wsew b
e arge p
P 8 (gmol)  (ppm)
4 78 42 26 36
7.5
(Low) 8 80 43 27 37
12 g1 41 25 40
4 20 39 23 41
Nonionic NA 12.5 8 81 40 24 41
(Medium)
12 80 42 26 38
4 79 36 23 40
17.5
(High) 8 83 40 23 43
12 91 53 34 38
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Table A.3: Solids content at start and end of sedimentation tests for laterite ore

slurry modified with various ionic polymers

Polymer Parameters

5 (%)
Test Start Test End

s (%)

Type Charge MWx 10°(gimol) Dose (ppm)
4 15.0 23.2
7.5 (Low)
12 15.1 25.5
10% (Low)
4 15.0 28.3
17.5 (High)
12 15.1 28.5
Anionic
4 14.9 27.2
7.5 (Low)
12 15.1 26.7
75% (High)
4 15.0 26.9
17.5 (High)
12 15.1 25.9
4 15.1 25.0
7.5 (Low)
12 15.2 26.7
10% (Low)
4 14.9 29.1
17.5 (High)
12 i5.1 22.6
Cationic
4 15.2 24.6
7.5 (Low)
12 15.1 26.8
75% (High)
4 15.0 27.3
17.5 (High)
12 15.0 25.7
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Table A.4: Sclids content at start and end of sedimentation tests for laterite ore
slurry modified with various nonionic polymers

Polymer Parameters
s (%) 5 (%)
Type Charge MW 16 ) Dose Test Start Test End
& (ppm)
4 15.1 247
7.5 (Low) 8 15.0 25.0
12 15.2 25.0
4 15.1 25.6
L 12.5
Nonionic NA (Medium) 8 15.1 26.2
12 14.9 26.2
4 15.2 273
17.5 (High) 8 15.1 273
12 15.0 27.3
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Table A.5: Solids content at start and end of consolidation tests for laterite ore

slurry modified with various ionic polymers

Polymer Parameters

s (%)
Test Start Test End

5 (%)

Type Charge MWx10°(gfmol) Dose (ppm)
4 15.1 37.3
7.5 (Low)
12 15.2 39.9
10% (Low)
4 15.0 56.1
17.5 (High)
12 151 53.2
Anionic
4 15.0 38.8
7.5 (Low)
12 15.1 43.0
75% (High)
4 14.9 37.4
17.5 (High)
12 15.0 43.4
4 15.1 39.5
7.5 (Low)
12 15.1 39.6
10% (Low)
4 14.8 45.6
17.5 (High)
12 15.1 36.0
Cationic
4 15.1 42.1
7.5 (Low)
12 15.0 44.0
75% (High)
4 15.0 62.5
17.5 (High)
12 15.1 443
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Table A.6: Solids content at start and end of consclidation test for laterite ore
slurry modified with nonionic polymer

Polymer Parameters

s (%) s (%)
Dose Test Start Test End
(ppm)

O

Type Charge MW x 10° (gfmol)

7.5 (Low) 8 e e

1

.. 12.5
Nonionic NA (Medium) g 15.1 41.2

17.5 (High) S

12 e e
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Table A.7: pH and EC after sedimentation and consolidation tests for laterite ore
slurry modified with various ionic polymers

Polymer Parameters

Sedimentation Test Consolidation Test

e Chage A B B S M em
_ 4 72 743 72 753
e 72 744 71 740
(Low) - 4 71 752 72 742
(High) 5 72 741 72 748

Anionic
. s 4 71 750 71 752
e Y 12 71 752 72 756
(High) s 4 72 740 72 743
(High) 1, 72 757 72 751
- 4 71 745 71 745
(0% (Low) 1y 72 758 71 753
(Low) 175 4 72 750 72 751
(High) 1, 72 751 72 747

Cationic
- 4 72 743 72 748
sy, 1 71 42 72 746
(High) s 4 71 753 7.1 750
(High) 4, 72 752 71 750
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Table A.8: pH and EC after sedimentation and consolidation tests for laterite ore

slurry modified with various nonionic polymers

Polymer Parameters

Sedimentation Test Consolidation Test

Tvoe Charge MW x 10° Dose EC oH EC
P (g/mol)  (ppm) (uS/cmy) {uS/em)
4 7.1 7 .
7.5
(Low) 8 7.1 740 e e
12 72 T4l e e
4 72 743 e e
Nonionic NA 12.5 8 7.1 742 7.1 741
onionic (Medium) . .
12 7.1 g2 -
4 72 745 e e
17.5
(High) 8 7.1 7 R
12 72 748 e e
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Figure A.1: Determination of k, for laterite ore slurry modified with 10% charge (low) anionic polymers
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Figure A.3: Determination of k, for laterite ore slurry modified with 10% charge (low) cationic polymers
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Figure A.9: Hydraulic conductivity during Test#!
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Figure A.11: Hydraulic conductivity during Test#2

460

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16.0

Height (cm)

4.0

2.0

1.0

10% Charge (Low)-17.5 x 10% g/mol MW (High)-04 ppm Dose (Low)

Anionic Polymer

Self Weight
0.56 kPa
1.19 kPa
248 kPa
427 kPa
8.97 kPa

0.1 1

10 100 1060 10000
Time (min)

Figure A.12: Consolidation Test#3

461

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Anionic Polymer
10% Charge (Low)-17.5 x 10° g/mol MW (High)-04 ppm Dose (Low)

1x107

1x10™ -

1x107

Hydraulic Conductivity (cm/sec)

1x107° - —e
Self Weight
——tee———  (} 56 kP2
—————t——— }1.19kPa
—t—— 2 4% kPa
——t— 427 kPa
———pre—eee 8 07 kPa
1X10_7 T T T T H
0 5 i0 15 20 25 30
Time (min)
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463

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Anionic Polymer
, 10% Charge (Low)-17.5 x 106 g/mol MW (High)-12 ppm Dose (High)
Ix10
1x10™*
g
2
Z
Q
= -5
-E 1x10
9]
]
2
&
5
>
as
1x10° 1
———————— Self Weight
———— (.56 kPa
——e—  1.19kPa
——s——— 2.45kPa
———t——— 428 kPa
———————  8.81kPa
1XE0—7 T T T T T
¢ 5 10 15 20 25 30

Time (min)
Figure A.15: Hydraulic conductivity during Test#4
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Figure A.17: Hydraulic conductivity during Test#5
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Figure A.18: Consolidation Test#6
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Figure A.20: Consolidation Test#7
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Figure A.21: Hydraulic conductivity during Test#7
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Figure A.22: Consolidation Test#8
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Figure A.23: Hydraulic conductivity during Test#8
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Figure A.24: Consolidation Test#9
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Figure A.25: Hydraulic conductivity during Test#9
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Figure A.26: Consolidation Test#10
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Figure A.27: Hydraulic conductivity during Test#10
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Figure A.28: Consolidation Test#11
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Figure A.29: Hydraulic conductivity during Test#11
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Figure A.30: Consolidation Test#12
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Figure A.31: Hydraulic conductivity during Test#12
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Figure A.32: Consolidation Test#13
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Figure A.33: Hydraulic conductivity during Test#13
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Figure A.34: Consolidation Test#14
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Figure A.35: Hydraulic conductivity during Test#14
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Figure A.36: Consolidation Test#15
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Figure A.37: Hydraulic conductivity during Test#15
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Figure A.38: Consolidation Test#16
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Figure A.39: Hydraulic conductivity during Test#16
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Figure A.40: Consolidation Test#17
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Figure A.41: Hydraulic conductivity during Test#17
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Appendix B

This appendix provides the test data in the form of tables and figures. The test

data was analyzed and discussed in Chapter Seven.
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Table B.1: Consistency limits of laterite PAL modified with various ionic polymers

Polymer Parameters

Type Charge MW x 10° Dose Wi Weem Wsen o
(g/mol)  (ppm)
7.5 4 41 29 23 12
10% tow 12 53 35 2% 18
o 17.5 4 61 41 30 20
(High)y 0 0 - ”
Anionic
7.5 4 46 29 2 17
75% (Low) 12 50 30 9 20
(High) s 4 " » - >
T 1o 47 32 25 15
7.5 4 49 30 ) 19
10% w1 45 29 22 16
T s 4 7 41 27 30
(High) 12 63 o i ”
Cationic
7.5 4 58 38 28 20
75% o) 1 62 37 2 95
(High) s 4 s ” - ”
(High) 19 57 17 - "
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Table B.2: Consistency limits of laterite PAL modified with various nonionic polymers

Polymer Parameters

T Ch MW x 10° Dose Wi Weee  Wsewn Do
arge
Tpe g (g/mol) (ppm)
4 36 28 24 8
7.5
(Low) 8 38 26 21 12
12 52 33 24 19
4 51 32 24 19
Nonionic NA 27 8 6 42 30 21
(Medium)
12 55 36 27 19
4 42 29 23 13
17.5
(High) 8 49 34 26 15
12 58 36 26 22
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Table B.3: Solids content at start and end of sedimentiation tests for laterite PAL

slurry modified with various ionic polymers

Polymer Parameters

s (%)

5 (%)

Test Start Test End

Type Charge MWx 10°(gimel) Dose (ppm)
4 15.1 43.0
7.5 (Low)
12 15.0 42.9
10% (Low)
4 15.1 40.5
17.5 (High)
12 15.1 40.5
Anionic
4 15.0 38.5
7.5 (Low)
12 15.1 38.5
75% (High)
4 14.9 39.2
17.5 (High)
12 15.2 38.5
4 15.1 40.5
7.5 (Low)
12 15.0 40.5
10% (Low)
4 14.9 40.4
17.5 (High)
12 15.0 40.5
Cationic
4 15.1 40.8
7.5 (Low)
12 15.2 40.5
75% (High)
4 15.1 40.5
17.5 (High)
12 15.0 40.1
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Table B.4: Solids content at start and end of sedimentation tests for laterite PAL
slurry modified with various nonionic polymers

Polymer Parameters

5 (%) s (%)

Type Charge MW 107 @fmol) g;ii) Test Start Test End
4 15.0 35.7
7.5 (Low) 8 15.1 36.4
12 15.2 37.7
4 15.1 49.0
Nonionic NA (1151: dium) 8 15.0 49.2
12 15.1 50.0
4 14.9 42.0
17.5 (High) 8 15.2 42.9
12 15.1 42.6
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Table B.5: Solids content at start and end of consolidation iests for laterite PAL

shuty modified with various ionic polymers

Polymer Parameters

s (%)
Test Start Test End

s (%)

Type Charge MWx 10°(gimo) Dose {ppm)
S
7.5 (Low)
12 e e
10% (Low)
4 15.0 432
17.5 (High)
12 e e
Anionic
4 e e
7.5 (Low)
|
75% (High)
4 15.1 48.0
17.5 (High)
12 e e
S
7.5 (Low)
12 e e
10% (Low)
4 14.9 44.1
17.5 (High)
12 e e
Cationic
4 S
7.5 (Low)
12 e e
75% (High)
4 15.0 46.3
17.5 (High)
12 e e
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Table B.6: Solids content at start and end of consolidation test for laterite PAL
slurry modified with nonionic polymer

Polymer Parameters

Type Charge

5 (%) 5 (%)
Dose Test Start Test End

MW x 10° (gimo) (opm)

Nonionic NA

4 e —

7.5 (Low) e

12 e e

12.5
(Medium)

12 e

17.5 (High) 8 e e

12—
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Table B.7: pH and EC after sedimentation and consolidation tests for laterite PAL
slurry modified with various ionic polymers

Polymer Parameters

Sedimentation Test Consolidation Test

Type Charge MW 10° Dose o EC EC
(g/mol)  (ppm) (uS/cm) (uS/em)
. s 4 04 10000 e e
w0 04 10000 - e
Low) 4 0.4 10000 0.4 10000
High) 5 04 10000 o e

Anionic
7 s 4 04 10000 e e
R T 04 10000 e e
gty 4 04 10000 04 10000
(High) 5 04 10000 e oo
75 4 04 10000 e e
10% Low) 45 04 10000 e e
Tow) 4 04 10000 04 10000
Hign) 45 04 10000  —em e

Cationic
75 4 04 10000 - e
asy 12 04 10000 e e
(Higty 4 04 10000 04 10000
(High) 45 04 10000 e oee
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Table B.8: pH and EC after sedimentation and consolidation tests for laterite PAL
slurry modified with various nonionic polymers

Polymer Parameters Sedimentation Test Consolidation Test
MW x 10° Dose EC EC
Type Charge (g/mol)  (ppm) pH (uS/om) pH (uS/em)
4 04 10000 @ ceemm e
7.5
(Low) 8 04 10000 —meme e
12 04 10000 W -ceer e
4 04 10000 @ —eem e
Nonionic NA 12.5 8 0.4 10000 0.4 10000
(Medium) ' :
12 0.4 10000 W e -
4 04 10000  ceemm e
17.5
(High) 8 04 10000  ceeee e
12 04 10000 —eemm e
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Figure B.1: Determination of k, for laterite PAL slurry modified with 10% charge low) anionic polymers
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Figure B.2: Determination of k, for laterite PAL slurry modified with 75% charge (high) anionic polymers
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Figure B.3: Determination of k, for laterite PAL slurry modified with 10% charge (low) cationic polymers
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Figure B.4: Determination of k, for laterite PAL slurry modified with 75% charge (high) cationic polymers
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Figure B.5: Determination of &, using low MW nonionic polymer

504

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10.0

Interface Height (cm)

1.0
10.0 12.5 x 10° g/mol MW (Medium) - 04 ppm Dose (Low)
9.0 Sedimentation Test
T Y =-0.6000 X + 8.5000
. 8.0
g 7.0 Consolidation Test
%} 6.0 Y =-0.5875 X + 9.3411
T 5.0
g 40
5]
E 3.0
E : ﬁ ﬁ & y:y 'S A
2.0 bANR2242414
1.0
10.0 12.5 x 108 g/mol MW (Medium) - 08 ppm Dose (Medium)

Interface Height (cm)

0.0

Sedimentation Test
Y =-0.5000 X + 8.5000

&
&
A
Y
AAAAA
L b p p o4 )

Sedimentation Test
Y =-0.6500 X + 8.4833

AAAA
&
AAAAAAAAAAA

3

12.5 x 10° g/mol MW (Medium) - 12 ppm Dose (High)

0 5 10 15 20 25 30
Time (min)
Figure B.6: Determination of £, using medium MW nonionic polymer
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Figure B.7: Determination of %, using high MW nonionic polymer
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Figure B.8: Consolidation Test#1
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Figure B.9: Hydraulic conductivity during Test#1

508

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Anionic Polymer
10.0 75% Charge (High)-17.5 x 10% g/mol MW (High)-04 ppm Dose (Low)
’ Self Weight
0.56 kPa
———————  1.19kPa
9.0 - —————— 2401Pa
———+———  427kPa
————  8.97kPa
8.0 -
7.0 -
£
< 6.0 -
=z
.0
[
)
5.0 A
4.0 -
3.0
2.0 -
1.0 H H ¥ 7
0.1 1 10 100 1000 10000

Time (min)
Figure B.10: Consolidation Test#2
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Figure B.11: Hydraulic conductivity during Test#2
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Figure B.12: Consolidation Test#3
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Figure B.13: Hydraulic conductivity during Test#3
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Figure B.14: Consolidation Test#4
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Figure B.15: Hydraulic conductivity during Test#4
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Figure B.16: Consolidation Test#5

515

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure B.17: Hydraulic conductivity during Test#5
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