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Abstract
Gypsum supersaturation in process water is known to have detrimental effects
on flotation performance of sulphide minerals. The motivation of this research is
to develop a better understanding of the impact of gypsum supersaturation in
process water on sphalerite flotation. For this purpose, this thesis focused on the
impacts of gypsum supersaturation in process water on the surface properties of
silica and sphalerite minerals, the interactions between flotation reagents and
sphalerite, and the interactions between silica and sphalerite minerals in various
types of process water.
Results from this study indicate that the adverse impact of gypsum
supersaturation in process water on sphalerite flotation is mainly due to high
calcium concentration in the gypsum supersaturated process water. This study
shows that gypsum precipitates do not form or coat on silica and sphalerite
mineral surfaces in the gypsum supersaturated solutions under the conditions
studied. However, both silica and sphalerite mineral surfaces are coated by
calcium after being conditioned in a gypsum supersaturated solution, resulting in
identical surface charge between silica and sphalerite. The high calcium
concentration in the gypsum supersaturated process water is found to retard the
activation of sphalerite by copper and hence the subsequent xanthate
adsorption. The adsorption of calcium ions is identified to compete with copper
species for the reactive surface sites of sphalerite, resulting in the reduction in

copper and xanthate uptake and hence flotation recovery of sphalerite. Heteroaggregation between gangue minerals (quartz or silica for example) and
sphalerite minerals is induced in the gypsum supersaturated process water.
Direct colloidal force measurement using an atomic force microscopy (AFM)
shows attractive force profile between silica and sphalerite minerals in both
gypsum supersaturated solution and calcium chloride solution containing a
similar calcium concentration to that of the gypsum supersaturated solution. The
extent of slime coating of silica nanoparticles on sphalerite surfaces is found to
increase with the increase in calcium concentration. The retardation of
sphalerite activation and subsequent xanthate adsorption, in combination with
slime coating of gangue mineral particles results in poor recovery and selectivity
in sphalerite flotation process.
Removing calcium ions by sodium carbonate addition can significantly offset the
detrimental effect of gypsum supersaturated process water on the flotation
performance of sphalerite. Micro-flotation of silica and sphalerite mixture
minerals shows that the flotation recovery and selectivity of sphalerite are
clearly improved after treating the gypsum supersaturated solutions with sodium
carbonate.
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Chapter 1

Introduction

1.1 Water in mineral flotation
Flotation is one of the most widely used methods for ore beneficiation. In
flotation, mineral particles are introduced to water, in which valuable minerals
are separated from gangue minerals or other valuable minerals. In flotation
circuits, water represents 80 - 85% of the volume of mineral pulp. The quality of
the water, which is controlled by the source of water, dissolved minerals, and
chemicals and surfactants deliberately added in the flotation process, plays an
important role in the flotation process. In general, the better the water quality
the more efficient is flotation.
Water consumption by mineral processing industry accounts for a very small
proportion of the total water consumption. However, due to the limited
freshwater resource and environmental regulations, the recycle of ‘used’ water
become a common practice in mineral flotation. The use of recycle water
normally leads to the built-up of salts and other surfactants, which alters the
process water quality. The use of recycle water in flotation has significant effects
on flotation recovery and selectivity. Specific effects of recycle water on the
flotation performance of sulphide and non-sulphide minerals have been
reported by many workers

1-20

. For instance, flotation of sulphides is affected in

1

various degrees by the cationic and anionic species in process water 8. The
presence of certain heavy metal ions (e.g., Fe

2+

and Pb

2+

) could have adverse

impact on flotation as they precipitate sparingly soluble hydroxides and metal
xanthates

13-15

. Meanwhile, organic matters present in the process water may

affect flotation if the compounds are surface active or function as dispersants,
flocculants or depressants. Generally, flotation in fresh water and recycle water
produces different selectivity and recoveries. The use of plant recycle water
usually decreases selectivity and recovery while increases reagent consumption
1, 2, 4, 5, 14, 17

.

The reasons for reduced mineral flotation plant performance due to water
recycling can be summarized as following:

1) The use of recycle water leads to the accumulation of organic and inorganic
compounds in the process water as well as increased microbiological
activities 3, 7, 12, 14, 18, 21.
2) The unrecognized and uncontrolled compounds may adsorb or precipitate
on mineral surface, interfere with the adsorption of activators and
collectors, and consume flotation reagents due to precipitation, resulting in
the loss of recovery1, 10 4, 5, 8, 10, 16, 17, 22-25.
3) Solid-liquid interfacial properties of mineral particles can be significantly
affected by the conformation of adsorbed and precipitated layers 26-28.

4) Chemical reactions may occur between recycle water constituents and the
chemical species present on the surface of mineral particles, which can play
an important role in the adsorption of reagents 3, 15, 18, 21, 24.
5) The chemical and microbiological constituents of recycle water can have a
significant effect on liquid-gas interfacial properties, which can strongly
influence froth height, strength and stability during flotation 6, 22.
6) Dissolved chemical species such as calcium, magnesium, iron, copper, lead,
zinc, nickel, sulphates, phosphates and carbonates can have a strong effect
on the electrokinetic properties of oxide and sulphide minerals at certain pH
ranges 4, 5, 16, 20, 29.
7) Interactions between minerals present in the ore can be altered due to the
changed surface properties of mineral particles, leading to undesirable
hetero-aggregation between valuable minerals and gangue minerals or slime
coating. In addition, non-selective coatings on both valuable minerals and
gangue can result in the loss of separation efficiency (selectivity) 1, 2, 5, 8, 23, 30.
8) Recycling of water also tends to accumulate very fine suspended particles.
Excessive amounts of slimes in the process water can also have an adverse
effect on mineral beneficiation processes 10.

1.2 Gypsum supersaturation in sulphide mineral flotation
In sulphide mineral flotation plants, in particular those practicing water recycling,
high concentrations of calcium and sulphate ions are frequently experienced. In

some process water, the calcium concentration exceeds 1000 ppm
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, and

sulphate concentration can be as high as 2500 ppm 27, 28. Calcium ions are mainly
from the dissolution of calcium-containing minerals and the deliberate addition
of lime as a pH modifier, pyrite depressant and water treatment reagent. The
high concentration of sulphate in the process water of many sulphide flotation
plants is mainly attributed to the oxidation of sulphur species and the addition of
sulphate-containing chemicals. A few examples of gypsum supersaturation in
process water of sulphide mineral flotation plants are given in the following.

1) Red Dog lead-zinc mine
In operation since 1989, Red Dog is a lead-zinc sulphide mine located in north
western Alaska, approximately 145 kilometres north of Kotzebue. Operated by
Teck Alaska Incorporated, a U.S. subsidiary of Teck Resources Limited, Red Dog
has a production capacity of over 580,000 tonnes per annum of zinc contained in
concentrate. It is one of the largest zinc mines in the world, both in terms of
reserves and annual zinc production. The mine consists of: an open pit mine, a
mill for processing ore, waste rock disposal areas, tailings impoundment, and
support facilities. The mine uses conventional mining techniques to extract an
average of 9800 tons of ore per day. The ore is pre-washed and then subjected
to froth flotation where lead and zinc were recovered sequentially. Figure 1-1
schematically illustrates the lead-zinc flotation separation process at Red Dog.
The ore is firstly crushed to - 150 mm in the primary crusher. The crushed ore is

then feed to the grinding mills with fresh water and recycle water where the ore
is further reduce to 80% - 65 µm. The slurry is then subjected to the lead
flotation circuit where lead sulphide minerals are separated and zinc sulphate
(ZnSO4) is used to depress the zinc sulphide minerals (mostly sphalerite). The
tailing from the lead flotation circuit is then reground to 80% - 20 µm and sent to
the zinc flotation circuit where copper sulphate (CuSO4) is used to activate the
zinc sulphide minerals. The final tailing after the zinc flotation circuit is
discharged to the tailing impoundment.
Red Dog mine recycles water from the tailings impoundment back into the
flotation process. Prior to recycle back to the mill, water reclaimed from the
tailings impoundment was treated using high density sludge (HDS) process
where lime and flocculants are used (Appendix). Both reclaimed tailing water
without HDS treatment (reclaim water) and HDS treated water (process water)
contain high total dissolved solids (TDS) (~4000 ppm) which are supersaturated
with respect of calcium and sulphate ions.

The calcium and sulphate ion

concentrations of Red Dog’s reclaim water and process water are reported to
560 ppm (calcium) and 2861 ppm (sulphate), and 840 ppm (calcium) and 2466
ppm (sulphate), respectively. The pH of the HDS processed water and reclaimed
tailings water are about 10 and 5.2, respectively, and the flotation separation
process is conducted under near neutral pH (6.5 ~ 7). The HDS water treatment
has been shut down since 2008 and water reclaimed from the tailings pond was

directly recycled back to the mill. The plant survey in 2008 showed high TDS
(3800 ~ 4100 ppm) and high concentrations of calcium (640 ~ 720 ppm) and
sulphate (2400 ~ 2800 ppm) ions in the whole flotation circuits, which is most
likely due to the recycled tailings water. Poor flotation recovery and selectivity
has been noticed in the zinc circuit, though the flotation performance of the lead
circuit has not been affected. It has been speculated that the poor flotation
performance in the zinc circuit was attributed to the supersaturation of gypsum
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Figure 1-1 Schematic illustration of lead-zinc flotation separation process.
2) Hilton concentrator

The Hilton deposit of Mount Isa Mines Limited is located twenty kilometers
north of Mount Isa, in north-western Queensland, Australia. The lead and zinc in
the Hilton ore occur as galena and sphalerite. Pyrrhotite is the predominant iron
sulphide minerals in the hanging wall, whereas pyrite is the predominant iron
sulphide mineral in the footwall ore. Non-sulphide gangue minerals include
silica, alumino-silicates, and dolomite. The concentrator produces separate
products of lead, zinc and a combined lead/zinc concentrate. The plant
flowsheet is shown in Figure 1-2. Lead and zinc flotation at Hilton concentrator is
carried out under alkaline conditions where lime is added to adjust pH and
depress the sulphide gangues such as pyrrhotite and pyrite. The calcium and
sulphate concentrations in the flotation pulp are around 600 ppm and 2800
ppm, respectively. Poor flotation response has been reported in both lead and
zinc circuit, which has been related to the gypsum supersaturation in the process
water.
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Figure 1-2 Hilton concentrator flowsheet 28.
1.2.1 Adverse impact of gypsum supersaturation in process water on
sulphide mineral flotation
High concentrations of calcium and/or gypsum supersaturation in the process
water can have significant effects on the flotation performance of sulphide
minerals. It has been reported that while lime was used to adjust the pulp pH to
a value of 11 in order to depress pyrite it caused problems in the flotation of
galena
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. Flotation of chalcopyrite was depressed in an alkaline pH when lime

was used as a pH modifier or when calcium ions were present in the pulp 33. An
extensive investigation of the Hilton concentrator (Mount Isa Mines, Australia)
suggested that flotation rate of galena was retarded due to the precipitation of

gypsum from the process water

28

. A reduction in selectivity in sphalerite

flotation has also been reported at Brunswick Mining Concentrator which has
been related to the slime coating of gypsum precipitates. Flotation recovery and
selectivity problems of sphalerite at the

lead-zinc concentrator has been

speculated to be attributed to the gypsum supersaturated process water. The
high concentrations of calcium and sulphate ions in mineral process medium
(water) have been a persistent concern in sulphide mineral flotation practice.
The previous studies mainly focused on the following aspects: 1) effect of
calcium ions; 2) CaSO4 scaling on mineral surface; 3) Soda ash addition.
1) Calcium effect
James and Healy investigated the adsorption of calcium and cobalt ions on silica
substrate surface 34. They found that the adsorption of calcium ions onto a silica
substrate surface increased abruptly within the pH range of 9 to 10. Gandin and
Charles observed an increase in the adsorption density of calcium ions onto a
pyrite surface with increasing dissolved oxygen concentration, pH and calcium
ion concentration 35. The adsorption of calcium ions at the ZnS-H2O interface was
studied by Moignard et al. 36 using direct adsorption and micro-electrophoresis
techniques. Moignard’s study showed that the adsorption of calcium at ZnS-H2O
interface was pH dependent with a significant adsorption commencing at
approximately pH 7 and increasing up to pH 11. The adsorption of calcium on
mineral surface altered the surface charge of the minerals and the interactions

between mineral-flotation reagents, and mineral-mineral particles. Moignard

36

showed that the zeta potential of zinc sulphide particles became less negative in
the presence of calcium ions and this effect became more prominent with
increasing calcium ions concentration. Similar effects were observed on silica37,
sphalerite20, 38 and galena 4 minerals.
It was suggested by Moignard

36

that the uptake of calcium ions at ZnS-H2O

interface might hinder the activation of sphalerite. However, the study carried
out by Dr. Finch’s group at McGill University illustrated no change of copper and
xanthate uptake in the presence of calcium (500 ppm) and magnesium (120
ppm) ions

39

. Their pure mineral flotation results indicated that the sphalerite

flotation recovery was only reduced at pH above 10 in the presence of calcium
ions. It is noticed that, in that study, the sphalerite mineral was conditioned in
calcium solution and then transferred to the flotation reagents solutions (in the
absence of calcium). This procedure may not be able to represent the real
flotation system since in the real flotation practice all ions present in the process
medium at the same time. It is possible that the adsorbed calcium ions desorb
from the interface, underestimating its adverse impact on the uptake of copper
or xanthate on sphalerite.
Meanwhile, the presence of calcium ions impacts the surface charge of minerals,
which influences the interactions between minerals. The impact of calcium ions
on the interactions between silica and sphalerite at various pHs has been

investigated 40. The results suggested the enhancement of hetero-aggregation of
silica and sphalerite at a high pH in the presence of calcium ions while they were
well dispersed in the absence of calcium ions. The interaction forces between
sphalerite and silica particles were reported to be attractive below pH 8 and
decrease with increasing solution pH, and finally become repulsive at pH 10
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.

The addition of calcium ions has been reported to enhance the attraction force
between the two minerals at pH 6 while reducing the repulsive force at pH 10.
2) Gypsum scaling
Another possible factor that gypsum supersaturation in the process water has
adverse impact on the flotation performance of sulphide minerals is surface
coating of gypsum either by nucleation or hetero-aggregation. Gypsum
precipitates were detected on the surface of galena sample from the Hilton
concentrator

26, 27

. It has been implied that the flotation rate of galena was

retarded due to the presence of an overlayer of precipitated gypsum. The
precipitates were speculated to deposit on mineral surface due to heterocoagulation. Lauder et al.

42

studied the significance of water quality on the

flotation performance of sphalerite at Hilton concentrator. He concluded that
the sphalerite flotation performance was diminished by the deposition of
gypsum onto the surface of the sphalerite. Cullinan 43 found that the flotation of
fine size galena mineral was affected after grinding in calcium sulphate
supersaturated process water.

The adverse effect of calcium sulphate

supersaturated process water on fine galena flotation increased with finer
particle size. The fine galena flotation was also affected by the pulp temperature.
A higher temperature during grinding promoted fine galena depression in the
presence of calcium sulphate saturated water. It was concluded by Cullinan that
calcium sulphate might precipitated onto galena surface during grinding. Xu and
Finch inquired silica and sphalerite mineral surface properties in Ca-SO4-CO3
system using zeta potential measurement and surface analysis techniques
38

30, 37,

. However, their results demonstrated no trace of gypsum precipitates on

mineral surfaces. They found that the zeta potentials of silica and sphalerite in
calcium and Ca-SO4 solutions were similar. The adsorption of calcium in the
electric double layer on mineral surface was believed to be responsible for the
lower recovery and poor selectivity of sulphide mineral flotation in the gypsum
saturated process water.
3) Soda ash addition
The adverse impact of gypsum supersaturation can be offset by the addition of
sodium carbonate or bicarbonate. Grano and his coworkers

26

have shown that

the flotation response of galena in the lead roughing and scavenging sections of
Hilton Concentrator has been improved significantly with the addition of 4 kg/t
of soda ash to the SAG mill. Surface analysis revealed that the concentration of
calcium on galena mineral surface decreased during the soda ash plant trial.
However, the concentration of sodium carbonate should also be controlled

32

.

Further increase in carbonate concentration could lead to the formation of a
lead basic carbonate, Pb3(OH)2(CO3)2, which results in the decomposition of the
hydrophobic lead xanthate. Significant improvement in zinc recovery and grade,
with improved selectivity of sphalerite versus pyrite, was also observed by
Lauder at the Hilton Concentrator when approximate 3 to 4 kg/t of soda ash
were added to the downstream regrind tower mill

42

. The addition of soda ash

increased the pulp pH and reduced the levels of calcium in solution

27, 42

. Due to

the solubility difference between calcite (Ksp = 10 -8.3 at 298 K) and gypsum (Ksp =
10

-4.6

, at 298K)

44

, the formation of calcite favours over that of gypsum in the

presence of carbonate. The carbonate reacts with calcium to form calcite which
precipitates from solution, as shown in the following Equation:
(1-1)
Sui et al.38 confirmed the preferential formation of insoluble calcite over calcium
sulphate at carbonate concentrations greater than 10 -2 M and at a calcium
concentration of 3 × 10-2 M (Table 1-1).
Through zeta potential determinations, Sui et al.38 showed that increasing
carbonate usage made the zeta potential of the sphalerite more negative,
approaching those of the sphalerite samples in a simple supporting electrolyte
solution under the same pHs. Rashchi et al.37 observed similar effects in their
study of silica in the presence of carbonate and calcium ions. The effect of
carbonate addition on the changes in the zeta potential of silica was attributed

to the formation of calcite precipitates which scavenged calcium ions. The
removal of calcium ions enhanced the interaction of collector and activating
agents with mineral surfaces which therefore improved the floatability of the
minerals, as was shown in a plant testing of soda ash addition to a zinc rougher
circuit 45. It was noted by Grano

27

that calcite precipitates and galena mineral

particles were mutually repelled. In other studies, however, calcium carbonate
did not appear to disperse completely as some precipitates remained on the
mineral surfaces 37, 38.
Table 1-1 Percentage distribution of calcium upon addition of CO 3 for initial
[Ca] = 3 × 10-2 M and [SO4] = 5 × 10-2 M 38.
Form of Ca

Concentration of CO3 M
3 × 10-3

3 × 10-2

1 × 10-1

As free metal ions

27.7

1.6

0

Precipitated with CO32-

9.8

96.7

99.8

Precipitated with SO42-

41.5

0

0

Bound with SO42-

18.2

1.5

0

Bound with NO3-

2.8

0.2

0

Total

100.0

100.0

99.8

1.3 Objectives
Considerable studies have been carried out in order to understand flotation
performance of sulphide minerals in the gypsum supersaturated process water.

However, mechanisms of the depression action of gypsum supersaturation on
sulphide minerals are still not clear. The objective of this research work is to
develop a better understanding of the impact of gypsum supersaturated process
water on the flotation performance of zinc sulphide minerals. Laboratory
prepared gypsum supersaturated solutions are used to represent the gypsum
supersaturated process water. Sphalerite and silica are used to represent the
zinc sulphide minerals and silicate gangue minerals, respectively. This research
focuses on the following four phases:
1) Study the impact of gypsum supersaturated process water on the surface
properties of sphalerite and silica minerals
In process water with supersaturation of gypsum, crystals of gypsum are
believed to precipitate out. The gypsum precipitates may coat on the mineral
surface either by nucleation or hetero-aggregation which can alter the surface
properties of the minerals, hence affecting the flotation performance of the
minerals. In this study the impacts of gypsum supersaturated process water on
the surface properties of silica and sphalerite are studies using zeta potential
distribution measurement, quartz crystal microbalance with dissipation (QCMD), and surface characterization techniques such as scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES). The aim of this phase of study is to answer the following two
questions: 1) whether the gypsum crystals nuclear on silica and sphalerite

mineral surfaces in the gypsum supersaturated process water or not; 2) If not,
whether the gypsum precipitates hetero-aggregate with silica or sphalerite
minerals.
2) Study the impact of gypsum supersaturated process water on the
interactions between flotation reagents and sphalerite
Sphalerite flotation generally involves activation and then thio collector
adsorption. In order to fully understand the adverse effects of gypsum
supersaturated process water on the flotation of sphalerite, it is important to
recognise the impacts of gypsum supersaturated water on the interactions
between flotation reagents and sphalerite mineral. In this study, copper sulphate
and sodium isopropyl xanthate (SIPX) are used as activator and collector
respectively. The uptake of copper and xanthate on sphalerite surface in gypsum
supersaturated solutions and 800 ppm calcium solutions are investigated.
3) Study the impact of gypsum supersaturated process water on the
interactions between sphalerite and silica minerals
The interactions between mineral particles play an important role in the mineral
flotation separation. The homo-aggregation of fine target mineral particles is
desirable while the hetero-aggregation between the target mineral and gangue
mineral particles is detrimental for the selective flotation separation. In this
study, the impact of the calcium ions, magnesium ions and gypsum

supersaturated solutions on the interactions between silica and sphalerite is
studied using QCM-D and AFM force measurements. The purpose of this study is
to examine systematically the effect of divalent ions (calcium and magnesium)
and gypsum supersaturated water on the interactions between zinc sulphide and
silica minerals. QCM-D is used to evaluate the deposition behaviour of silica
nanoparticles onto ZnS coated quartz crystal surface over a broad range of
divalent ions concentrations and gypsum supersaturated solutions. To better
understand the interactions between silica and zinc sulphide minerals in the
presence of calcium ions, magnesium ions, and gypsum supersaturated
solutions, the colloidal forces between a silica particle and a fractured sphalerite
mineral surface are measured. AFM results and predictions based on DLVO
theory are employed to verify the QCM-D observations.
4) Study the potential approaches to eliminate the adverse impact of
gypsum supersaturated process water on the flotation performance of
sphalerite
In this study, the following three approaches of eliminating the adverse impact
of gypsum supersaturated process water on the flotation of sphalerite are
investigated and evaluated: 1) addition sodium carbonate to remove calcium
ions and to convert gypsum supersaturated solution to calcite supersaturated
solution; 2) increase the dosage of flotation reagents; 3) Conditioning the
minerals with flotation reagents prior to exposing in the gypsum supersaturated

process water (pre-hydrophobic treatment). Micro-flotation was conducted to
evaluate the potential of those approaches in improving the flotation
performance of sphalerite in gypsum supersaturated solutions.

1.4 Literature review
1.4.1 Gypsum precipitation
Calcium sulphate precipitation is a well-documented phenomenon encountered
in a wide spectrum of industrial processes and applications such as those
involving heat exchange
by reverse osmosis

50, 51

46-48

, mineral processing27, 49, desalination of seawater

etc. There are three main forms of calcium sulphate:

calcium sulphate dihydrate or gypsum (CaSO4·2H2O), calcium sulphate
hemihydrate (CaSO4·1/2H2O), and calcium sulphate anhydrite (CaSO4)

52, 53

. The

solubility of different forms of calcium sulphate decreases with increasing
temperature

54-58

(Figure 1-3), a fact that is responsible for the formation of

calcium sulphate scale on heat exchanger surfaces

59

. Studies on calcium

sulphate scale mainly focussed on the kinetics of scale formation
influence of external factors

66, 73-82

60-72

and the

. The formation of CaSO4 scale is affected by

various factors including fluid hydrodynamics, supersaturation level, solution
chemistry, surface chemistry and topography as well as temperature 47, 59, 83-85.

Figure 1-3 Solubility of calcium sulphate in water as a function of temperature
(Data from Seidell and Linke86, Marshall and Slusher87, and Silcock88).

1.4.1.1 Supersaturation and driving force for nucleation
Supersaturation refers to a solution in which the concentration of solute exceeds
the saturation value at a given temperature and pressure. Supersaturation can
be induced by changing temperature, evaporating of solvent, changing solvent
composition, and chemical reaction

89

. Some common expressions describing

supersaturation are defined by Equations (1-2) – (1-4) 90:
(1-2)

(1-3)

(1-4)

where C is the solute concentration,

is the solubility value,

concentration driving force, S is the supersaturation states, and

is the

is the relative

supersaturation.
The above definitions of supersaturation assume that the solutions are ideal
despite the fact that they consist of mixtures of electrolytes and additional
nonelectrolytes. The definitions are only correct for very dilute solutions that the
activity coefficients can be assumed to be unity. For the cases deal with solutions
with high concentrations, the concentrations must be replaced by activities. In
the calcium sulphate systems, the supersaturation states is commonly defined as
the ratio of the activity products divided by the thermodynamic solubility
product of gypsum ( KSP)

60, 91, 92

, which was calculated considering the liquid-

solid equilibrium between Ca2+ and

ions and solid

.
(1-5)

(1-6)

where

is the thermodynamics solubility product, ai is the activity product of

species i; aw is the activity of water.
The driving force for the formation of gypsum is the change in the Gibbs free
energy (

) for going from the supersaturated solution to equilibrium. For the

formation of one mole of gypsum, the change in the Gibbs free energy (

) is

given by 90
(1-7)
where

is the gas constant and

is temperature in Kelvin.

1.4.1.2 Precipitation kinetics
Traditionally, nucleation is divided into primary homogeneous nucleation,
primary heterogeneous nucleation and secondary nucleation. In primary
homogeneous nucleation, nuclei are produced in the absence of foreign bodies.
Primary heterogeneous nucleation is induced by surfaces other than those of the
crystallizing substance. Secondary nucleation may occur in the presence of
crystals of the material being crystallized.
1) Homogeneous nucleation
Homogeneous nucleation describes the spontaneous formation of critical nuclei
within the supersaturated solution. In homogeneous-primary nucleation,
formation of a new solid phase takes place in the absence of any solid phase.
According to the classical nucleation theory, the formation of a new phase is
initiated by the generation of a very fine embryo within bulk supersaturated
solution. A stable nucleus can be formed by the addition of each embryo unit (A)
successfully and reach a critical cluster size: A1 + A = A2, A2 + A = A3 … An-1 + A = An

(critical cluster). Figure 2-4 schematically illustrates the homogeneous formation
of the clusters of n molecules.

M

M-n
n

Figure 1-4 Schematic illustration of the homogeneous formation of a cluster of
n molecules from a bulk supersaturated solution with M Molecules
The free energy change in the formation of a crystal in a homogeneous solution
is usually expressed as Eq. 1-8 93:

(1-8)

where

and

are the volume and geometrical shape factors, respectively,

is

the chemical potential difference between the two phases, L is the size of the
crystal,

is the molecular volume, and

is the interfacial tension between

solid and liquid phases. The geometrical shape factor,
and

⁄

where s

are the surface area and the volume of the nucleus), can be equal to

16π/3, 50, or 4 assuming spherical, rectangular parallelepiped, or cubic-shaped
nuclei, respectively. The dependence of Gibbs free energy on L passes through a
maximum corresponding to the critical size L*.

(1-9)

Substitution of

into Eq. 1-8 yields the change in the Gibbs free energy during

critical nucleus formation 90:

(1-10)

where

is the Boltzmann constant,

is temperature in Kelvins, and S is the

supersaturation states.
The nucleation rate, Jhom (cm-3 S-1), or the number of nuclei formed per unit time
and volume, can be expressed in the form of the Arrhenius reaction velocity
equation:

(

)

(1-11)

where A is the pre-exponential factor and

is the Boltzmann constant. Replacing

with Eq. 1-10 gives:

(

)

(1-12)

Equation 1-12 clearly suggests that the homogeneous nucleation rate increases
with increasing supersaturation and temperature, and decreases with increasing
surface energy. In practice, precipitation does not occur instantaneously upon
the creation of supersaturation in a solution. The period of time between the

creation of supersaturation and the formation of the newly created crystals is
called induction period.
2) Heterogeneous nucleation
Certain solid bodies (containing heterogeneities, motes, inclusions, etc.)
extraneous to the system and promote phase transformation, particularly
condensation and crystallization. Heterogeneous nucleation occurs in presence
of a suitable foreign body or surface which induces nucleation at degrees of
supersaturation lower than those required for spontaneous homogeneous
nucleation (Figure 1-5).

M

M-n

n
Substrate
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Figure 1-5 Schematic illustration of the heterogeneous formation of a cluster of
n molecules on the surface of a substrate from a bulk supersaturated solution
with M Molecules.
The overall free energy change associated with the formation of a critical nucleus
under heterogeneous conditions is 90
(1-13)
where the factor

can be expressed as 94

)

where

)

(1-14)

is the contact angle between the crystalline deposit and the foreign

solid surface, corresponding to the angle of wetting in a liquid-solid system
(Figure 1-6).

Bulk solution

𝜃

Crystal
Substrate

Figure 1-6 Expression of contact angle at foreign surface (substrate)-crystalbulk solution interface.
Avoiding the contact angle model based only on the wetting of the solid surface,
heterogeneous nucleation can be expressed as 95
)

)

)

)

(1-15)

where the superscripts , s, and c refer to the liquid, critical nucleus and catalytic
solid, γsc and γsl are the interfacial energy between catalytic solids-critical
nucleus, and catalytic solids-liquid interface.
And the nucleation rate 95,

(

)

(1-16)

3) Surface and interfacial energy
Surface energy commonly refer to a condensed phase – vapour system, whereas
interfacial energy is used to describe two condensed phases, such as liquid –
liquid and solid – liquid interfaces. Clearly, interfacial energy plays an important
role in the interpreting of precipitation kinetics.
The interfacial energy

between phase and phase can be obtained using the

van Oss-Chaudhury-Good equation 96:

(√

where

√

)

(√

√

√

√

)

is the Lifshitz-van der Waals surface tension component,

Lewis acid or electron-acceptor parameter,

(1-17)

is the

is the Lewis base or electron-

donor parameter, which can be calculated from the contact angle
measurements.

)

(√

√

√

)

(1-18)

To determine the surface energy component and parameters of a solid, the
contact angle must be determined with at least three probing liquids, and two of
which must be polar 97-99.

1.4.2 Sphalerite activation and flotation
Sphalerite is a major source of zinc metal. It usually associates with other
sulphide minerals such as pyrite, galena, and chalcopyrite. The concentration of
sphalerite is commonly accomplished by froth flotation using short chain thiol
collectors such as xanthate. Unlike other sulphide minerals, sphalerite responses
poorly to short-chain xanthates and other soluble thiol collectors without
activation. There are several explanations for the relatively weak interaction
between sphalerite and short chain xanthate

100-102

. The most frequently cited

reason is the high solubility of zinc-thiol compounds in water in comparison with
other metal-thiol compounds (Table 1-2). The flotation of sphalerite with thiol
collectors is usually accomplished by activation with heavy metal ions, usually
copper ions. The activation products (CuS-like species) can then react with
xanthate to form insoluble copper-xanthate species, which make the sphalerite
mineral surface hydrophobic.
Table 1-2 Logarithm of the solubility products of some thiol collectors and
hydroxides 103.
Ligand

Zinc (ll)

Lead (ll)

Copper (l)

Ethyl xanthate

-8.31

-16.77

-19.28

Butyl xanthate

-10.43

N/A

-20.33

Hexyl xanthate

-12.90

N/A

N/A

Octyl xanthate

-15.82

N/A

-23.06

Ethyl dithiophosphate

-1.82

-11.12

-15.85

Hydroxide

-16.79

-16.09

-14.7

1.4.2.1 Activation mechanisms
The activation of sphalerite has been studied extensively by many researchers
over several decades. In 1976, Finkelstein and Allison

104

reviewed the research

work related to the activation conducted in 50 years. Twenty years later,
Finkelstein 105 gave another thorough survey on the same topic and updated the
literatures. Chandra and Gerson

106

also presented a comprehensive literature

review on the fundamentals of copper activation of sphalerite and pyrite in
2009. These three papers have been used as primary source for the literature
survey summarized in the following.
1) In acidic conditions
It is generally accepted that the copper activation of sphalerite in acidic pH
follows an ion exchange mechanism with copper replacing surface zinc ions
resulting in copper sulphide-like surfaces. The overall activation reaction is
generally represented by the following equation 103:

)

)

)

(1-19)

The adsorption of Cu2+ results in an approximately 1:1 release of Zn2+ into the
solution

105, 107

. Cu2+ on the sphalerite surface is subsequently reduced to Cu +

with the resulting oxidation of the surface sulphide. The thiol collectors then
react with the copper sulphide species formed on the surface, increasing the
flotation response. Sphalerite activation by copper at acidic conditions is

believed to be a two-stage process, with the first stage follows logarithmic law
and the second stage follows parabolic law 103, 108, 109.
2) In neutral and alkaline conditions
Previous studies on the mechanisms of sphalerite activation in neutral and
alkaline conditions lead to obscured conclusions due to the involvement of
copper hydrolysis products. Girczys et al.

110

proposed the following activation

mechanism for sphalerite at neutral and alkaline conditions:
At neutral pH:
)

(1-20)

At alkaline pH:
)

)

(1-21)

)

(1-22)

This mechanism has been criticised by Ralston and Healy, who believed that the
activation of sphalerite in alkaline conditions is better represented by the
following reactions 111:
(1) A rapid bulk precipitation of Cu(OH)2(ppt) followed by adsorption/coagulation
on the ZnS surface and/or a rapid surface Cu(OH)2 nucleation resulting in a

ZnS surface partially or completely covered by Cu(OH)2. Some hydrolysis of
Zn2+ to Zn(OH)+ is expected.
)

(1-23)

)

(2) A slow surface reaction between Cu(OH)2 and ZnS .

is formed when the

pH is not high enough to form Zn(OH)2 solids. When the pH is high enough,
Zn(OH)2 will be formed.
)

)

)

)

)

)

(1-24)
)

(1-25)

or
(3) A slow dissolution of Cu(OH)2 to yield Cuaq2+ followed by a simple exchange
reaction (i.e. Eq. 1-19)
)

(1-26)

)

Prestidge et al.

112

studied the activation of synthetic sphalerite at pH 9 using

different concentrations of copper nitrate. Using conventional XPS, they found
that the sphalerite surface were coated with Cu(OH)2 at high copper
concentrations. Similar results were also found by Gerson et al.
Fornasiero and Ralston

114

113

and

. According to Prestidge et al.112, the activation of

sphalerite in alkaline conditions can be represented as following:

)

)

)

)

)

)

(1-27)

The Cu (ll) from the hydroxide may then exchange with the Zn(ll) from the
sulphide.
)

)

)

–

)

)

(1-28)

The resulting Cu(ll) sulphide then undergoes redox disproportionation to form
Cu(l) sulphur products which may then form Cu(l)-xanthate upon collector
addition 114.
Some researchers

115, 116

believe that the copper hydroxide on the surface

directly interacts with the xanthate. The resulting product then decomposes to
form Cu(l)-xanthate and dixanthogen on the surface.
)

)

)

)

)

(1-29)

)

)

)

(1-30)

1.4.2.2 Factors affecting the flotation and activation of sphalerite
Factors such as copper concentration, activation time, pH, surface charge, extent
of pre-oxidation, water and surface contaminants, pulp potential and galvanic
interactions are important for copper activation of sphalerite and the sequent
flotation.
1) Typical copper concentrations used for activation and flotation studies of
sphalerite are in the range from 1 × 10-6 M to 1 × 10-4 M 111, 116-119. The copper

concentration needed to achieve maximum flotation response depends on
the activation conditions, origin of the mineral samples and available surface
area for activation. Fornasiero and Ralston

114

found that the flotation

response of sphalerite decreased with increased copper concentration, with
the maximum reduction at pH 8.5 - 10.
2) Increasing activation time leads to an increase in copper uptake on sphalerite
with subsequent increase in the release of Zn2+

117

. However, increased

copper uptake may not be beneficial for the surface xanthate adsorption

116

.

Meanwhile, increase time delay between copper addition and xanthate
addition decreases the amount of collector adsorbed onto the sphalerite
surface at high pH (9.2) but not at neutral or mildly acidic pH 118.
3) The flotation of sphalerite is highly pH-dependent. It has been shown that the
activated sphalerite had lower water contact angles in neutral pH region than
in acidic and basic solutions

120

. Through flotation tests, Steininger

121

demonstrated that the flotation of activated sphalerite is suppressed at the
pH range of 6 to 9, depending on the amount of CuSO4 added. Steininger

121

observed that the pH range of depression increased with the increased CuSO 4
addition. Similar results were found by Laskowski and his co-workers 111.
4) Natural sphalerite normally contains iron. The presence of iron decreases the
band gap of sphalerite and affects its reactivity 125. Previous studies have
shown that the iron content in the sphalerite minerals influenced the
activation and subsequent flotation behaviour of sphalerite; however,

contradictory results have been reported. Chandra and Gerson 106
summarized the activation and flotation studies of sphalerite with different
iron and lead content conducted over the past two decades, as shown in
Table 1-3.
Table 1-3 Effect of iron and lead content on the activation of sphalerite 106.
Sample
(size µm)

Fe
content
%
0
5
40

Pb
content
%
Not
present

Activator
(time)

Collector

pH

Conclusion

Ref

64

CuSO4
(N/A)

N/A

8

Increase in Fe
causes decrease in
Cu adsorption

122

Synthetic
(N/A)

0
5
40

Not
present

CuSO4
(20 min)

Ethyl
xanthate

6
8
10

Increase in Fe
reduces xanthate
adsorption due to
lower Cu
adsorption

123

Natural
(N/A)

33*
115*

0.2*
24*

CuSO4
(1 h)

N/A

9.2

Cu uptake by high
Fe sample was less
than for the low Fe
sample

114

Natural
(125200)

0.38
12

0.04
0.20

CuSO4
(N/A)

SIPX

N/A

Fe rich sphalerite
adsorbed more Cu
and preferentially
binds to xanthate

122

Natural

Fe rich

N/A

CuSO4
(1 min)

SIPX

10
12

Fe inhibited initial
Cu activation but
catalyzed covellite
formation upon
xanthate addition

114

Natural
-45

0.3
12.5

0.07
0.24

CuSO4
(2 min)

SIPX

11

Fe was detrimental
to copper
activation and
reduced collector
adsorption

124

Natural
Fresh
(110)
surface

0.02 to
14.79

N/A

CuSO4
(1 h)

N/A

5

Fe enhance Cu
adsorption

125

Synthetic
(N/A)

* Values reported as atomic ratios (×103) of metallic impurity elements to zinc
SIPX: Sodium isopropyl xanthate
5) The sphalerite surface preparation for activation and the pro-oxidation of the
surface can affect the uptake of copper and sequence xanthate adsorption.
Solecki et al.

122

showed that the surface oxidation prior to activation has a

significant effect on copper adsorption onto the sphalerite. He found that the
uptake of copper and xanthate on unoxidized sphalerite surfaces was much
higher than oxidized sphalerite surfaces for both high and low iron content.
Gigowski et al.

102

, on the other hand, found that copper activation of

sphalerite surfaces was more influenced by iron content rather than by the
degree of surface oxidation.
6) Sphalerite activation and flotation involves electrochemical reactions. Maust
and Richardson

102

are the pioneers who took into consideration of the

electrochemical nature of the activation process. They proposed that
theoretically for a particular metal ion to be an activator, it must act as an
electron acceptor so that it can be reduced as following:
)

7)

.

Contaminants on mineral surface and in process water can also have
significant effects on the sphalerite activation process. Surface slime coating
or metal ions adsorption could block the reactive sites on sphalerite mineral

surface which can influence the activation efficiency and mineral
hydrophobicity.

1.5 Organization of this thesis
This thesis consists of seven chapters.

Chapter 1: This chapter provides the background and the objectives of this study.
Water recycling in mineral flotation process and gypsum supersaturation in
sulphide mineral flotation are briefly introduced. Previous studies on the impact
of gypsum supersaturation in process water on the flotation performance of
sulphide minerals, activation and flotation of sphalerite, and the kinetics of
gypsum precipitation are reviewed.

Chapter 2: This chapter describes the materials and research techniques used in
this study. The fundamentals and operation procedures of experimental work
are provided.

Chapter 3: This chapter focus on the impact of gypsum supersaturated solution
on the surface properties of silica and sphalerite pure minerals. The effect of
calcium ions, sulphate ions and gypsum supersaturated solution on the zeta
potential distributions of silica and sphalerite is investigated. Changes in surface
properties of silica and sphalerite minerals before and after conditioning in a
gypsum supersaturated solution are examined by SEM, XPS, AES and QCM-D.

Results presented in this chapter answer the questions of whether gypsum
precipitates form on mineral surfaces or in the bulk gypsum supersaturated
solution, and whether the minerals hetero-aggregate with gypsum particles in
the gypsum supersaturated solution.

Chapter 4: This chapter discusses the impact of gypsum supersaturated solution
on the interactions between flotation reagents and sphalerite minerals. The
impact of calcium ions, gypsum supersaturated solution and gypsum suspension
on the uptake of copper and xanthate on sphalerite is studies.

Chapter 5: This chapter examines systematically the effect of divalent ions
(calcium and magnesium) and gypsum supersaturated water on the interactions
between zinc sulphide and silica minerals using QCM-D deposition measurement
and AFM direct force measurement. The impact of calcium ions, magnesium
ions, and gypsum supersaturated water on the flotation selectivity of sphalerite
from silica was discussed.

Chapter 6: This chapter explores the potential approaches to eliminate the
adverse impact of gypsum supersaturated solution on the flotation performance
of sphalerite. There methods are examined and evaluated using micro-flotation
tests.

Chapter 7: This chapter summarizes the overall conclusions, major contributions
of this work and suggestions for future work.

Chapter 2

Materials and Experimental
Techniques

2.1 Materials and reagents
High purity sphalerite and silica minerals were used to represent the zinc
sulphide and silicate gangue minerals, respectively. The sphalerite mineral
samples were purchased from Ward’s Natural Science Establishment. X-ray
fluorescence (XRF) spectrometer analysis indicate that the sphalerite sample
contained 66.36% Zn, 32.27% S, and trace amounts of Fe (0.25%), Al (0.26%) and
Si (0.06%). The sphalerite sample was crushed to - 4.75 mm and then dry ground
to - 45 m and stored in deep freezer at -20 ℃. Silica particles of three size
fractions (15 nm, 5 µm and 40 µm, 98% pure) were purchased from US Silica.
Silica microspheres from Polysciences Inc. (Warrington, PA, USA) were used for
the modifying of AFM tips. A two-component epoxy (EP2LV, Master Bound,
Hackensack, USA) was used to glue the silica microspheres to the tip of AFM
cantilevers. Silica wafer with (001) orientation was purchased from NanoFab
(University of Alberta, Canada). The silica wafers were cut into 15 mm × 15 mm
squares. A mixture of 70 vol% sulfuric acid and 30 vol% hydrogen peroxide
solution of 85 ℃ was used to clean the silica wafers, followed by a thorough
washing with Milli-Q water and ethanol. Quartz crystal sensors with coating of
either ZnS or silica were purchased from Q-Sense. Prior to the experiments, the

ZnS sensors were cleaned with diluted HCl solution (pH 2) in a sonication water
bath for 30 min following with thoroughly rinsing with Milli-Q water. Silica
sensors were exposed under UV O-zone for 15 min followed by cleaning in 2%
sodium dodecyl sulphate (SDS) solution in a sonication water bath for 30 min
and then rinsed with Milli-Q water for at least three times.
The following reagents used in the experiments were A.C.S. reagent grade:
hydrochloric acid, HCl (Fisher Scientific); sodium hydroxide, NaOH (Fisher
Scientific); copper sulphate, CuSO45H2O (Fisher Scientific); calcium carbonate,
CaCO3 (Sigma Aldrich); calcium sulphate, CaSO4 (Acros Organics); calcium
sulphate dihydrate, CaSO4∙2H2O (Fisher Scientific); sodium carbonate, Na2CO3
(Sigma Aldrich); potassium chloride, KCl (Fisher Scientific), Sodium dodecyl
sulphate (SDS, Sigma Aldrich). Sodium isopropyl xanthate (SIPX: (CH3)2-CH2-OCS2Na) from Prospec Chemicals, Canada was used as collector. The commercial
grade SIPX was purified by dissolving in warm acetone (40°C), recrystallization
and washing with acetone for three times. The purified SIPX was stored in deep
freezer at - 20°C. Commercial grade calcium sulphate hemi-hydrate from US
Gypsum Corporation was used as supplied. Milli-Q water prepared with an Elix-5
with a Millipore-UV plus unit (Millipore, Canada) was used throughout the
experiments.

2.2 Solution and suspension preparation
2.2.1 Solution preparation
Laboratory gypsum saturated or supersaturated solution, calcite saturated
solution, and simulated process water were prepared.
The gypsum saturated solution was prepared by dissolving 4 grams of calcium
sulphate in 1L of Milli-Q water that was adjusted to pH 10. The mixture was
stirred with a magnetic stirrer at room temperature for one hour, and was then
filtered with a 1.6 m filter to remove undissolved solids. The solids were
collected and dried for the determination of the total dissolved solids
concentration. The total dissolved solids concentration of the prepared solution
determined by this method is around 2500 ppm. Atomic absorption analysis
indicated that the solutions contained about 600 ppm calcium, which translates
to 2580 ppm gypsum (solubility of gypsum in water is 2400 ppm at 25℃ 58).
A similar procedure was used to prepare the gypsum supersaturated solution
with calcium sulphate hemi-hydrate (CaSO41/2H2O). In this case, 10 grams of
calcium sulphate hemi-hydrate was dissolved in 1L of Milli-Q water. The pH value
of the solution was maintained at 10. The mixture was stirred at room
temperature for 30 min, and was then filtered with a 1.6 m filter to remove
undissolved solids. Atomic absorption analysis results indicate that the calcium
concentration in the gypsum supersaturated solution is 845 ppm, which

translates to 3612 ppm gypsum as compared to the solubility of gypsum in water
to be 2400 ppm at 25℃

58.

The calcium concentration in this laboratory gypsum

supersaturated solution is similar to that in the process water of a Pb-Zn Mine
(840 ppm).
Calcite-saturated solutions were prepared using an approach similar to that
described above. 0.5 g of calcium carbonate (solubility in water: 12 mg/L at 25
℃, 20 mg/L at 100 ℃) was added to 1 L Milli-Q water and then heated to 100 ℃.
The mixture was stirred for one hour before being subjected to hot filtration to
remove un-dissolved solids. The calcium concentration of the calcite saturated
solution determined by AAS was 20 ppm. A fresh solution was prepared for each
day of testing. The pH of calcite saturated solution was adjusted to pH 10.
The simulated process water was created by adding calcium sulphate hemihydrate (3.6157 g), potassium sulphate (0.0751 g), magnesium sulphate
pentahydrate (0.5983 g) and sodium sulphate (0.1854 g) in 1 L Milli-Q water. The
solution was allowed to mix for 30 minutes at room temperature. The pH was
adjusted to 10 and maintained using NaOH. The solution was then filtrated with
a 1.6 m filter. The composition of the simulated process water is shown in Table
2-1.
Calcium and magnesium solutions were made by dissolving calcium chloride and
magnesium sulphate pentahydrate in Milli-Q water respectively.

Table 2-1 Main composition of the simulated process water
Ca

K

Mg

Na

SO4

72

2400

pH
ppm
Simulated Process Water

9.7

870

37

66

Stock solutions of 10-2 M copper sulphate pentahydrate and 10-2 M SIPX were
prepared in DI water. The stock solutions were diluted with other prepared
solutions such as DI water, 10-2 M KCl, 800 ppm calcium, gypsum supersaturated
solution, to make 1.25×10-5 M copper and 1.25×10-5 M SIPX concentration. The
pH of the solutions was adjusted to 6.5.
All solutions were prepared freshly prior to each set of experiments.
2.2.2 Suspension preparation
Stock suspensions of silica, sphalerite, and gypsum were prepared. The silica
stock suspension was prepared by adding 1 gram of silica (- 5 m or 15 nm) to 50
mL Milli-Q water. For preparation of sphalerite stock suspension, 1 gram of fine
sphalerite (- 45 m) was further ground to - 5µm and then transferred to a
beaker with 50 mL Milli-Q water. A fresh sphalerite stock suspension was
prepared for each testing. The gypsum stock solution was prepared by adding 1
gram of calcium sulphate dihydrate (CaSO42H2O, - 2 µm or - 265 nm) in 50 mL
gypsum saturated solution.

2.3 Zeta potential measurement
2.3.1 Principle of zeta potential measurement
Electrokinetic phenomena are a group of effects that are observed in disperse
systems and in capillaries. There are four distinct effects depending on the way
in which motion is induced. Electro-osmosis and electrophoresis are the
electrokinetic phenomena that entail the movement of one phase relative to
another under the influence of an applied electric field. The production of a
sedimentation potential, or the Dorn effect, and the production of a streaming
potential are the electrokinetic phenomena of a potential difference in the
direction of the relative movement of phases that is due to mechanical forces.
Any of these electrokinetic phenomena can be used to determine the zeta
potential or electrokinetic potential 126, 127.
Measurement of the velocity of the particles under a known external field gives
information about their net electric charge, or their surface potential with
respect of the bulk of the suspending phase. This technique is called
electrophoresis. When the solid remains stationary and the liquid movies in
response to an applied electric field this is called electro-osmosis. It occurs when
the solid is in the form of a capillary or a porous plug which is filled with liquid.
The applied field acts upon the charges in the liquid, and as they move in
response to the field they drag the liquid along with them. Measurement of the
velocity of the liquid, or the volume of liquid transported per unit current flow

gives information about the net surface charge or the electrical potential in the
neighbourhood of the wall. Instead of applying an electric field to cause liquid to
move through a capillary of porous plug, one can force the liquid through a
pressure gradient. The excess charges near the wall are carried along by the
liquid and their accumulation down-stream causes the build-up of an electric
field which drives an electric current back against the direction of the liquid flow.
The measured potential difference across the capillary or plug is called the
streaming potential. Finally, if a suspension of charged particles is allowed to
settle, the resulting particle motion causes the development of a potential
difference between the upper and lower parts of the suspension, which gives
rise to the sedimentation potential.
2.2.3 Zeta potential distribution measurement with Zetaphoremeter
Zeta potential distributions were measured using a ZETAPHOREMETER IV
equipped with a rectangular quartz electrophoresis cell, a pair of reversible
hydrogenated palladium electrodes, laser illumination, and a digital video
capture system operated through a Canon microscope. The ZETAPHOREMETER
IV measures the zeta potential of colloidal particles by electrophoresis
technique. The microscope offers a very sharp 1.07 m depth of focus for
accurately viewing particles in a stationary layer with little background
interference. The system also employs sophisticated image analysis software
which allows for accurate location of the stationary layers, measurement of

electrophoretic mobility, and computation of the corresponding zeta potential
distributions. The system outputs histograms of zeta potential distributions
computed from mobility measurements using the Smoluchowski equation 128.
Zeta potential distribution measurements have been recently used to study the
interactions between two different particles by comparing the zeta potential
distribution of the mix of the two different components with that of the single
material system

129-132

. Figure 2-1 schematically illustrates the zeta potential

distribution analysis technique in explaining the interactions between two
distinct particles in a binary system. As shown in Figure 2-1a, each suspensions of
particle A and B gives a zeta potential distribution of their own with
corresponding peaks at ζA and ζB when measured separately. When mixing the
two particles together under the same conditions, the measured zeta potential
distributions of the mixture depend on the characteristics of the interactions
between the two types of particles. If there is no aggregation between particle A
and B, a zeta potential distribution with two peaks centered at almost the same
position of the individually measured zeta potential distributions of particle A
and B is anticipated (Figure 2-1b). In the case that particle A and particle B
strongly aggregates, a single zeta potential distribution peak would be observed
(Figure 2-1c and 2-1d). The position of the peak depends on the particle A to
particle B ratio. In the case of weak aggregation between particle A and B, a zeta
potential distribution with tri-modal peaks or a broad distribution is anticipated

as shown in Figure 2-1e and 2-1f. The advantage of the zeta potential
distribution measurement technique is that tests are performed in situ, avoiding
complex changes that arise when the minerals are dried, as required for most ex
situ characterizations. In this study, zeta potential distribution measurements
were applied to study the impact of gypsum supersaturation in process water on
the mineral surface properties, interactions between minerals and gypsum
scaling on mineral surfaces. It has to be noted that the capability of using zeta
potential distribution measurement to evaluate the interactions between two
different types of particles is limited by the electrokinetic characteristics of the
particles as well as the physicochemical conditions that the measurement is
taken. Distinct zeta potentials between the two particles are required to
successfully apply the zeta potential distribution measurement for interpreting
the interactions.

a) Individual

b) Mixture

A

B

ζA

ζB

c) Mixture

ζB

d) Mixture

ζA

ζB

e) Mixture

ζA

ζA

ζA

ζA/B

ζB

ζA/B

ζB

f) Mixture

ζA/B

ζB

ζA

Figure 2-1 Schematic zeta potential distributions in the study of colloidal
interaction in a binary system (a, individual zeta potential distributions of
particle A and B; b, zeta potential distributions of particle A and particle B
mixture without hetero-aggregation; c, Strong hetero-aggregation between

particle A and B with particle A fully coated by particle B; d, Strong heteroaggregation between particle A and B with insufficient particle A to fully cover
particle B; e & f, weak hetero-aggregation between particle A and B).
For a particular zeta potential distribution measurement, the stock suspensions
were diluted with solution of interest. The suspensions for zeta potential
distribution measurements were prepared to an optimal concentration on the
order of 0.1 to 1 g solids per liter suspension, equivalent to 20 to 150 particles
per view field that could be tracked accurately by the software during a mobility
measurement. All suspensions were analyzed at room temperature to minimize
convective effects in the electrophoresis cell. To ensure representative
measurements, the cell was flushed and replenished with the same suspension
for every second measurement. At least five mobility measurements in each
direction were recorded for each sample.

2.4 Surface characterization techniques
2.4.1 Scanning electron microscopy (SEM)
SEM is essentially a high magnification microscope which enables the
investigation of specimens with a high resolution down to 25 Angstroms or
better. The basic principle of SEM is that a focused beam of electrons are
generated by a suitable source, typically a tungsten filament of a field emission
gun. The electron beam is accelerated through a high voltage and pass through a

system of apertures and electromagnetic lenses to produce a thin beam of
electrons which scans the surface of the specimen by means of scan coils.
Signals derived from the electron-sample interactions reveal information about
the sample including topography, chemical composition (using EDS, Energy
Dispersive X-Ray Spectroscopy), crystalline structure and crystal orientations
(using EBSD, diffracted backscattered electrons). Specimens can be observed in
high vacuum, low vacuum and in Environmental SEM specimens can be observed
in wet condition. A JAMP-9500F equipped with electron guns for Secondary
Electron Microscopy was used in this study.
2.4.2 X-ray photoelectron spectroscopy (XPS)
XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA), is a
widely used surface analysis technique. In XPS, the sample is placed in an
ultrahigh vacuum environment and irradiated with soft X-rays photons (1-2 keV).
The X-ray excitation of the inner shell electrons of target atoms induces direct
emission of photoelectrons. The energy of photoelectrons is characteristic of the
target material, and the measurement of the energy spectrum (number of count
vs kinetic/binding energy) provides valuable information about the top 2-20
atomic layers, depending on the material studied. Peak position and peak area
are used to evaluate the composition, while the peak shape gives unique
information about the chemical shifts or chemical bonds of the elements. The
XPS spectrometer AXIS 165 was used in this study.

2.4.3 Auger electron spectroscopy (AES)
AES is another commonly used surface analytical technique for obtaining the
chemical composition of solid surfaces. In AES the sample of interest is irradiated
with a high energy (2 - 10 keV) primary electron beam. This bombardment
results in the emission of backscattered, secondary, and Auger electrons that can
be detected and analyzed. The backscattered and the secondary electrons are
used for imaging purposes similar to that in SEM. The Auger electrons are
emitted at discrete energies that are characteristic of the elements present on
the sample surface. When analyzed as a function of energy, the peak positions
give information of the elements and the chemical states present on the sample
surface. All elements in the periodic table, except hydrogen and helium, can be
detected, and the depth of analysis is in the range of 3 - 5 nm or top 2-20 atomic
layers. The secondary electron images yield information related to surface
topography if a scanning primary beam is used. As the electron beams can be
focused to a very small probe size, excellent spatial resolution (0.5 µm) can be
achieved.
Auger point analysis and scanning analysis can be performed with a spatial
resolution down to 250 nm. When ion gun is used for sputtering of top layers,
depth profiles can be run automatically and maps and line scans of Auger
electron distributions can be generated. JAMP 9500F was used for the AES
analysis.

2.4.4 Sample preparation for surface analysis
The typically sample preparation procedure for surface analysis is as following: 1)
conditioning the mineral samples of either silica or sphalerite in the solutions of
interest for 30 min; 2) collecting the particle samples by filtration; 3) rinsing the
collected particle samples with ethanol and drying them in a vacuum oven at
room temperature; 4) Keeping the samples in a freezer prior to mounting onto
the SEM, XPS, and/or AES sample holder for analysis.

2.5 Quartz crystal microbalance with dissipation (QCM-D)
2.5.1 Working principle of QCM-D
QCM-D is a surface sensitive technique developed by Q-Sense, which enables
real-time measurements of molecular adsorption and/or interactions on various
surfaces. The latest QCM-D model, Q-Sense E4, used in this study consists of the
following main parts: sensor crystal, four flow modules which hold sensor
crystals, chamber platform which is the base for the flow modules, electronic
unit where the signals are generated and data is collected before being sent to
the computer. The computer is equipped with software QSoft 401 which
simultaneously acquires and displays QCM-D measurements. Figure 2-3 shows
the typical QCM-D experimental setup with Q-Sense E4.

Figure 2-2 Typical QCM-D experimental setup with Q-Sense E4
The working principle of the QCM-D is based on the piezoelectric properties of
the quartz crystal which is sandwiched by a pair of gold electrodes. When an AC
voltage is applied to the electrodes, the quartz crystal oscillated at a specific
resonance frequency which is highly sensitive to the total mass of the crystal. A
decrease in resonance frequency will be observed if an extra mass is added on
the crystal. The mass adsorbed on the crystal surface can be calculated by
measuring the reduction of the resonance frequency of the crystal. If the
adsorbed layer is thin, rigid and evenly distributed, the decrease in frequency is
proportional to the mass of the adsorbed film through Sauerbrey relation 133:

(2-1)
where C is the mass sensitivity constant equal to 17.7 ngcm -2Hz-1 when ƒ = 5
MHz, n is the overtone (n = 3, 5, 7, or 9) of the resonance frequency of the

applied voltage across the electrodes. It is also possible to estimate the thickness
(d) of the adsorbed layer:

(2-2)

where ρ is the effective density of the adsorbed layer.
In most situations however, the adsorbed layer is not rigid or viscoelastic which
is not fully couple to the oscillation of the crystal, hence the Sauerbrey relation
(Eq. 2-1) will underestimate the mass loaded on the sensor surface. A viscoelastic
adsorbed layer will dampen the oscillation of the quartz crystal sensor. The
damping of energy dissipation (D) of the sensor’s oscillation gives information of
the structure properties (viscoelasticity) of the adsorbed layer on the sensor
surface. The energy dissipation (D) occurs when the driving voltage to the quartz
crystal sensor is shut down and the energy from the oscillating crystal dissipates
from the system which is defined as:

(2-3)

where

is the energy dissipated during one oscillation cycle and

is

the total energy stored in the oscillator.
The Sauerbrey relation (Eq. 2-1) 133 is only valid when the adsorbed mass causes
low dissipation in frequency shifts between different overtones and/or the ratio
of dissipation and frequency changes (

) is small 134-136. Manufacturer

of QCM-D (Q-Sense) suggests the threshold

value of 1 × 10-7 Hz-1,

while Reviakine et al.

134

proposed a value of 4 × 10-7 Hz-1. For high dissipation

values or

ratios, the Sauerbrey equation (Eq. 2-1) is believed to

underestimate the adsorbed mass 137, 138, and models taking into account of the
viscoelastic properties of the adsorbed layer has been proposed 135, 136, 139-144.
QCM-D E4 system simultaneously measures frequency and dissipation changes
at multiple overtones, which enables the modeling of viscoelastic properties and
the calculation of the correct thickness of films that do not obey the Sauerbrey
relation. With the Q-Sense E4 system, seven frequencies and seven dissipation
values per sensor are measured, providing a well-determined model of the
particular film properties. Moreover, the different overtones give information
about the homogeneity of applied layers. As the detection range out from the
sensor surface decreases with increasing overtone number, abnormal frequency
behavior suggests vertical variations in film properties. The fact that the
detection range from the sensor surface decreases with increasing frequency is
also used by the modeling software (QTools) to calculate an accurate thickness
of films that do not fully couple to the oscillation of the sensor. Another
advantage of using higher overtones is the decreasing noise to signal ratio, which
is good when extra-high sensitivity is desired.

2.5.2 Use of QCM-D in this study
QCM-D has been widely used to monitor the deposition kinetics of polymers
147

145-

, DNA 148, 149, proteins 150, 151, and nanoparticles 137, 152, 153 or microparticles 154.

In this study, QCM-D was used to monitor the gypsum scale on silica and zinc
sulphide surface, and the adsorption kinetics of copper and xanthate on zinc
sulphide surface. The interaction between minerals was also investigated using
QCM-D. For a typical QCM-D experiment, a clean quartz sensor with coatings of
interest was carefully mounted in the flow module with the active surface facing
the testing solutions. The flow module was mounted on the chamber platform
and a solution of interest was pumped into the flow module with an IPC-N
peristaltic pump (Ismatec, Switzerland) at a flow rate of 150 µL/min. A
background (baseline) solution was firstly introduced into the system to obtain a
stable baseline. The testing solution or suspension of interest was then pumped
into the flow module until reaching equilibrium. The baseline solution was
pumped into the system to remove loosely adsorbed or deposited layers. The
temperature of the system was controlled by a built-in heating and cooling
thermoelectric device in the flow module. All QCM-D experiments were carried
out at 22.00 ± 0.02℃. The QCM-D chamber was placed upside down throughout
the experiments. Frequency and dissipation shifts were continuously recorded
during the entire experiment.

2.6 Surface force measurement (AFM)
2.6.1 Principle of AFM force measurement
The atomic force microscopy (AFM) is one of a family of scanning probe
microscopes which has grown steadily since the invention of the scanning
tunnelling microscope (STM) by Binning and Rohrer in the early eighties
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. It

was developed to overcome a drawback of STM which is that it can only image
and measure conducting or semiconducting surfaces

156

. Generally, an AFM

consists of a piezo scanner, a cantilever with a sharp tip (probe), a laser beam
source, a split photodiode and a detector-feedback electronics system.
Figure 2-3 illustrates the working principle of AFM for colloidal force
measurement. As shown in the Figure 2-3a, a probe particle is attached onto the
tip of an AFM cantilever and a sample substrate is mounted on the AFM
translation stage. A laser beam is focused onto the other side of the cantilever.
The reflection of the laser beam is directed to a split photodiode which detects
the deflection of the cantilever. A constant output signal is obtained when the
sample on the translation stage initially moves towards the particle (Figure 2-3b:
a-b), suggesting zero defection of the cantilever or zero force between the two
surfaces at large separation distant. An increase or a decrease in the output
signal can be obtained when further moving the lower surface towards the
upper particle (Figure 2-3b: b-c). An increase in the output signal indicates the
cantilever being pushed away from the moving surface, corresponding to a

repulsive between the two surfaces. While a decrease in the output signal
indicates the cantilever being pulled towards the moving surface, which
corresponds to an attractive force between the two surfaces. Further moving the
lower surface towards the particle, the lower surface will eventually contact the
upper particle and a constant compliance will be observed (Figure 2-3a: c-d). A
constant compliance suggests that the lower surface is pushing the upper
particle along with the cantilever upwards. The constant compliance allows the
cantilever deflection to be calibrated in terms of output signals since the
displacement of the piezo translation stage is known. The cantilever deflection
can then be calculated as a function of the separation distance between the two
surfaces and the interaction force between the two surfaces can be calculated
using Hook’s Law. The piezo translation stage starts to retract at the end of the
extension (Red line in Figure 2-3b). The retracting signal will be identical to the
approaching signal if the colloidal force between the two surfaces is purely
repulsive (Red solid line in Figure 2-3b). When there is an adhesion between the
two surfaces, the cantilever continues to follow the displacement of the piezo
translation stage due to the adhesive force holding the particle onto the surface.
In this case, the retracting signal will follow the dot line in Figure 2-3b. When the
restoring force of the cantilever exceeds the adhesive force, a sudden
detachment of the particle from the lower surface occurs and the signal returns
to zero value. More detailed description of the principles of the colloidal force
using an AFM can be found elsewhere 157, 158.

Split photodiode

Laser

Probe particle

Sample

Piezo translation stage
(a)

d
Repulsion

c

b

a
Separation distance

Attraction
(b)
Figure 2-3 Schematic illustration of AFM working principle
2.6.2 The use of AFM in this study
A Nanoscope Multimode AFM (Digital Instrument, Santa Barbara, USA) was used
to measure the interaction forces between silica and silica, silica and gypsum
crystal surface, and silica and sphalerite surfaces (Figure 2-4). Silica wafer with

(001) orientation and fractured sphalerite were used as substrates. Silica
microsphere was attached to the short, wide beam cantilever. For a typical AFM
force measurement, the substrate was glued onto a magnetic disk and mounted
on the piezoelectric translation stage of the scanner. The cantilever substrate
was mounted to the vendor- provided liquid cell which was place on the top of
the sample surface and sealed with an O-ring. Solution of interest was then
injected into the liquid cell and the system was allowed to equilibrate for at least
20 min before the force measurement.
The colloidal interaction forces between a silica probe and a silica wafer
substrate or a fractured sphalerite surface were measured in various
concentrations of calcium and magnesium solutions and gypsum supersaturated
water. The experiment was initiated by injecting 1 mM KCl solution into the fluid
cell and the first measurement was made after an equilibration time of 20-30
min. The KCl solution was then replaced with different concentrations of calcium
or magnesium or gypsum supersaturated solution. After the measurement for a
given solution, the solution was sucked out gently from the fluid cell. The fluid
cell was flushed with 1 mM KCl at least three times and then flushed and filled
with the next solution. The colloidal forces between a silica particle and a
cleaved natural gypsum surface were measured in a gypsum saturated solution
follow a similar procedure described above. To ensure representative force
profiles, the forces were measured at various locations for a given set of test and

at least 10 approaching and retracting force curves were recorded for each
location. The experiments were conducted at room temperature and all
solutions were filtered with a 0.2 µm filter prior to injecting into the fluid cell.
The obtained force profiles were processed using the SPIP software (Image
Metrology). For quantitative comparison, the measured interaction forces were
normalized by the probe radius. The maximum loading force used in the force
measurement was in the range of 5 - 8 mN/m.

Figure 2-4 Nanoscope Multimode AFM (Digital Instrument, Santa Barbara, USA)
2.6.3 Surface preparation
A spherical silica particle (~ 8 µm) was glued onto a short, thick AFM cantilever
using a two component epoxy (EP2LV, Master Bound, USA) and set in a vacuum

desiccator for more than 24 hours. The prepared AFM probes were exposed
under UV-Ozone for at least 15 min prior to their use in the force measurements.
The spring constant of the cantilever was calibrated by the thermal tune method
in testing liquids. After force measurements, the silica probes were examined
under an optical microscope and the size of the silica probes were determined
by analyzing the images.
Silica wafers were cut into 15×15 mm square pieces. Fractured sphalerite plane
surfaces were used for the AFM force measurement between a spherical silica
particle and sphalerite surface. To obtain sphalerite surface, a chunk of
sphalerite crystal was fractured and sphalerite grains with a flat fractured surface
were carefully chosen under an optical microscope. The chosen grain was then
glued onto a cut silica wafer with the flat fractured crystal plane being exposed
for the use in the AFM force measurement. The fractured sphalerite surface was
washed with diluted HCl (pH 2) to remove any oxidation product and then rinsed
with Milli-Q water and ethanol and blow dried with ultra-pure nitrogen before
mounted to the AFM apparatus. A typical AFM image of the fractured sphalerite
surface is shown in Figure 2-5. As shown in the figure, the fractured sphalerite
surface is considerable clean, smooth, and suitable for AFM force measurement.
Gypsum surfaces were obtained by cleaving ultra-pure natural gypsum crystal.
Figure 2-6 shows a typical AFM image of a cleaved gypsum surface obtained in
gypsum saturated solution.

Figure 2-5 A typical AFM image of the fractured sphalerite surface obtained in
air: contact mode AFM at a scan rate of 1 Hz (Mean roughness of 2.31 nm).

Figure 2-6 A typical AFM image of cleaved gypsum surface obtained in gypsum
saturated solution: contact mode AFM at scan rate of 1 Hz (Mean roughness of
4.35 nm).

2.6.4 DLVO fitting
Since the both silica and sphalerite mineral surfaces are hydrophilic, the colloidal
interactions between silica – sphalerite and silica – silica do not involve
hydrophobic interaction. For such reasons, the colloidal forces obtained from the
AFM force measurements were fitted with the classic DLVO (Derjaguin-LandauVerwey-Overbeek) theory
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. The van der Waals forces (

) were calculated

by Hamaker’s method in the form of a sphere of radius R interacting with a flat
surface at a distance D 159, shown by the following equation:

(2-4)

where A is the Hamaker constant. The Hamaker constants A for
silica/water/silica system and silica/water/sphalerite were taken as 8.5 × 10-22 J
160

and 1.0 × 10-20 J 41, respectively.

The electrical double layer forces were calculated by numerically solving the
nonlinear Poisson-Boltzmann (BP) equation (Eq. 2-5) at constant surface
potential boundary conditions. The BP equation was solved in the form of
interaction force per unit area (F(x), Eq. 2-6), which is integrated to obtain
energy per area between two planar plates (UEDL(D)), shown in equation 2-7. The
Derjaguin’s approximation (Eq. 2-8) was used to calculate the electrical double
layer force between a sphere and a flat plate at separation distance D.
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is the valence of ion i,

(2-8)

is the number density of ion i in the bulk, ψ

is the potential in the electric double layer, e is the electron charge, k b is the
Boltzmann constant, T is the absolute temperature, ε and ε 0 are the relative
permittivity of the medium and the permittivity of vacuum, respectively.

2.7 Micro-flotation
A custom built micro-flotation cell was used in this study (Figure 2-7). The
detailed information on the cell can be found elsewhere 161. Basically, the microflotation cell contains two parts. The lower part of the cell (part A) consists of a
glass chamber with a frit having pores of uniform size (1.6 µm) and a gas inlet.
The upper part (part B) consists of a vertical separation vessel and a concentrate
receiver vessel. A magnetic stirring bar is placed on top of the frit to agitate the
particles while the gas inlet is connected to a gas cylinder (usually N 2) and flowmeter to monitor the gas flow. Conditioning was done outside the cell, and the
pulp/slurry was then transferred into the cell and floated for a desired time. For

a typical micro-flotation test, 2 g of sphalerite (- 45 µm) or a mixture of silica (1 g,
- 40 µm) and sphalerite (1 g, - 45 µm) was conditioned in 200 mL of desired
solutions for 30 min. The minerals were conditioned for 5 min with copper
sulphate, then conditioned for an additional 5 min with SIPX. Samples were
floated for 10 min immediately after the conditioning with high purity nitrogen
at a flow rate of 15 ml/min. The flotation was conducted at 1.2510-5 M SIPX
with 0 or 1.2510-5 M copper sulphate. For the tests of the effect of prohydrophobic treatment on the flotation behavior of silica and sphalerite
minerals, the mineral solids were conditioned with copper sulphate and SIPX in
200 mL Milli-Q water for 10 min. The solids were then collected by filtration and
transferred to 200 mL solution of interest and conditioned for another 20 min
before being transferred to the micro-flotation cell. The solids in the froth and
pulp were collected, dried and weighted.
For single mineral flotation, the flotation recovery was calculated as following
equation:
)

(2-9)

For a mixed mineral flotation, the content of both concentrate and tailing was
analysed with XRF. The flotation recovery of mineral A and mineral B is
calculated as following: for example, for a mixed mineral A and mineral B
flotation, if you have a1% (Wt.) of mineral A and b1% (Wt.) of mineral B in the

concentrate, and a2% (Wt.) of mineral A and b2% (Wt.) of mineral B in the
tailing,
)

(2-10)

)

(2-11)

Where a1% and b1% are the weight percentages of mineral A and B in the
concentrate, and a2% and b2% are the weight percentages of mineral A and B in
the tailing, respectively.

Concentrate vessel
2

Separation vessel
3
Glass frit for air
bubble generation
1
A

B

Figure 2-7 Schematic of the micro-flotation cell (1 - gas inlet, 2 - pulp inlet, 3 concentrate outlet).

2.8 Other techniques
2.8.1 Atomic adsorption spectroscopy (AAS)
AAS is a spectro-analytical technique widely used for the quantitative
determination of chemical elements.

It employs the absorption of optical

radiation (light) by atoms in gas-phase to determine their concentrations. In this
study, AAS (Varian 220 FS) was used to determine the concentrations of Ca, Mg,
Na, and K in the laboratory prepared calcite saturated solution, gypsum
supersaturated solution and simulated process water. The uptake of Cu and the
release of Zn were also determined using AAS when copper sulphate was used to
the activation of sphalerite.
2.8.2 UV-Vis spectroscopy
UV-Vis-NIR Spectrophotometer determines absorption of ultraviolet, visible and
near infrared radiation by samples. It measures attenuation of a beam of light
after it passes through a sample or after reflection from a sample surface. UV-Vis
spectroscopy is usually applied to molecules or inorganic complexes in solution.
In addition to identification of complex molecules, the concentration of an
analyte in solution can be determined by measuring the absorbance at some
wavelength and applying the Beer-Lambert Law. A Shimadzu UV-3600 was used
to determine the uptake of xanthate on sphalerite surface by analysing the
concentration of a xanthate solution before and after conditioning with

sphalerite mineral particles. The absorbance at wavelength 301 was used in the
analysis.

Chapter 3

Impact of Gypsum Supersaturated

Solution on Surface Properties of Silica and
Sphalerite Minerals

3.1 Introduction
Water quality is a critical parameter in mineral flotation

14, 15, 22, 23

. Many current

mineral flotation plants recycle the tailings water in the process to reduce the
demand of fresh water and minimize the discharge of tailings water 21. However,
the recycle of the tailings water can have adverse effects on the process water
quality and ultimately impact the flotation performance of minerals 14, 24, 25.
In sulphide mineral flotation plants especially those practicing water recycling,
the process water usually contains high concentrations of calcium and sulphate
ions. In some mines, the calcium concentration in the process water can exceed
1000 ppm 31, and sulphate concentration can be as high as 2500 ppm 27. At PbZn Mine, for example, the process water could contain high total dissolved solids
(up to 4000 ppm) which are supersaturated with respect to the solubility of
calcium sulphate. The concentration of calcium and sulphate ions in the process
water of Pb-Zn Mine could be as high as 800 ppm and 2800 ppm, respectively.
The high concentrations of calcium and sulphate ions in the process water can
cause problems in the sulphide mineral flotation practice. Problems in galena

flotation recovery were noted when lime was used to adjust the pH to depress
pyrite

32

. The flotation of chalcopyrite was also reported to be depressed in an

alkaline pH when lime was used as a pH modifier or when calcium ions were
introduced in the pulp 33. An extensive investigation into the problem of galena
flotation recovery at the Hilton concentrator (Mount Isa Mines, Australia)
suggested that the flotation rate of galena was retarded due to surface coating
of precipitated gypsum 28. Cullinan 43 found that the flotation of fine galena pure
mineral was depressed when using water of high dissolved salt content, which
was gypsum supersaturated. The adverse effect on the fine galena floatability
was enhanced by the decrease of particle size and an increase pulp condition
temperature.
The adverse effect of high concentrations of calcium and sulphate ions on the
flotation of sulphide minerals can be attributed to one or two mechanisms. One
possible mechanism is the depression action of calcium ions. In sphalerite
flotation, the presence of calcium ions might reduce the exchange rate of
activation ions resulting in a deceased recovery

36

. However, Lascelles et al.

39

showed that the presence of calcium (500 ppm) and/or magnesium (120 ppm)
ions had no impact on the uptake of copper and xanthate on sphalerite. The
presence of calcium ions can enhance the hetero-aggregation between target
minerals and gangue minerals

40, 41

. It has been reported that calcium ions

decrease the negative surface charge on the mineral surfaces, reducing

electrostatic repulsion and the dispersion of mineral particles

32

. Another

possible mechanism is the gypsum slime coating on mineral surfaces by either
nucleation or hetero-aggregation, retarding the flotation of the desired minerals.
It has been implied that the flotation rate of galena was retarded due to the
presence of an overlayer of precipitated gypsum

26, 27

. The precipitates were

speculated to deposit on mineral surface by hetero-aggregation. However, other
investigations on silica and/or sphalerite in gypsum saturated or supersaturated
systems showed no trace of gypsum precipitates on mineral surfaces

30, 37, 38

. It

should be noted that gypsum is considerable soluble 58 with a solubility in water
of 2400 ppm at 25℃. The formation of gypsum precipitates depends on various
factors including fluid hydrodynamics, solution chemistry, supersaturation level,
surface chemistry and topography of solids as well as temperature

47, 59, 83-85

.

Therefore, the sample preparation procedure for the surface analysis is
extremely important. In many of the previous studies, the sample rinsing with
water was applied after being conditioned in the calcium sulphate solutions. It is
possible that the rinsing with water might have washed away the gypsum
precipitates resulting in misleading results of surface analysis.
In this study, we focus on the impact of process water of high calcium and
sulphate ion concentrations on the surface properties of minerals. The aim of
this study is to develop a fundamental understanding of the adverse effect of
gypsum supersaturated process water on the flotation performance of

sphalerite. An in-house prepared gypsum supersaturated solution is used to
represent the gypsum supersaturated process water. Pure silica and single
sphalerite minerals are used to represent the gangue mineral and valuable
mineral of a zinc sulphide ore. The surface properties of silica and sphalerite
minerals in the gypsum supersaturated solution are investigated using zeta
potential distribution measurement, quartz crystal microbalance with dissipation
(QCM-D), and surface analysis techniques such as X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), and auger electron
spectroscopy (AES). The results of this study answer the questions of whether
gypsum precipitates form on mineral surfaces or in the bulk gypsum
supersaturated solution, and whether the minerals hetero-aggregation with
gypsum particles in the gypsum supersaturated solution. The effects of gypsum
supersaturated solution on the surface properties and flotation behaviors of
silica and sphalerite minerals are discussed.

3.2 Results and Discussion
It has been speculated that gypsum might coat on minerals surfaces by either
nucleation or hetero-aggregation in the gypsum supersaturated process water,
which might be responsible for the poor recovery and selectivity of sphalerite
flotation. In order to fundamentally understand the adverse effect of gypsum
supersaturated process water on the flotation of sphalerite, the surface
properties of silica and sphalerite minerals in the gypsum supersaturated

solution were investigated using zeta potential distribution measurement, XPS,
SEM, and AES analysis, and QCM-D experiments.
3.2.1 Surface charge properties of silica and sphalerite minerals in
gypsum supersaturated solutions
Suspensions of silica and sphalerite were analyzed in supporting electrolyte
solution (10-2 M KCl or 25 × 10-3 M K2SO4), calcium solution (800 ppm Ca), and
gypsum supersaturated solutions. At least five mobility measurements in each
direction were recorded for each sample, and all zeta potential distributions
were measured at pH 10.

3.2.1.1 Zeta potential distributions of silica and sphalerite minerals in
gypsum supersaturated solution
In order to understand the effect of gypsum supersaturated solution on the
surface charge properties of silica and sphalerite, zeta potential distributions of
silica and sphalerite were measured in gypsum supersaturated solutions, and in
simple supporting electrolyte solution (10-2 M KCl). The zeta potential
distribution of gypsum particles in its own supersaturated solutions was also
measured. The results are shown in Figure 3-1.
Zeta potential distribution of gypsum in its own supersaturated solution has a
peak at around +3 mV. This value is slightly different from the values reported by
others for gypsum at similar pH

37, 38

, which might be due to the different

procedures in sample preparation. The zeta potential distributions of silica and
sphalerite in 10-2 M KCl have peaks centered at values of -51 mV and -31 mV,
respectively (Figure 3-1a, 3-1b). These values are similar to the average zeta
potential values reported for silica and sphalerite at similar conditions
162

30, 37, 38, 40,

. However, when the silica and sphalerite particles are dispersed in the

gypsum supersaturated solution, the zeta potentials of these two minerals
become identical and shift to less negative value of around -10 mV.
The shifts of zeta potential distributions of silica and sphalerite in the gypsum
supersaturated solution in comparison with those in 10-2 M KCl could be
attributed to many factors. One of the factors might be the electrical double
layer compression due to excessively high electrolyte concentration of the
gypsum supersaturated solutions. As shown in Table 3-1, the conductivity of the
gypsum supersaturated solution (as high as 3.3 μS/cm) is much higher than that
of 10-2 M KCl (around 1.5 μS/cm). The adsorption of high valence of calcium ions
may well account for the shifts of zeta potential to less negative values. Partial
minerals surface coating with gypsum through either nucleation or coagulation
may also contribute to the observed zeta potential shifts.

Figure 3-1 Zeta potential distribution of silica (a) and sphalerite (b) in gypsum
supersaturated solutions and supporting electrolyte solution (10-2 M KCl) at pH
10.
Table 3-1 Average zeta potential of silica and sphalerite in different solutions of
pH 10.
10-2 M KCl
Mineral
samples

25 × 10-3 M K2SO4

800 ppm Ca

Gyp-sat

Cond.
(µs/cm)

ζ
(mV)

Cond.
(µs/cm)

ζ
(mV)

Cond.
ζ
Cond.
(µs/cm) (mV) (µs/cm)

ζ
(mV)

Silica

1.5

- 55

4.1

- 41

3.6

- 13

3.3

- 10

Sphalerite

1.4

- 31

4.0

- 26

3.8

- 12

3.2

- 10

3.2.1.2 Effect of sulphate on the surface charge properties of silica and
sphalerite
In comparison with the 10-2 M KCl solution, the gypsum supersaturated solution
contains high concentrations of calcium (845 ppm) and sulphate (~ 2400 ppm). In
order to understand how much the sulphate ions contribute to the changes of
surface charge of silica and sphalerite in the gypsum supersaturated solution,
zeta potential distribution of silica and sphalerite was measured in K 2SO4
solution. A K2SO4 with a concentration of 25 × 10-3 M was used to reach a similar
sulphate concentration in the gypsum supersaturated solution. The results are
shown in Figure 3-2 and Table 3-1.

Figure 3-2 Effect of sulphate ions on the zeta potential distributions of silica (a)
and sphalerite (b) at pH 10 (K2SO4 : 25 × 10-3 M; KCl : 10-2 M).

The zeta potential distributions of silica and sphalerite in 25 × 10-3 M K2SO4
solution shift to slightly less negative in comparison with those in the 10 -2 M KCl
solution, centered at values of - 41 mV and - 26 mV, respectively. The zeta
potential shifts are attributed to the electrical double layer compression due to
the increased ion concentration. It is interesting to note that silica and sphalerite
minerals still carry different surface charges in the 25 × 10-3 M K2SO4 solution
even though the zeta potentials shift toward less negative values. This is
dramatically different from the effect of gypsum supersaturated solution, even
though both have same sulphate ion concentration. The results clearly indicate
the important role of calcium in modifying the zeta potential values of these two
minerals.

3.2.1.3 Effect of calcium on the surface charge properties of silica and
sphalerite minerals
In order to better understand the effect of gypsum supersaturated solution on
silica and sphalerite mineral surfaces, zeta potential distributions of these
minerals were measured in the electrolyte solution contains 800 ppm calcium
solution. As shown in Figure 3-3 and Table 3-1, calcium has a significant effect on
the surface charge of silica and sphalerite. The zeta potentials of both silica and
sphalerite shift to about - 12 mV in the presence of 800 ppm calcium which is
similar to the calcium concentration of gypsum supersaturated solution (845
ppm), although they are totally different in the KCl solution. The zeta potential of

silica and sphalerite in 800 ppm calcium solution of pH 10 is almost identical to
the zeta potentials of silica and sphalerite in the gypsum supersaturated solution.
In XPS analysis, calcium signals are detected on both silica and sphalerite
minerals surfaces conditioned in the 800 ppm calcium solution, as shown in
Figure 3-4. These results suggest that the shifts of zeta potential distributions of
silica and sphalerite in the gypsum supersaturated solution are mainly attributed
to the high calcium concentration in the supersaturated solution.

Figure 3-3 Effect of calcium (800 ppm) on the zeta potential distributions of
silica (a) and sphalerite (b) at pH 10 (KCl: 10-2 M, 800 ppm Ca solution was
prepared with CaCl2).

Figure 3-4 XPS narrow scan Ca2p spectra for silica (Si) and sphalerite (Sp)
particles conditioned in 800 ppm calcium solution at pH 10.
3.2.2 Gypsum scaling study on silica and sphalerite mineral surfaces in
gypsum supersaturated solution
Calcium sulphate scaling is a common problem in a wide range of industrial
46-48

processes and applications, especially those involving heat exchange

,

mineral processing 27, 28, 49, desalination of seawater by reverse osmosis 50, 51 etc.
There are three forms of calcium sulphate including gypsum (CaSO4·2H2O),
calcium sulphate hemihydrate (CaSO4·1/2H2O), and anhydrite (CaSO4)

52, 53

solubility of these three forms all decreases with increasing temperature

. The

54-58

,a

fact that is responsible for the formation of calcium sulphate scale on heat
exchanger surfaces

59

. The formation of calcium sulphate scale depends on

various factors 47, 59, 83-85. It has been long speculated that gypsum might nucleate

on mineral surface during the mineral flotation in the gypsum supersaturated
process water, which could change the surface properties of the minerals.
In this study, silica and sphalerite samples (1 g) were conditioned in 100 mL
gypsum supersaturated solutions at room temperature for 30 min. The solids
were then collected by filtration, washed with ethanol and vacuum dried. For
comparison, another batch of silica or sphalerite samples was conditioned in
Milli-Q water following the same procedure. Precipitates from the gypsum
supersaturated solution were also collected for analysis. The samples were
characterized using SEM (JAMP-9500F), XPS (Kratos AXIS 165) and AES (JAMP9500F).
The XPS results of silica and sphalerite minerals with and without conditioning in
the gypsum supersaturated solution, and the precipitates from the gypsum
supersaturated solution are shown in Figure 3-5. Silica and sphalerite mineral
(conditioned in Milli-Q water) surfaces are fairly clean and without any trace of
calcium (Ca 2p 345 eV) or sulphate (S 2p 167.5 eV) signals as anticipated. The S
2p peaks of sphalerite at 160.5 eV and 161.5 eV are characteristic of sulphur in
sulphide. After conditioned in the gypsum supersaturated solution, calcium and
sulphate are detected on both silica and sphalerite minerals. Calcium and
sulphate signals are also found on the precipitates collected from the gypsum
supersaturated solution, indicating that the precipitates are calcium sulphate.
The XPS results suggest that there are calcium sulphate precipitates in both silica

and sphalerite mineral systems conditioned in the gypsum supersaturated
solution.

Figure 3-5 XPS narrow scan Ca 2p and S 2p spectra for silica and sphalerite
particles without treatment (Si, Sp), conditioned in gypsum supersaturated
solution (Si-Gyp-sat, Sp-Gyp-sat), and gypsum precipitates (Gyp) from gypsum
supersaturated solution.

(a)

(b)

(c)

(d)

(e)

Figure 3-6 Typical SEM micrographs of a) Silica in water, b) Silica conditioned
with gypsum supersaturated solution, c) Sphalerite in water, d) Sphalerite
conditioned with gypsum supersaturated solution, and e) Gypsum precipitates
from gypsum supersaturated solution.

(a)

(b)

Figure 3-7 Typical SEM micrographs of sphalerite conditioned in gypsum
supersaturated solution before (a) and after (b) 5 min sonication in ethanol.
The SEM micrograph of the precipitates from the gypsum supersaturated
solution shows that the precipitates are needle shape gypsum crystals (Figure 36e). Needle shape gypsum precipitates are also found in the silica and sphalerite
minerals conditioned in gypsum supersaturated solutions (Figure 3-6b and 3-6d).
However, those precipitates are more likely formed in the bulk gypsum
supersaturated solution. As shown in Figure 3-7, the gypsum precipitates can be
removed from the sphalerite surface after 5 minutes of sonication in the ethanol
solution.

Figure 3-8 Auger narrow scan S LVV and Ca LMM spectra for silica conditioned
in gypsum supersaturated solution (Spot 1 right on the gypsum precipitates,
and Spot 2 on silica particle).
The surface analysis by Auger spot mapping on silica minerals conditioned in
gypsum supersaturated solution further confirms the absence of gypsum
precipitates on the mineral surface (Figure 3-8). At spot 1 of gypsum precipitates,
both signals of calcium and sulphur are detected. However, at spot 2 where
there are no visible needle shape precipitates, only a very weak signal of calcium
is detected without the sulphur peak. These findings suggest the formation of
gypsum precipitated in the bulk gypsum supersaturated solution, not nucleation
on the mineral surfaces.

Figure 3-9 Frequency of SiO2 and ZnS sensors in a) gypsum supersaturated
solution and b) 800 ppm calcium solution monitored with QCM-D (baseline
solution: Milli-Q water, pH 10).
Gypsum scaling on mineral surfaces was also studied using QCM-D. A freshly
prepared gypsum supersaturated solution or 800 ppm calcium solution was
introduced into the QCM-D module mounted with a quartz crystal sensor coated
with either SiO2 or ZnS. Milli-Q water of pH 10 was used as a baseline solution for
the gypsum scaling and calcium adsorption studies.
As shown in Figure 3-9, the QCM-D frequency changes of SiO2 and ZnS sensors in
the gypsum supersaturated solution are similar to those in the 800 ppm calcium
solution. The results indicate that the frequency changes of SiO 2 and ZnS sensor
in the gypsum supersaturated solution are mainly attributed to the calcium
adsorption on the mineral sensor surface. The calcium ions are physically
adsorbed on the SiO2 and ZnS sensors because the frequency changes are
reversible when a baseline solution is introduced in the QCM-D chamber.

3.2.3 Interactions between gypsum particles and silica or sphalerite
minerals
Our results indicate that gypsum precipitates form in the bulk gypsum
supersaturated solution. However, the gypsum precipitates could still coat on the
minerals surfaces by heterocoagulation and hence interfere with mineral
flotation. It is therefore interesting to study the interactions between gypsum
precipitates and silica or sphalerite particles. In this study, zeta potential
distributions of mineral mixtures were measured and the results are shown in
Figure 3-10.
The zeta potential distributions of silica-gypsum mixture and sphalerite-gypsum
mixture show two distinct peaks. One peak centers at the position of the zeta
potential of silica or sphalerite in the gypsum supersaturated solution while the
other peak is at the zeta potential of gypsum particles in its own supersaturated
solution. These zeta potential distributions results indicate a negligible heteroaggregation between silica or sphalerite minerals and gypsum particles in the
gypsum supersaturated solution.

a) Silica and gypsum mixture

b) Sphalerite and gypsum mixture
Figure 3-10 Zeta potential distributions of a) silica and gypsum mixture, and b)
sphalerite and gypsum mixture in gypsum supersaturated solution at pH 10.
The interactions between minerals and gypsum particles were also studied with

QCM-D. A freshly prepared gypsum suspension (0.1 % of -265 nm gypsum
particles in gypsum saturated solution) was introduced into the QCM-D module
mounted with either SiO2 or ZnS coated sensor. Gypsum saturated solution was
used as a baseline solution.

The findings from the QCM-D results are in

agreement with the zeta potential distribution measurements. As shown in
Figure 3-11, the frequencies of both SiO2 sensor and ZnS sensor remain constant
when a gypsum suspension was introduced in the system. As mentioned before,
the frequency shift (Δf) of the QCM-D sensor is related to the adsorption or
desorption of a mass onto or from the sensor surface. A constant frequency
indicates no gypsum particles deposited onto the SiO2 or ZnS sensor. The QCM-D
results further confirm the absence of hetero-aggregation between minerals and
gypsum particles in the gypsum supersaturated solution.

Figure 3-11 QCM-D study on the interactions of (a) SiO2 sensor or (b) ZnS
sensor with gypsum particles in gypsum saturated solution at pH 10 (baseline
solution: gypsum saturated solution, gypsum particle size: ~265 nm).

It is well known that particles can coagulate at zero zeta-potentials due to the
van der Waals force. However, both results from the zeta potential distribution
measurements and QCM-D studies indicate that there is no hetero-aggregation
between silica – gypsum and sphalerite – gypsum, even though silica or
sphalerite and gypsum carry opposite surface charge. This is because that the
magnitudes of the positive and negative surface charge between silica or
sphalerite and gypsum are not large enough overcome the repulsive hydration
force which has been reported between hydrophilic surfaces

163-168

. As shown in

Figure 3-12, hydration force is detected between a silica probe and a cleaved
gypsum surface in the gypsum saturated solution of pH 10.

Figure 3-12 Normalized AFM interaction force curve between silica and gypsum
surface in gypsum saturated solution of pH 10 and 6.5.

3.2.4 Thermodynamic calculation
Thermodynamically, the formation of gypsum depends on the change in the Gibbs
free energy for going from the supersaturated solution to equilibrium. The change
in the Gibbs free energy (

) for the formation of one mole of gypsum, or

crystalline gypsum is given by Eq. 3-1 90
(3-1)
Where R is the gas constant, T is temperature in Kelvin and S is the
supersaturation.
The free energy change during the critical nucleus formation in a homogeneous
solution is usually expressed as Eq. 3-2 90
)

(3-2)

Where α and β are the volume and surface shape factors, respectively, V m is the
molecular volume, γcl is the interfacial energy between critical nucleus and liquid
phases, k is the Boltzmann constant. The free energy of formation critical nucleus
on the catalyst surface (heterogeneous nucleation) is given by Eq. 3-3 95
)

)

)

)

)

(3-3)

Where the superscripts l, s, and c refer to the liquid, critical nucleus and catalytic
solid, γsc and γsl are the interfacial energy between catalytic solids-critical nucleus,
and catalytic solids-liquid.

In the presence of minerals, whether the gypsum forms on minerals surfaces or
spontaneously grows in the bulk gypsum solution depends on overall changes in
Gibbs free energy, which is directly determined by the interfacial energy, γ.
The interfacial energy between mineral and gypsum (γ

mineral-gypsum)

can be

)

(3-4)

estimated from Eq. 3-4 90, 95, 169-171

(√

√

√

Where the γ

LW

√

)

(√

√

is the Lifshitz-van der Waals, γ

+

is the Lewis acid (electron-

acceptor), and γ - is the Lewis base (electron-donor) parameters (
)
90, 169-171

), which can be obtained by solving the Young’s Eq. 3-5

using data from Table 3-2 and 3-3.
)

(√

√

√

The interfacial energy between minerals and solution (γ

)

mineral-solution),

(3-5)

and gypsum

crystal and solution (γ gypsum-solution) can be calculated with Eq. 3-6 95, 170
(3-6)

Table 3-2 Surface tension components and parameters (mJ m-2) of liquids used
in direct contact angle determination, or in wicking at 20 ⁰C 90, 170, 171
Liquid

γtotal

γLW

γAB

γ+

γ-

Diiodomethane

50.8

50.8

0

0

0

Ethylene glycol

48.0

29.0

19.0

1.92

47.0

Dimethyl sulfoxide

44

36

8

0.5

32

Formamide

58.0

39.0

19.0

2.28

39.6

Glycerol

64.0

34.0

30.0

3.92

57.4

Water

72.8

21.8

51.0

25.5

25.5

Table 3-3 Contact angles of probing liquids on gypsum, ZnS and SiO 2 at 20 ⁰C 172
Probing liquid

Gypsum

Diiodomethane

22.1

Ethylene glycol

22

Dimethyl sulfoxide

33

ZnS

SiO2
45.5

14

Formamide

31.5

Glycerol

45.3

30

38.2

0

Water

0

As show in Table 3-5, the interfacial energy between gypsum and liquid phases (γ
gypsum-solution)

is - 13.83 (mJ m-2), which means spontaneous nucleation of gypsum

is always favourable as long as achieving the supersaturation state (lnS>0). On the
other hand, the interfacial energy between gypsum-ZnS and gypsum-silica is
much higher than the interfacial energy between gypsum-liquid, ZnS-liquid and

silica-liquid (γgypsum-ZnS - (γgypsum-solution + γZnS-solution) = 20.14 mJ m-2, γgypsum-Silica (γgypsum-solution + γsilica-solution) = 44.94 mJ m-2), indicating that the nucleation of
gypsum on silica and ZnS surface is thermodynamically not favourable. The
interfacial energy calculation results also suggest that the coagulation between
gypsum precipitates and silica/ZnS minerals is thermodynamically undesirable.
Table 3-4 Surface tension components (mJ m-2) of gypsum, ZnS and silica
calculated with equation 3-5 and using the date in Table 3-2 and 3-3.
Surface energy components
γLw

γ+

γ-

γAB

γtotal

Gypsum

47.14

0.002

47.87

0.62

47.76

ZnS

44.31

0.202

39.31

5.63

49.94

Silica

36.74

0.088

124.85

6.65

43.39

Table 3-5 Interfacial energies (mJ m-2) between minerals-gypsum, minerals gypsum saturated solution, and gypsum - gypsum saturated solution calculated
with equation 3-4 and 3-6 using data in Table 3-4.
γgypsum-ZnS

γgypsum-solution

γZnS-solution

γgypsum-ZnS-(γgypsum-solution+γZnS-solution)

-0.48

-13.83

-6.80

20.14

γgypsum-Silica

γgypsum-solution

γsilica-solution

γgypsum-Silica-(γgypsum-solution+γsilicasolution)

2.50

-13.83

-28.61

44.94

3.3 Significance in sphalerite flotation
According to our results, silica and sphalerite minerals carry the same charge in
the gypsum supersaturated solution and their surfaces are indiscriminately
coated with calcium. Needle shape gypsum precipitates were found to form in
the bulk gypsum supersaturated solution. The hetero-aggregation between silica
or sphalerite minerals and gypsum particles was found insignificant in the
laboratory prepared gypsum saturated or supersaturated solution. However, one
should note that the gypsum scaling is controlled by many factors; gypsum
scaling on mineral surfaces can still be trigged in the real flotation process due to
its much more complex system in comparison with the model gypsum
supersaturated solution. For instance, the grinding process in the flotation plant
would lead to the increase in mineral surface area and/or temperature. The
increase of mineral surface area can introduce sites where surface precipitation
of gypsum may occur. The increase of temperature can also result in the gypsum
scaling on mineral surface since the solubility of the calcium sulphate decreases
with the increase of temperature. The results from this study are obtained from
a model gypsum supersaturated solution system where the grinding factor and
temperature factors are not evaluated. It would be interesting to further probe
the surface properties of silica and sphalerite minerals in the cases of grinding in
gypsum supersaturated solutions with the elevation of pulp temperature.

Calcium in the gypsum supersaturated system plays a significant role on the
minerals surface properties. The high calcium concentration in the gypsum
supersaturated solution is responsible for the identical surface charges between
silica and sphalerite. The identical surface properties of silica and sphalerite
minerals in the gypsum supersaturated solution might be responsible for the
poor flotation recovery and selectivity between those two minerals in real
flotation system. First of all, the surface occupation by calcium may retard the
exchange rate between activation ions and sphalerite and the subsequent
uptake of xanthate collectors on the sphalerite as reported previously

36

.

Secondly, calcium ions and gypsum precipitates in the bulk solution may
consume some flotation reagents, for example, collector xanthate, as calcium
could react with xanthate and generate insoluble calcium xanthate precipitates.
Furthermore, the presence of calcium in the gypsum supersaturated solution can
enhance the hetero-aggregation between silica and sphalerite, which might be
responsible for the poor flotation recovery and selectivity in the flotation
separation of sphalerite from silicate gangue minerals. Further investigations on
the impacts of gypsum supersaturated solution on the interactions between
flotation reagents and silica or sphalerite minerals and the interactions between
silica and sphalerite are in progress.
An effective approach to eliminate the detrimental effect of both calcium and
gypsum precipitates on the flotation of sphalerite is by adding carbonate (e. g.

soda ash) or bicarbonate to remove calcium ions and convert gypsum
precipitates into calcium carbonate precipitates. In the case of Hilton
concentrator, the addition of soda ash to the grinding circuit significantly
improved the galena flotation

27

calcium in sphalerite flotation

45

. Soda ash has also been used for control of
. Surface analysis indicated the reduction of

concentrations in both calcium and sulphate on galena with the addition of
carbonate and it was speculated that galena and calcium carbonate precipitates
were mutually repelled 27. In other studies, calcium carbonate did not appear to
disperse completely as some precipitates remained on the mineral surfaces 37, 38.

3.4 Conclusions
The gypsum supersaturated solution has significant effects on the surface
properties of silica and sphalerite minerals. Silica and sphalerite minerals carry
identical surface charge in the gypsum supersaturated solution and the zeta
potentials of the minerals shift to less negative value in comparison with those in
the simple electrolyte solution. Gypsum precipitates are found on silica and
sphalerite minerals in the gypsum supersaturated solution; however, the gypsum
precipitates form in the bulk gypsum supersaturated solution. The heteroaggregation between gypsum particles and silica or sphalerite minerals is not
significant. The changes of surface properties of silica and sphalerite minerals in
the gypsum supersaturated solution are mainly attributed to the high
concentrations of calcium in the gypsum supersaturated solution. The zeta

potentials of silica and sphalerite minerals are identical in the presence of 800
ppm calcium which is similar to those in the gypsum supersaturated solution.
Silica and sphalerite minerals surfaces are indiscriminately coated with calcium in
both 800 ppm calcium solution and gypsum supersaturated solution. The
identical surface properties of silica and sphalerite in the gypsum supersaturated
solution may be responsible for the poor flotation recovery and selectivity of
sphalerite in the gypsum supersaturated process water.

Chapter 4

Impact of Gypsum Supersaturated

Solution on the Uptake of Copper and Xanthate
on Sphalerite

4.1 Introduction
In mineral flotation plants it is a common practice to treat the tailings water and
recycle back to the flotation process. The recycle of water can change the quality
of process water by accumulating and building up the dissolved ions and
flotation chemical additives. Certain ions and residual flotation chemicals in the
recycle water could have either positive or negative effect on the flotation
process depending on the nature and concentrations of chemicals and mineral
systems. Zinc ions from the recycle water, for instance, are beneficial for
selective separation of galena from sphalerite in the lead-zinc flotation
separation. On the other hand, some ions and chemical additives accumulated in
the recycle water can be detrimental to flotation separation

14, 15, 21, 23, 24

. In

sulphide mineral flotation operations that practise tailings water recycle, for
instance, the process water with the recycle water from the tailings treatment
could be often saturated or supersaturated with gypsum. The concentrations of
the calcium and sulphate ions up to as high as 800 ppm and 2800 ppm,
respectively, are not uncommon, exceeding the solubility limit of gypsum which
is 2400 ppm in water at room temperature. The high concentration of calcium

and sulphate ions in the process water not only causes scaling problems but also
affects the mineral flotation separation. Problems in flotation recovery and
selectivity have been reported in the flotation of galena, sphalerite and
chalcopyrite in the presence of high concentrations of calcium or calcium and
sulphate ions 25, 28, 33, 36, 39, 45.
It has been speculated that gypsum might precipitate out from the gypsum
saturated or supersaturated solution and coat on the mineral surface, which
might be responsible for the reduced flotation recovery and selectivity.
However, our study on silica and sphalerite minerals in the gypsum
supersaturated solution system suggested the absence of gypsum coating on
mineral surfaces (Chapter 3). Despite the presence of needle-shaped gypsum
precipitates in the gypsum supersaturated solution system, the gypsum
precipitates neither grew on sphalerite mineral surface nor hetero-aggregated
with sphalerite minerals under the typical flotation chemistry conditions. The
current chapter focuses on the impact of gypsum supersaturated recycle water
on the interactions between flotation reagents and sphalerite mineral.
It is well known that sphalerite mineral responses poorly to thiol collectors due
to the relative low stability of zinc-xanthate complexes as compared to other
heavy metal xanthates 32, 103. The flotation of sphalerite mineral with short chain
thiol collectors (xanthates) is commonly accomplished by activation with other
heavy metal ions, usually copper. The activation of sphalerite with copper has

been extensively studied for many years in a number of laboratories 102, 105-108, 111,
114, 117, 118, 173-178

. Many activation mechanisms have been proposed depending on

the activation pH where activation occurs. It is generally accepted that under
acidic conditions, the activation is through an ion exchange process with copper
replacing surface zinc ions leading to copper sulphide-like surfaces. At neutral
and alkaline pH, however, a variety of mechanisms have been proposed with the
involvement of species from copper hydrolysis. The activation process of
sphalerite with copper involves two stages

32

. At the initial stage, the uptake of

copper is rapid, which is a weak function of the copper concentration in solution
and is controlled by solution diffusion. Once the uptake of copper exceeds three
monolayers, the diffusion of copper in the solid state follows the parabolic law.
The activation of sphalerite minerals with copper could be affected by surface
charge, contaminants in process water or on the mineral surface

106, 125

. The

gypsum supersaturation in recycle water might have effect on the copper
activation of sphalerite and hence the adsorption of xanthate. Calcium ions have
been suggested to specifically interact with ZnS surface 179 and the exchange rate
with activating ions has been suspected to be reduced in the presence of calcium
36

. However, others reported no impact of calcium and/or magnesium ions on

the uptake of copper and xanthate by sphalerite 39.
In order to avoid the depression action of gypsum supersaturation in recycle
water on sphalerite flotation, it is important to understand the impact of gypsum

supersaturation in recycle water on the interactions between flotation reagents
(copper and xanthate) and sphalerite mineral. In this study, we used a gypsum
supersaturated solution to represent the gypsum supersaturated recycle water.
The calcium and sulphate concentrations of the gypsum supersaturated solution
are similar to those in the recycle water. The purpose of this study is to learn a
better understanding of the impact of gypsum supersaturation in recycle water
on sphalerite flotation.

4.2 Results and discussion
4.2.1 Zeta potential distribution measurements
The zeta potential distributions of sphalerite in 10-2 M KCl solution, 800 ppm
calcium solution, and gypsum supersaturated solution in the presence of
1.25×10-5 M copper and/or SIPX were measured at pH 6.5. The results are shown
in Figures 4-1 to 4-3.
a) In KCl solution
For comparison, the effect of copper and SIPX on the zeta potential distributions
of sphalerite mineral in 10-2 M KCl supporting electrolyte solution

was

determined and the results are shown in Figure 4-1. In the supporting electrolyte
solution of pH 6.5, the zeta potential distribution of sphalerite exhibits a peak
centered at around - 15 mV (Figure 4-1a), which is similar to the average zeta
potential value of sphalerite reported under similar conditions

40, 114, 180, 181

. In

the presence of 1.2510-5 M copper, the zeta potential distribution of sphalerite
shifts to a positive value, with a peak centered at + 18 mV (Figure 4-1b),
indicating the specific adsorption of copper species or replacement of zinc by
copper ions. The zeta potential distribution shifts back to a negative value (- 10
mV) when dispersing the copper activated sphalerite particles in 1.2510-5 M
SIPX solution as shown in Figure 4-1d. The results suggest the successful uptake
of copper and SIPX on sphalerite in the simple electrolyte supporting solution, as
anticipated. As shown in Figure 1c, the zeta potential distribution of sphalerite in
the presence of 1.2510-5 M SIPX is similar to that in KCl solution, confirming that
SIPX cannot adsorb on the surface of the sphalerite mineral without the
activation of copper ions.

Figure 4-1 Zeta potential distributions of sphalerite in 10-2 M KCl solution in the
presence of copper and/or SIPX at pH 6.5.

b) In 800 ppm calcium solution
The zeta potential distributions of sphalerite in 800 ppm calcium solutions in the
presence of copper and/or SIPX are shown in Figure 4-2. In 800 ppm calcium
solution, the zeta potential distribution of sphalerite shifts to slightly less
negative value of - 12 mV in comparison with that in KCl solution (- 15 mV). In
the presence of 1.2510-5 M copper, the distribution shifts to around 0 mV,
indicating the uptake of copper on sphalerite mineral surface. However, the zeta
potential shift of sphalerite due to the adsorption of copper in 800 ppm calcium
system is much less than that in the KCl system, suggesting that the presence of
calcium ions may inhibit the uptake of copper on sphalerite mineral surface. The
same as in the KCl system, SIPX cannot adsorb on sphalerite surface without
copper activation in the 800 ppm calcium system. However, the addition of SIPX
to the copper activated sphalerite suspension in 800 ppm calcium solutions
cause a shift in zeta potential distribution from around 0 mV to - 5 mV, indicating
a limited adsorption of xanthate on copper activated sphalerite in 800 pm
calcium solution.

Figure 4-2 Zeta potential distributions of sphalerite in 800 ppm calcium
solution in the presence of copper and/or SIPX at pH 6.5.
c) In gypsum supersaturated solution
The effect of copper and SIPX on the zeta potential distributions of sphalerite in
the gypsum supersaturated solutions are similar to that in the 800 ppm calcium
solutions, as shown in Figure 4-3. The zeta potential of sphalerite in the gypsum
supersaturated solution is similar to that in the 800 ppm calcium solution. The
shift of zeta potential distribution of sphalerite in the presence of copper in
gypsum supersaturated solution is much smaller in comparison with that in the
KCl solutions. The results indicate that in the gypsum supersaturated solution
system the activation of sphalerite with copper may not be as efficient as that in

KCl system. The inhibited uptake of copper might be attributed to the high
calcium concentration in the gypsum supersaturated solution.

Figure 4-3 Zeta potential distributions of sphalerite in gypsum supersaturated
solution in the presence of copper and/or SIPX at pH 6.5.
4.2.2 Copper and SIPX adsorption
AAS (VARIAN 220FS) and UV-Vis-NIR Spectrophotometer (Shimadzu UV-3600)
were used to determine the solution concentration of copper and SIPX,
respectively. The sphalerite mineral samples (1 g) were dispersed in desired
solutions (100 mL) for 30 min prior to conditioning in 1.25×10 -5 M copper
solutions for 5 min. The solids were collected using vacuum filtration and
transferred immediately to 100 mL of desired solutions containing 1.25×10-5 M
SIPX and conditioned for another 5 min. The supernatant was collected after

settling of the solids. The concentration of copper in filtrate and the
concentration of SIPX in the supernatant were determined from which the
uptake of copper and SIPX by sphalerite was determined.

Figure 4-4 Effect of calcium and gypsum supersaturated solution on the uptake
of copper on sphalerite at pH 6.5 (Initial Cu concentration: 1.25×10 -5 M).
The AAS results further confirm that the uptake of copper on sphalerite is
retarded in 800 ppm calcium and gypsum supersaturated solution. As shown in
Figure 4-4, the amount of adsorbed copper on sphalerite in 800 ppm calcium
solution and gypsum supersaturated solution is much less than that in DI water.
The reduced uptake of copper on sphalerite mineral surface results in the
reduction in the uptake of SIPX in 800 ppm calcium solution and gypsum
supersaturated solution (Figure 4-5).

Figure 4-5 Effect of 800 ppm calcium and gypsum supersaturated solution on
the uptake of SIPX on copper activated sphalerite at pH 6.5 (Initial SIPX
concentration: 1.25×10-5 M).
It has also been speculated that calcium ions and gypsum precipitates would
react with xanthate and form insoluble product. To exclude this possibility, the
xanthate (SIPX) was also added to different concentrations of calcium solutions,
gypsum supersaturated solution, and gypsum supersaturated solution with 1
wt% gypsum particles (gypsum suspension). UV analysis results demonstrate
that neither calcium ions nor gypsum supersaturated solution consume SIPX or
react with SIPX under the tested conditions. As shown in Figure 4-6, calcium
concentration has no effect on the SIPX concentration in the solution. The SIPX
concentration does not change in the 800 ppm calcium solution, gypsum
supersaturated solution, and gypsum suspension (Figure 4-7).

Figure 4-6 Effect of Ca on the SIPX concentration in solution (Initial SIPX
concentration: 1.25×10-5 M).

Figure 4-7 Effect of calcium, gypsum supersaturated solution and gypsum
particles on the SIPX concentration in solution at pH 6.5 (Initial SIPX
concentration: 1.25×10-5 M).

4.2.3 QCM-D results
QCM-D is a powerful technique to study the adsorption kinetics of molecular at
solid-liquid interfaces. It enables real-time measurements of molecular
adsorption and / or interactions on various solid surfaces in solution. In general,
the changes in resonance frequency of the quartz crystal are related to the
changes in mass on the crystal surface. An increase in mass induces a
proportional decrease in resonance frequency. In this study the effect of calcium
on the adsorption kinetics of copper and xanthate on a ZnS coated quartz sensor
surface is studied using a QCM-D (Q-Sense AB, Göteborg, Sweden). The uptake
of copper and SIPX on the ZnS sensor surface as a function of time was
monitored in both DI water and 800 ppm calcium solution. The copper and SIPX
concentrations used in this study was 1.25×10-5 M. For each QCM-D experiment,
a stable baseline was first achieved using the DI water for the DI water system
and 800 ppm calcium solution for the calcium solution system and then followed
by introducing copper solutions. The baseline solutions were injected into the
flow module for 3 min when the frequency shift reaches plateau. Subsequent
SIPX adsorption test was performed following the same procedure described
above. Normalized frequency shifts at third overtone were used to interpret the
adsorption kinetics of copper and SIPX on ZnS sensor surface.

Figure 4-8 QCM-D measurement of the impact of calcium on the uptake of
copper on ZnS sensor at pH 6.5. (a – adsorption of calcium (800 ppm calcium
solution) on ZnS, b – adsorption of copper on ZnS in 800 ppm calcium solution,
c – adsorption of copper on ZnS in DI water).

Figure 4-9 Speciation diagram for 1.25×10-5 M Cu2+. (Equilibrium data from 182)

Figure 4-8 presents the effect of calcium on the uptake of copper on freshly
cleaned ZnS sensor at pH 6.5. The adsorption of calcium on ZnS sensor surface at
pH 6.5 is also monitored by QCM-D. As shown in Figure 4-8, a small negative
frequency change was observed upon pumping 800 ppm calcium solution into
the flow module mounted with ZnS sensor, indicating a limited adsorption of
calcium. The frequency shifts back to zero when the flow module was rinsed
with DI water at pH 6.5, suggesting that the adsorption of calcium on ZnS at pH
6.5 is reversible. Even though the adsorption of calcium on ZnS is limited and
reversible, its effect on the uptake of copper on ZnS surface is substantial. The
uptake of copper on ZnS sensor surface is significantly retarded in 800 ppm
calcium solution. As shown in Figure 4-8, a rapid drop in frequency is detected
when 1.25×10-5 M copper in DI water was introduced into the QCM-D flow
module, which cannot be restored by rinsing with baseline solution (DI water).
However, in 800 ppm calcium solution, the frequency change is much slower and
smaller as compared with the condition without calcium ions, indicating retarded
adsorption of copper species on ZnS sensor surface. It should be noted that the
difference in atomic mass between copper and zinc is not significant. As shown
in Figure 4-9, at pH 6.5, the majority Cu species are Cu2+ and CuOH+. The
activation of ZnS by Cu2+ is known as an ion exchange mechanism where the
uptake of Cu2+ results in approximately 1:1 release of Zn2+ into the solution
106, 115

105,

. Hence, the recorded frequency change of ZnS sensor is mainly attributed

to the adsorption of copper hydrolysis species, most likely in the form of CuOH +.

The adsorption kinetic of SIPX on the copper activated ZnS sensor surface is
shown in Figure 4-10. Figure 4-10 (a) compares the frequency changes vs. time
monitored by QCM-D during the adsorption of SIPX on copper activated ZnS
sensor with or without calcium. The dissipation shifts during the adsorption of
SIPX were small compared to the frequency shifts (

), hence the

mass uptake of SIPX on ZnS sensor surface can be calculated through Sauerbrey
equation (Eq. 2-1) and the results are shown in Figure 4-10(b). QCM-D results
confirm that SIPX does not adsorb on ZnS sensor surface without copper
activation. As shown in Figure 10, the frequency of inactivated ZnS sensor stayed
constant with the introduction of 1.25×10-5 M SIPX in the system (Figure 4-10(a)a), as a result, zero SIPX mass uptake on the ZnS sensor surface is observed
(Figure 4-10(b)-a). The activation conditions of ZnS sensor by copper has
remarkable impact on the adsorption kinetics of SIPX on ZnS. The frequency
change or mass uptake due to the adsorption of SIPX on ZnS sensor activated
with copper in the absence of calcium (Curve d and e) is almost twice as larger as
that in the presence of 800 ppm calcium (Curve b and c) (Figure 4-10). On the
other hand, the presence of 800 ppm calcium has negligible impact on the
uptake of SIPX on ZnS sensor that activated under the same condition. As shown
in Figure 4-10, when ZnS was activated in 800 ppm, the frequency or mass vs.
time curves of SIPX in 800 ppm calcium solution (b) is almost overlapping with
that in DI water (c). Similarly, curve d is almost overlapping with curve e, where
ZnS was activated in DI water. The QCM-D results confirm that the presence of

800 ppm calcium retards the uptake of copper species on ZnS surface and hence
the sequence uptake of SIPX.

2

300

a

0

e

(b)

(a)
250

-4
-6

Mass (ng/cm2)

Frequency (Hz)

-2

b

-8

c

-10
-12

d

200
150

c

100

b

50

d

-14

a
0

-16
-18

e
0
0

20

40

60

80

100

120

140

Time (min)

20

40

60

80

100

120

140

Time (min)

Figure 4-10 QCM-D study on the impact of calcium on the uptake of SIPX on
copper activated ZnS at pH 6.5. ((a) frequency shifts monitored by QCM-D
during the adsorption of SIPX. (b) mass uptake of SIPX on ZnS sensor surface
converted from frequency shifts using Sauerbrey equation. a – adsorption of
SIPX in DI water on ZnS sensor without activation; b – adsorption of SIPX in 800
ppm calcium solution on ZnS activated in 800 ppm calcium, c – adsorption of
SIPX in DI water on ZnS activated in 800 ppm calcium, d – adsorption of SIPX in
800 ppm calcium solution on ZnS activated in DI water, e – adsorption of SIPX
in DI water on ZnS activated in DI water)
It has to be noted that even though trivial change in frequency is observed in the
activation of ZnS with copper in the presence of 800 ppm calcium solution (curve
b in Figure 4-8), substantial frequency shifts (curve b and c in Figure 4-10) are
detected when SIPX is successively pumped into the flow module, indicating that
the activation of ZnS with copper at pH 6.5 involves both Cu2+ and CuOH+.

4.3 Significance in sphalerite flotation
The results presented above have clearly indicated that the presence of calcium
or gypsum supersaturated solution significantly impacted the copper activation
of sphalerite and hence the sequence adsorption of xanthate. The reduced
copper and xanthate uptake could impact the flotation behavior of sphalerite. As
shown in Figure 4-11, the flotation recovery of sphalerite in 800 ppm calcium
solution and gypsum supersaturated solution reduce about 15% in comparison
with that in DI water. As expected, sphalerite minerals cannot be floated without
activation (Figure 4-11).

Figure 4-11 Flotation recovery of sphalerite in different solutions at pH 6.5 (Cu:
1.25×10-5 M, SIPX: 1.25×10-5 M)

Though many activation mechanisms and kinetics have been proposed for the
sphalerite activation at neutral and alkaline pHs, the activation of sphalerite
process with copper generally involves the following two steps: 1) the surface
adsorption of copper species from solution onto minerals surface; 2) activation
the surface for collector attachment. Calcium has been reported to be able to
adsorb at the ZnS-H2O interface over a wide pH range, involving the movement
of calcium ions into the Stern layer without the release of an equivalent number
of protons into the diffuse layer and bulk solution

36

. Our previous XPS results

also confirmed that the sphalerite surface was coated with calcium in 800 ppm
calcium solution and gypsum supersaturated solution. The adsorption of copper
species onto sphalerite surface from bulk solution might be retarded when there
is a layer of calcium at the ZnS-H2O interface. As shown in the schematic diagram
of sphalerite activation in the presence of calcium in Figure 4-12, in order to
achieve successful activation of sphalerite, the copper species have to firstly
move onto the ZnS-H2O interface. The movement of copper species onto ZnSH2O interface depends on the bulk copper concentration as well as the surface
charge on sphalerite. In the presence of calcium, the migration of copper
species onto ZnS-H2O interface from the bulk solution is retarded due to
competition adsorption between copper species and calcium species.
Meanwhile, the adsorption of calcium species leads to a much less negative
charge on sphalerite surface, resulting in the decrease of electrostatic attraction
between sphalerite surface and copper hydrolysis species in the bulk solution,

which also affects the adsorption of copper species. The retardation of copper
species migration onto the ZnS-H2O interface results in the reduction of copper
uptake and subsequent SIPX adsorption, which might be responsible for the
decrease in flotation recovery.

Ca species
Cu species
Available site on ZnS
for Cu species
Vacant position in the
Physisorption layer at
ZnS

Bulk solution

Physisorption layer at solid-liquid interface

Figure 4-12 Schematic diagram of the activation process in presence of calcium

4.4 Conclusions
Supersaturated of gypsum in recycle water has a significant impact on the
interactions between flotation reagents (Cu and SIPX) and sphalerite. The uptake
of copper and SIPX is retarded in 800 ppm calcium solution and gypsum
supersaturated recycle water. The inhabited Cu and SIPX uptake in gypsum
supersaturated solution is more likely attributed to the high calcium
concentration, which is responsible for the decreased flotation recovery in the
gypsum supersaturated recycle water.

Chapter 5

Impact of Gypsum Supersaturated

Solution on the Interactions between Silica and
Zinc Sulphide Minerals

5.1 Introduction
Fine mineral particles can aggregate under certain conditions. The aggregation
between mineral particles can be beneficial or detrimental to the flotation
separation. For instance, the homo-aggregation of fine target mineral particles
is desirable while the hetero-aggregation between gangue mineral particles and
target mineral particles is detrimental to the selective separation of the target
mineral from other minerals. In order to achieve selective flotation separation,
it is important to understand and control the interactions between mineral
particles in a processing environment.
The study of particle interactions in flotation system has been undergoing for
many years. Methods of investigation on mineral interactions have included
zeta potential measurements 40, 183-185, viscosity 186-190, turbidity 191, 192, apparent
particle size
195-198

193, 194

, settling tests

183, 184, 194

, and AFM force measurements 41, 187,

. More recently, micro-gravimetric measurements obtained using the

quartz crystal microbalance with dissipation (QCM-D) has also been used to
evaluate the interactions between particles and clean or functionalized surfaces

in aquatic environment

137, 138, 152, 153, 199

. QCM-D has been widely used to

monitor the deposition kinetics of polymers

145-147

, DNA

148, 149

, proteins

150, 151

,

and nanoparticles 137, 152, 153 or microparticles 154. In the research of using QCMD to determine the deposition kinetics of nanoparticles, the mass of
nanoparticles deposited on QCM-D sensor surface was related to the measured
decrease in the resonance frequency of a QCM-D crystal. Increases in resonance
frequency of the QCM-D crystal were observed, however, in the investigation of
micro size particles deposition kinetics 154. Positive frequency shifts occur when
the crystal is put into contact with a sufficiently large sphere

200

. The positive

frequency shift is due to the increase in the effective stiffness of the composite
resonator, rather than the mass. Another approach to characterize the particle
deposition using the QCM-D is the measurement of the energy dissipation
factor. The measurements of nanoparticle deposition onto silica obtained with
QCM-D were in relatively good agreement with DLVO predictions 137, 152, 153. The
advantages of using QCM-D to characterize the interactions between mineral
surfaces are that it provides real-time in-situ studies, and both quantitative and
qualitative results can be obtained.
QCM-D has been proven to be a powerful tool for investigating the influence of
environmental conditions on nanoparticle deposition onto clean and
functionalized surfaces. However, it has to be noted that QCM-D studies alone
might not be able to develop a fundamental understanding of the interactions

between the surfaces. Under conditions that the suspended particles aggregate,
the actual deposition or attachment kinetics can be obscured by the gravity
effect due to the QCM-D setup. The recent QCM-D instruments provided by Qsense allow the particle suspension to flow on the top of the quartz crystal.
When the suspended particles homo-aggregate which resulting in the increase
of apparent particle size and density, the particles can deposit on the QCM-D
crystal surface by gravity force. Hence, using QCM-D to study the interactions
between minerals can sometimes be misleading. In order to obtain reliable
results, it is important to improve the QCM-D experiment setup and couple it
with other methods such as AFM force measurements, zeta potential tests, and
settling test. In this study, we carefully designed the QCM-D setup by placing the
QCM-D chamber upside down to make sure the monitored resonance frequency
and energy dissipation changes were caused by the real particle attachment.
In flotation system, a variety of uncontrolled species exist in the pulp arising
from the water source, involved minerals and deliberate additives. The role of
these species on the interactions between minerals in zinc sulphide flotation has
received considerable attention. Zeta potential measurements, settling tests,
particle

size

distribution

measurements,

and

direct

colloidal

force

measurements in combination with model predictions have been carried out to
study the homo- and hetero- aggregation of zinc sulphide and silicate minerals
30, 38, 40, 41, 187, 191-193, 195-198, 201-203

. The effect of pulp pH, ionic strength, calcium

ion, and other additives including activator, depressant and collector on the
interactions between silicate minerals, zinc sulphide minerals and, silicate and
zinc sulphide minerals has been extensively investigated. Calcium has been
proven to have significant effect on the interactions between zinc sulphide and
silicate minerals 40, 41. The calcium concentration used in these previous studies
was no more than 0.5 mM (20 ppm). In real zinc sulphide flotation plants
especially those practising recycle water, however, the calcium ion
concentration in the process water is far more than that and can be as high as
up to 20 mM (800 ppm) 28, 45. In addition, gypsum supersaturated process water
has been a concern in the sulphide mineral flotation separation

26-28

. In this

study, we focus on the impact of gypsum supersaturated process water on the
flotation separation of zinc sulphide and silicate minerals. The purpose of this
study is to examine systematically the effect of divalent ions (Ca and Mg) and
gypsum supersaturated water on the interactions between zinc sulphide and
silica minerals. QCM-D was used to evaluate the deposition behaviour of silica
nanoparticles onto ZnS or SiO2 coated quartz crystal surface over a broad range
of divalent ions concentrations and gypsum supersaturated water. To better
understand the interactions between silica and zinc sulphide, and silica-silica
minerals in the presence of calcium ions, magnesium ions, and gypsum
supersaturated water, the colloidal forces between a silica particle and a
fractured sphalerite mineral surface, and a silica particle and a silica wafer
surface were measured. AFM results and predictions based on DLVO theory

were employed to verify the QCM-D observations. The impact of calcium ions,
magnesium ions, and gypsum supersaturated water on the flotation selectivity
of sphalerite from silica was discussed.

5.2 Results and discussion
5.2.1 Electrokinetic characterization of silica nanoparticles, natural
sphalerite, SiO2 and ZnS sensor
The zeta potentials of silica and sphalerite particles in various concentrations of
calcium and magnesium solutions and gypsum supersaturated water were
measured using a ZETAPALS (Brookhaven Instruments, NY, USA). The 15 nm silica
particles were used for the zeta potential measurement and the - 45 µm
sphalerite particles were further ground to about - 5 µm. The reproducibility of
the measurement was ± 3 mV determined from repeat experiments. The zeta
potential of SiO2 and ZnS coated quartz sensor was measured using streaming
potential method (SurPASS, Anton Paar). The measurements were made at room
temperature.
Figure 5-1 shows the zeta potential of silica nanoparticles, natural sphalerite
particles, SiO2 and ZnS sensor in different water chemistries at pH 6.5. In 1 mM
KCl solution without calcium or magnesium, the zeta potentials of silica and
sphalerite particles are - 26 mV and - 17 mV respectively, which are comparable
to values reported previously under similar conditions

40, 114, 180, 181

. The zeta

potentials of ZnS coated quartz sensor (- 25 mV) and SiO2 coated quartz sensor (50 mV) are slightly more negative than that of natural sphalerite and silica
nanoparticles. Such a difference could be a result of different measurement
techniques used to measure zeta potentials of sensors and mineral particles. The
different crystalline nature between the ZnS or SiO2 coatings and the mineral
particles could also contribute to the observed difference in zeta potentials
between ZnS or SiO2 snesor surfaces and sphalerite or silica particles. In the
presence of calcium or magnesium ions, the zeta potentials of silica, sphalerite
particles, SiO2 and ZnS sensors become less negative with increasing
concentration of calcium and magnesium ions. Our previouse study indicate that
the zeta potentials of silica and sphelrite in the gypusm supersaturated solution
are almost idential, - 10 mV. The zeta potential values detemined are used later
to interprerate the inetraction forces between silica and sphalerite/ZnS,
measured using AFM.

Figure 5-1 Zeta potentials of silica, sphalerite, and ZnS sensor as a function of
(a) calcium and (b) magnesium concentration at pH 6.5.

5.2.2 Principle of using QCM-D to study mineral interaction
The idea of using a QCM-D to determine the interactions between minerals is
fairly straight forward. The quartz sensor can be coated with desired minerals.
Meanwhile, mineral particles can be suspended in desired solutions and injected
into the QCM-D modules mounted with desired mineral sensor. The interaction
between the mineral sensor and the mineral particles is then evaluated by
monitoring the frequency and energy dissipation of the mineral coated quartz
crystal sensor. The frequency and dissipation of the mineral sensor would stay
constant if there are no mineral particles deposited on the mineral sensor
surface. On the other hand, if the mineral particles in the suspension attach onto
the mineral sensor surface, the frequency and dissipation of the sensor would
shift, depending on the amount of particles deposited on the sensor surface and
the structure of the deposited particles. In this way, the interactions between
minerals can be determined. An advantage of this method over the zeta
potential distribution method

30, 132, 185

to study mineral particle interactions is

that it does not have any limitation on surface properties of interacting particles.
In fact this method can also study homo-aggregation (silica-silica and sphaleritesphalerite, for example) as well as hetero-aggregation (silica-sphalerite, for
example) for any mineral pairs as long as one of the minerals could be coated on
quartz crystal sensors.

Figure 5-2 shows representative QCM-D measurements of the interactions
between silica nanoparticles and ZnS sensor surface. In phase 1, a particle-free
baseline solution was injected to the QCM-D module. After establishing a
baseline, a silica suspension was injected into the QCM-D module (phase 2) until
a stable frequency and dissipation signal is established. During this phase 2
period, a decrease in frequency and an increase in dissipation would be observed
if silica nanoparticles deposit onto the ZnS sensor surface (Solid lines), in contrast
to a constant frequency and dissipation which would indicate the absence of
deposition (Dash lines). Over phase 3, the baseline solution of the same IS (ionic
strength) and pH is introduced into the flow module to remove the loosely
attached particles.

Figure 5-2 Representative frequency and dissipation shifts obtained by QCM-D
for deposition of SiO2 nanoparticles onto ZnS coated QCM-D crystals.

Based on the Sauerbrey relation (Eq. 2-1), the frequency shift (Δƒ) is proportional
to the change in mass (Δm) at the crystal surface, the rate of frequency change
(Δƒ) is equivalent to the rate of mass increase on the crystal surface, i.e., the
deposition rate of particles onto the crystal surface. In this way, the silica
deposition rate can be determined by calculating the initial slope of the ƒ versus
time plot:

(5-1)

Note that the frequency shifts obtained from QCM-D were normalized, divided
by the overtone number (n=3, 5, and 7, in this case). This approach has been
used in the studies of deposition kinetics of engineering nanoparticles on clean
or functionalized surfaces, relying on the Sauerbrey relation (Eq. 2-1) for rigidly
adsorbed films 137, 138, 152, 153, 204, 205.
As mentioned early in 2.3.1 of chapter 2, the dissipation provides information on
rigidity of the attached materials. A perfectly rigid layer of particles attached
onto the crystal surface should yield a zero increase in dissipation (D). However,
the deposition of each particle onto the crystal surface can add a similar amount
of energy loss which is reflected in dissipation (D) 152. Based on the suggestion of
the manufacture of QCM-D (Q-Sense), the Sauerbrey relation (Eq. 2-1) is
applicable when the

ratio is below 1 × 10-7 Hz-1 (the adsorbed mass

cause a small dissipation compared to the frequency shift). Reviakine et al.

134

threshold value of 4 × 10-7 Hz-1. Otherwise, the

proposed the

frequency shifts underestimate the adsorbed mass when the dissipation shifts
are too large within the adsorbed film
dissipation change with time (

137, 138

. For this reason, the variation in

) has been used to evaluate the deposition

kinetics of particles in some of the cases

137, 138, 152

. Meanwhile, the

ratio has been employed as an indication of the rigidity of homogeneously
adsorbed films. In the studies of polymer adsorptions, for instance, the
ratio has been used to study the conformation changes in adsorbed
layers 206, 207.
Moreover, the QCM-D E4 system simultaneously measures frequency and
dissipation changes at multiple overtones. The different overtones give
information about the homogeneity of deposited layers. Variation in frequency
and dissipation at different overtones suggest depth heterogeneous in the
deposited layers.
5.2.3 QCM-D study on the impact of divalent ions (Ca2+ and Mg2+) and
gypsum supersaturated solution on mineral interaction

5.2.3.1

In Milli-Q water

Interactions between silica nanoparticles and ZnS or SiO2 coated sensor surface
in Milli-Q water were monitored using a QCM-D. As shown in Figure 5-3, changes
in the frequency and dissipation of the ZnS (Figure 5-3a) or SiO2 (Figure 5-3b)

coated sensor are minimal when silica nanoparticle suspension was introduced
into the QCM-D chamber and the frequency shifts back to zero when the sensor
surface was rinsed with particle-free the baseline solution (Milli-Q water). The
small frequency shift is due to the bulk effect when switching the baseline
solution into a silica suspension. The QCM-D response indicates the absence of
silica nanoparticle deposition onto ZnS or SiO2 coated sensor surface in Milli-Q
water. Note that both silica nanoparticles and ZnS or SiO2 coated sensor surface
carry very negative surface charge in Milli-Q water of pH 6.5. Zeta potential
measurement showed that the zeta potentials of silica nanoparticle, and ZnS or
SiO2 coated sensor in 1 mM KCl of pH 6.5 were - 35 mV, - 25 mV and - 50 mV,
respectively. The strong electric double layer (EDL) repulsive force between silica
nanoparticle and ZnS or SiO2 coated sensor surface prevents the attachment of
silica nanoparticles onto sensor surfaces. The interaction forces between silica
and silica or sphalerite in a simple electrolyte solution will be further discussed in
section 5.2.3.

Figure 5-3 QCM-D frequency and dissipation response of 3rd, 5th, 7th overtone
as a function of time of the attachment of silica nanoparticle on (a) ZnS coated
sensor and on (b) SiO2 coated sensor in Milli-Q water of pH 6.5 (baseline
solution: Milli-Q water of pH 6.5).

5.2.3.2 Impact of calcium ions
(1) Silica – sphalerite interaction
Deposition of silica nanoparticles on ZnS sensor surface in calcium ion solutions,
measured by QCM-D are shown in Figure 5-4. Figure 5-4a shows the
representative normalized frequency shifts of third overtone as silica
nanoparticles deposit on ZnS surface in CaCl2 solutions of pH 6.5. A greater
frequency drop (larger absolute values of (Δƒ3)) indicates a larger amount of silica
nanoparticles deposited onto the ZnS sensor surface. It is evident that the
presence of calcium triggers the deposition of silica nanoparticles onto ZnS
sensor surface. As shown in Figure 5-4a, the frequency of ZnS coated sensor in
Milli-Q water stays constant, indicating the absence of silica deposition onto ZnS
surface. However, in the presence of calcium, frequency drop resulting from the
deposition of silica on ZnS surface is observed. The frequency shift (Δƒ 3) increases
with increasing calcium concentration, indicating that more nanoparticles
deposited on ZnS sensor surface at a higher calcium concentration in the
concentration range tested. It should be noted that in the absence of silica
nanoparticles, increasing calcium concentration in the tested range showed a
negligible change in frequency of quartz crystal sensors, indicating that the
contribution frequency change due to calcium ion adsorption to the frequency
change of particle deposition is negligible. The deposition rate determined from
the slope of the initial (linear) portion of the normalized frequency (ƒ3) vs time

curve is presented in Figure 5-4b. In the absence of calcium (Milli-Q water), the
silica deposition rate on ZnS surface is zero. The deposition rate increases almost
linearly with increasing calcium ion concentration.

The QCM-D results

demonstrate that the presence of calcium ions in a process medium can induce
the hetero-aggregation between silica and sphalerite minerals, the degree of
which increases with the increase of calcium concentration.
(2) Silica – silica interaction
Figure 5-5 shows the deposition kinetics of silica nanoparticles on SiO2 coated
sensor surfaces as a function of calcium concentration at pH 6.5. Silica
nanoparticles do not deposit on the SiO2 sensor surface in the absence of
calcium or low calcium concentration. As shown in Figure 5-5a, the frequency of
SiO2 sensor stayed constant when silica nanoparticles suspended in Milli-Q water
or 5 mM of calcium solution of pH 6.5. Deposition of silica nanoparticles on the
SiO2 coated sensor surface is observed when increasing the calcium
concentration up to 10 mM. Increase the calcium concentration to 15 mM
results in more silica nanoparticle deposition. The deposition of silica
nanoparticles does not increase much more with further increasing the calcium
concentration to 20 mM (800 ppm). The deposition rate of silica nanoparticles
increases with the increase of calcium concentration under the tested calcium
concentration range as shown in Figure 5-5b. The QCM-D results indicate that
the presence of high calcium ions concentration (up to 10 mM) induces the

homo-aggregation between silica and silica. The extent of homo-aggregation
increases with the increasing calcium concentration.

Figure 5-4 Deposition of silica particles on ZnS coated sensor surface as a
function of calcium concentration at pH 6.5 ((a) normalized frequency shifts of
third overtone as silica nanoparticles deposit on ZnS surface in CaCl 2 solutions
of different Ca concentration; (b) deposition rate determined from the slope of
the initial (linear) portion of the normalized frequency (ƒ3) vs time curve).

Figure 5-5 Deposition of silica nanoparticles on SiO2 coated sensor surface as a
function of calcium concentration at pH 6.5 ((a) normalized frequency shifts of

third overtone as silica nanoparticles deposit on SiO 2 surface in CaCl2 solutions
of different Ca concentration; (b) deposition rate determined from the slope of
the initial (linear) portion of the normalized frequency (ƒ3) vs time curve).
(3) Interpretation of the

ratio

Dissipation as a function of frequency has been employed to indicate the
variation in the adsorption kinetics, layer viscosity, and conformational changes
in the adsorbed layers
change (

146, 147, 206-209

. The ratio of dissipation and frequency

ratio) enables the examination of the adsorbed layer

properties 136, 204, 210, 211. The

ratio has been utilized in the evaluation

of layer formation and rigidity of deposited solid particles
thickness should not affect the

135, 204, 211

. The layer

ratio if the deposited particle layer is

homogenous 135.
Figure 5-6 shows the

ratio as a function of time of the deposition of

silica nanoparticles on ZnS and SiO2 sensor surface in various concentrations of
calcium. As shown in Figure 5-6, the

ratios as a function of

deposition time for both SiO2-ZnS (Figure 5-6a) and SiO2-SiO2 (Figure 5-6b) pairs
are considerable high under all tested calcium concentrations, though they fairly
meet the Sauerbrey limit (Reviakine et al.), suggesting that the deposited
nanoparticle layer contains much water. Meanwhile, the

ratios for

the deposition of silica nanoparticle on both ZnS and SiO2 sensor at various
calcium concentration decrease with time. The decrease of

ratio

with time indicates changes in the layer coverage and particle distribution along
the deposition process

135

. The

ratio vs. time plots in Figure 5-6

implies that the deposited silica nanoparticles layer consists of particle clusters
which may not fully cover the sensor surface.

Figure 5-6 The dissipation to frequency ratio of the 3rd overtone as a function
of time of the deposition of silica nanoparticle on (a) ZnS and (b) SiO 2 sensor
surface in various concentrations of calcium
Comparing the
evident that the

ratio vs. time in different calcium concentrations, it is
ratio for both SiO2-ZnS (Figure 5-6a) and SiO2-SiO2

(Figure 5-6b) pairs decreases with the increase of calcium concentration. This
suggests that the deposited silica nanoparticles layer on both ZnS and SiO2
sensor surface become more rigid and homogenous as the increase of calcium
concentration. A more rigid particle layer indicates stronger attachment of the
deposited particles on a sensor surface.

In the presence of calcium ions, the zeta potentials of silica and sphalerite
particles, and ZnS or SiO2 sensor all become less negative with increasing calcium
concentration, resulting in the decrease of electrostatic repulsive force between
mineral surfaces. The surface charge on the deposition kinetics of silica
nanoparticles on ZnS or SiO2 coated sensor surfaces will be further discussed in
the following section.

5.2.3.3 Impact of Mg ions
(1) Silica-sphalerite interaction
The impact of magnesium on the deposition of silica nanoparticle on ZnS sensor
surface is similar to that of calcium. As shown in Figure 5-7, silica deposition on
ZnS surface is induced in the presence of magnesium. Increasing the
concentration of magnesium increases the deposition rate and the amount of
silica particle deposition on ZnS surface. In comparison with the effect of
calcium, the impact of magnesium on the deposition kinetic of silica on ZnS
sensor is not as dramatic. Under the same concentrations of calcium and
magnesium, the magnitude of frequency shifts and deposition rate in the
presence of magnesium is smaller than that in the presence of calcium. This
observation could be attributed to the less effective surface charge
neutralization of magnesium on both silica and sphalerite surface comparing to
calcium. As show in Figure 5-1, the shift of zeta potentials of both silica and

sphalerite surface caused by the addition of magnesium is much less than that of
the addition of calcium.
(2) Silica – silica interaction
Similar to the case of calcium ions, homo-aggregation between silica and silica is
triggered in the presence of high concentrations of magnesium ions. As shown in
Figure 5-8a, deposition of silica nanoparticles on SiO2 sensor surface is absent or
not significant under low magnesium ion concentration, 24 ppm (1 mM), for
example. With increasing the magnesium concentration, however, deposition of
silica nanoparticles is observed. The deposition increases with increase
magnesium concentration. In comparison with the case of calcium ions, the
impact of magnesium on the deposition kinetic of silica on SiO2 sensor is not
quite predominant. The deposition kinetics of silica nanoparticle on SiO 2 sensor
surface in the presence of magnesium can be well explained by the surface
charge of silica minerals (as discussed in 5.2.1). The presence of magnesium ions
neutralizes the negative surface charge of silica (Figure 5-1b), resulting in the
decrease in the electrical double layer force (or energy barrier) between silica
and silica surface.

Figure 5-7 Deposition of silica particles on ZnS sensor surface as a function of
magnesium concentration at pH 6.5 ((a) normalized frequency shifts of third
overtone as silica nanoparticles deposit on ZnS surface in solutions of different
Mg concentration; (b) deposition rate determined from the slope of the initial
(linear) portion of the normalized frequency (ƒ3) vs time curve).

Figure 5-8 Deposition of silica particles on silica sensor surface as a function of
magnesium concentration at pH 6.5 ((a) normalized frequency shifts of third
overtone as silica nanoparticles deposit on SiO2 surface in solutions of different

Mg concentration; (b) deposition rate determined from the slope of the initial
(linear) portion of the normalized frequency (ƒ3) vs time curve).
(3) Interpretation of the

ratio

Similar to the calcium solutions, the

ratios (Df-ratio) as a function of

deposition time for both SiO2-ZnS (Figure 5-9a) and SiO2-SiO2 (Figure 5-9b) pairs
at various magnesium concentrations decrease with time, indicating changes in
the layer coverage and particle distribution along the deposition process

135

. In

magnesium solutions, the deposited silica nanoparticles layer also consists of
particle clusters which may not fully cover the sensor surface. The deposited
silica nanoparticles layer on both ZnS and SiO2 sensor surface become more rigid
and homogenous with the increase of magnesium concentration. As shown in
Figure 5-9, the

ratios vs. time curves for both SiO2-ZnS (Figure 5-9a)

and SiO2-SiO2 (Figure 5-9b) pairs decrease with increase magnesium
concentration, suggesting that the attachment of silica nanoparticles on both
ZnS and SiO2 coated sensor surfaces is stronger at higher magnesium
concentrations.

Figure 5-9 The dissipation to frequency ratio of the 3rd overtone as a function
of time of the deposition of silica nanoparticle on (a) ZnS and (b) SiO 2 sensor
surface in various concentrations of calcium

5.2.3.4 Impact of gypsum supersaturated solution
Supersaturation of water with gypsum has a significant impact on the
interactions between silica nanoparticles and ZnS or SiO2 coated sensor surface
(Figure 5-10). In contrast to that of Milli-Q water system, significant frequency
shifts were detected on both ZnS (Figure 5-10a) and SiO2 (Figure 5-10b) coated
sensor surface when dispersing the silica nanoparticles in the gypsum
supersaturated solution. The substantial maximum changes in frequency, - 620
Hz for ZnS coated sensor and - 525 Hz for SiO2 coated sensor on the third
overtone, indicate a large amount of silica nanoparticles attached onto both ZnS
and SiO2 coated sensor surface. Variations in frequency shifts at different
overtones were observed in both silica nanoparticle-ZnS and silica nanoparticle-

SiO2 pairs, implying the heterogeneous depth distribution of the attached silica
nanoparticle layers.
Accompanying with the frequency shifts, phenomenal energy dissipation shifts
were observed (Figure 5-10), suggesting the attached silica nanoparticle layer is
viscous and contains water. Plotting the QCM-D response of silica nanoparticle
attachment as the dissipation to the frequency ratio vs. time shows that the Dfratio of silica nanoparticle attachment on both ZnS and SiO2 coated sensor
surface decreases with time (Figure 5-11), suggesting the changes in the layer
coverage and particle distribution along the silica nanoparticle attachment
211

135,

. The silica nanoparticles attached onto ZnS or SiO2 coated sensor surface

possibly form a layer consisting of particle clusters which do not homogenously
cover the sensor surface. It is also noticeable that the Df-ratio of silica
nanoparticle deposition on SiO2 sensor is higher than that of ZnS sensor,
indicating the attached silica nanoparticle layer on ZnS sensor surface is more
rigid than on SiO2 sensor. In another word, the attachment of silica nanoparticles
on ZnS sensor surface is stronger than those on SiO2 sensor surface.
It should be noted that the QCM-D response of the adsorption of gypsum
supersaturated solution on both ZnS and SiO2 coated sensor surface is negligible
in comparison to that of a silica nanoparticles suspension in gypsum
supersaturated solution. Our previous results also showed that gypsum
precipitates formed in the gypsum supersaturated solution well dispersed with

silica and sphalerite minerals. Nevertheless, the QCM-D results show that the
gypsum supersaturated water induces the hetero-aggregation between silica
and sphalerite, or slime coating of silica fines on sphalerite mineral surface, and
homo-aggregation of fine silica particles. The substantial attachment of silica
nanoparticles onto ZnS or SiO2 coated sensor surface observed in the gypsum
supersaturated solution is probably attributed to the compressed electric double
layer with the supersaturation of water by gypsum. The zeta potentials of silica
nanoparticle and ZnS or SiO2 coated sensor surface are much less negative in
gypsum supersaturated water of pH 6.5, - 10 mV, in comparison with those in 1
mM KCl solution of the same pH.

Figure 5-10 QCM-D frequency and dissipation response of 3rd, 5th, 7th overtone
as a function of time of the attachment of silica nanoparticle on (a) ZnS coated
sensor and on (b) SiO2 coated sensor in gypsum supersaturated solution of pH
6.5 (baseline solution: gypsum supersaturated solution of pH 6.5).

Figure 5-11 The dissipation to frequency ratio of the 3rd overtone as a function
of time of the attachment of silica nanoparticle on (a) ZnS coated sensor and
on (b) SiO2 coated sensor in gypsum supersaturated solution of pH 6.5.

Figure 5-12 QCM-D frequency and dissipation response of 3rd, 5th, 7th overtone
as a function of time of the attachment of silica nanoparticle on (a) ZnS coated
sensor and on (b) SiO2 coated sensor in 800 ppm calcium solution of pH 6.5
(baseline solution: 800 ppm calcium solution of pH 6.5).

Figure 5-13 The dissipation to frequency ratio of the 3rd overtone as a function
of time of the attachment of silica nanoparticle on (a) ZnS coated sensor and
on (b) SiO2 coated sensor in 800 ppm calcium solution of pH 6.5.
The strong hetero-aggregation between silica nanoparticle and ZnS surface, and
homo-aggregation between silica nanoparticles and SiO2 surface is most likely
attributed to the high calcium concentration of the gypsum supersaturated
solution. As shown in Figure 5-12, strong hetero-aggregation between silica and
sphalerite, and homo-aggregation of silica is also found in 800 ppm calcium
solution. Dramatic frequency shifts were detected on both ZnS and SiO 2 coated
sensor when introducing the silica suspension in an 800 ppm calcium solution of
pH 6.5. Again, the attached silica nanoparticles layer shows heterogeneous
depth distribution, as variation in the measured overtones were detected (Figure
5-12). The maximum frequency shift of the silica nanoparticle – ZnS sensor pair (-

910 Hz for the 3rd overtone) is higher than that of silica nanoparticle – SiO2
sensor pair (- 610 Hz for the 3rd overtone), indicating that more silica
nanoparticles might have attached on ZnS coated sensor surface than on SiO 2
sensor surface. Meanwhile, an increase in frequency was observed when
switching the silica suspension into a particle free baseline solution (800 ppm
calcium solution of pH 6.5), indicating the detachment of silica nanoparticles
from ZnS coated sensor surface. This phenomenon was not observed in the
gypsum supersaturated system (Figure 5-11) and silica nanoparticle – SiO2 sensor
pair in 800 ppm calcium solution (Figure 5-12b). The Df-ratio of silica
nanoparticle layer attached to both ZnS and SiO2 coated sensor surface in the
800 ppm calcium solution also decreases with time (Figure 5-13). Similar to the
gypsum supersaturated solution system, the attached silica nanoparticle layer
consisting of particle clusters which do not homogeneously cover the sensor
surfaces.
It is obvious that the QCM-D responses of the deposition of silica nanoparticles
on ZnS and SiO2 coated sensor surface in gypsum supersaturated solution (Figure
5-10 and 5-11) and in the 800 ppm calcium solution (Figure 5-12 and 5-13) are
very similar, though slightly higher frequency shifts were observed in the 800
ppm calcium solution. Moreover, our previous results has shown that the QCMD responses of the adsorption of gypsum supersaturated solution on ZnS and
SiO2 coated sensor surface were almost identical to that in the 800 ppm calcium

solution. Zeta potential measurement also showed that the zeta potentials of
silica nanoparticles, ZnS and SiO2 coated sensor surfaces are almost the same,
around -10 mV. Therefore, it is safe to conclude that the deposition of silica
nanoparticles on the ZnS and SiO2 coated sensor surface is mainly attributed to
the high calcium concentration in the gypsum supersaturated solution.
5.2.4 AFM force measurement and DLVO fitting

5.2.4.1 Impact of calcium ions
The silica deposition kinetics on ZnS or SiO2 coated sensor surface can be well
explained by the results of colloidal force measurements and DLVO
interpretation, as shown in Figure 5-14 and 5-15. At pH 6.5, a repulsive long
range force profile is obtained in the absence of calcium (1 mM KCl solution),
without noticeable adhesion when separating the two surfaces in contact (Figure
5-14a). The AFM force profile can be well fitted by the electrostatic double layer
force (EDL) between a silica particle and a sphalerite surface (Solid line in Figure
5-14a), indicating that the EDL force dominates the long range forces between
the silica particle and sphalerite surface in 1 mM of KCl solution. The addition of
calcium has a significant effect on the force profile between a silica particle and a
fractured sphalerite surface. The repulsive EDL force decreases dramatically in
the presence of 1 mM calcium solution. Further increasing the calcium
concentration results in the diminishment of repulsive EDL force and force

profiles of attractive van der Waals forces (vdW) are observed. As shown in
Figure 5-14a, the force profile between the silica and sphalerite surfaces changes
from repulsive to attractive when increase calcium concentration from 1 mM to
2.5 mM. Meanwhile, the adhesion force between silica and sphalerite surfaces is
observed in the presence of calcium, which increases with the increase of
calcium concentration (Figure 5-14b).

Figure 5-14 Normalized interaction forces between silica and sphalerite
surfaces in calcium ion solutions of different concentrations at pH 6.5 (The
solid curves are theoretical fitting of DLVO theory. The EDL curves (dash lines)
are obtained by numerical solution of the nonlinear Poisson-Boltzmann
equation under the constant surface potential boundary conditions. The fitted
Stern potential values of the silica and sphalerite are ψSi - 35 mV, ψSp - 15 mV
for 1 mM KCl of pH 6.5; ψSi - 15 mV, ψSp - 12 mV for 5 mM Ca of pH 6.5, ψSi - 10
mV, ψSp - 10 mV for 15 mM and 20 mM Ca of pH 6.5. Hamaker constant of 1.0 ×
10-20 J is used to calculate the van der Waals forces (red dash dot dot line)).

Similar to the silica – sphalerite system, the presence of calcium ion affects the
interaction forces between silica and silica surfaces (Figure 5-15). In the absence
of calcium (Milli-Q water or 1 mM KCl), silica surface carries negative charge at
pH 6.5 (Figure 5-1). The repulsive EDL force dominates the interactions between
silica surfaces, resulting in zero silica deposition onto the SiO2 sensor surface
(Figure 5-5). With the addition of calcium, surface charge of silica is neutralized
and screened with the increase of calcium concentration. Consequently, the long
range EDL repulsive force decreases or disappears. As shown in Figure 5-15a, a
long range repulsive force profile is obtained between a silica particle and a silica
wafer surface in 1 mM KCl solution of pH 6.5. The magnitude of long range
repulsive force decreases dramatically in the presence of 5 mM calcium ions due
to the compression of EDL on silica surface. Further increase the calcium ion
concentration results in the further EDL compression. As a result, the long range
repulsive force decreases and disappears, and vdW attraction force is measured
by AFM force measure when the calcium concentration is increased up to 15 mM
or 20 mM. Adhesion force is found between silica surfaces in the presence of
high calcium concentration (above 5 mM) (Figure 5-15b). The adhesion force
between the silica surfaces increases with increasing calcium concentration.

Figure 5-15 Normalized interaction forces between silica surfaces as a function
of separation distance in different concentrations of calcium solution of pH 6.5
(The EDL curves (dash lines) are theoretical fitting obtained by numerical
solution of the nonlinear Poisson-Boltzmann equation calculated under
constant potential boundary conditions. Solid lines are classic DLVO fittings.
The fitted values of the silica surface potential are - 55 mV for 1 mM KCl, - 15
mV for 5 mM Ca, -12 mV for 10 mM Ca, and -10 mV for 20 mM Ca. Hamaker
constant of 8.5 × 10-21 J is used for the van der Waals force fitting (the green
dash dot dot line))
Clearly, the addition of calcium ions compresses the EDL, resulting in the
reduction of the electrostatic repulsive force. The vdW attractive force
overcomes the electrostatic repulsive force resulting in the increases of overall
attractive force. The reduction of repulsive force is attributed to the screening
effect of increasing electrolyte concentration and surface charge neutralization
at the sphalerite and the silica surface. As discussed in 5.2.1, both silica and
sphalerite carry negative charge at pH 6.5 in the absence of calcium. The zeta

potentials of silica nanoparticles and ZnS or SiO2 sensor shift to less negative
values when increasing the calcium concentration. The zeta potentials of silica
and ZnS or SiO2 sensors are compressed to near zero when increasing the
calcium concentration to 20 mM. Therefore, in the absence of calcium (Milli-Q
water or 1 mM KCl), repulsive electrostatic force dominate the silica
nanoparticle-ZnS surface interaction, resulting in zero deposition. In contrast, in
the presence of calcium, the long range electrostatic repulsive force decreases or
disappears due to surface charge neutralization and EDL compression and the
attractive vdW force becomes dominate, resulting in the deposition of silica
nanoparticles onto ZnS sensor surface. The EDL of both silica and sphalerite
mineral surfaces is more compressed with the increase of calcium concentration.
Hence, the overall attractive force increases resulting in a stronger attachment
between silica and sphalerite or silica minerals. In another word, a more rigid
particle deposition layer can be obtained in the QCM-D deposition
measurement.

5.2.4.2 Impact of Mg ions
The effect of magnesium ions on the interactions between a silica particle and a
fractured sphalerite surface or a silica wafer surface is similar to that of calcium
at pH 6.5. As shown in Figure 5-16, attractive force profiles are obtained
between a silica particle and a fractured sphalerite surface in the presence of 2.5
mM magnesium ions. The attractive force profiles are in great agreement with

the fitted vdW force. Adhesion force, which is absent between silica and
sphalerite surfaces, is detected in the magnesium solutions. The adhesion force
between silica and sphalerite surfaces increase with increasing magnesium
concentration. The AFM results and DLVO interpretation well explain the impact
of magnesium on the silica deposition kinetic on ZnS surface. The same as to the
effect of calcium, the addition of magnesium reduces the electrostatic repulsive
force resulting in overall attraction due to the van der Waals attractive force. The
attraction force and adhesion force measured in the presence of magnesium
contributes to the silica deposition on ZnS surface.

Figure 5-16 Normalized interaction forces between silica and sphalerite
surfaces in different concentrations of magnesium solution of pH 6.5 (The solid
curves are theoretical fitting obtained by numerical solution of the nonlinear
Poisson-Boltzmann equation calculated under constant potential boundary
conditions. The fitted values of the silica and sphalerite surface potential are

ψsi - 35 mV, ψsp - 15 mV for 1 mM KCl of pH 6.5. Hamark constant of 1.0 × 10 20

J is used for the van der Waals force fitting).

The colloidal forces between a silica particle and a silica wafer surface obtained
by direct AFM force measurement in different magnesium concentration of pH
6.5 are shown in Figure 5-17. As show in the Figure 5-17a, the addition of
magnesium ions reduces the repulsion force between the silica surfaces. The
repulsive force profiles are in good agreement with the fitted EDL force,
indicating that the repulsive force obtained by the AFM force measurement is
mainly attributed to the EDL force between the silica surfaces (solid lines in
Figure 5-17a). Small attractive force profiles are observed when increasing the
magnesium concentration up to 20 mM. The attractive force profiles are mainly
attributed to the vdW force between the silica surfaces (solid line in Figure 517a). Meanwhile, the adhesion force is detected between the mineral surfaces,
which increase slightly with increasing magnesium concentration. The colloidal
forces between silica surfaces (Figure 5-17) can well explain the deposition
kinetics of silica nanoparticle on SiO2 sensor surface in the presence of
magnesium. The presence of magnesium ions neutralizes the negative surface
charge of silica (Figure 5-1b), resulting in the decrease in the EDL force (or energy
barrier) between silica and silica surface (Figure 5-17a). Hence, the vdW force
becomes dominate between silica mineral surfaces, which induces the
deposition of silica nanoparticles onto the sensor surface.

Figure 5-17 Normalized interaction forces between silica surfaces as a function
of separation distance in different concentrations of magnesium solution of pH
6.5. (The solid curves are theoretical fitting obtained by numerical solution of
the nonlinear Poisson-Boltzmann equation calculated under constant potential
boundary conditions. The fitted values of the silica surface potential are
ψSi_particle - 35 mV, ψSi_wafer - 55 mV for 1 mM KCl; ψSi_particle = ψSi_wafer = - 35 mV
for 1 mM Mg; ψSi_particle = ψSi_wafer = - 25 mV for 2.5 mM Mg; ψSi_particle = ψSi_wafer
= - 18 mV for 5 mM Mg. Hamaker constant of 8.5 × 10-21 J is used for the van
der Waals force fitting).

5.2.4.3 Gypsum supersaturated water
Figure 5-18 compares the colloidal interaction forces between a silica particle
and a fractured sphalerite or a silica wafer surface in 1 mM KCl solution with
those in gypsum supersaturated solution and 800 ppm calcium solution at pH
6.5. As shown in Figure 5-18a, a repulsive long range force profile is obtained in 1
mM KCl solution of pH 6.5, without noticeable adhesion when separating the

two surfaces in contact. The AFM force profile can be well fitted by the
electrostatic double layer force (EDL) between a silica particle and a sphalerite
surface (Solid line in Figure 5-18a), indicating that the EDL force dominates the
long range forces between the silica particle and sphalerite surface in 1 mM of
KCl solution. In contrast to the 1 mM KCl solution, attractive force profiles, which
can be well fitted by the van der Waals (vdW) force, are obtained between the
silica and sphalerite surfaces in both 800 ppm calcium solution and gypsum
supersaturated solution. Meanwhile, adhesion force was detected between silica
and sphalerite surfaces in both 800 ppm calcium solution and gypsum
supersaturated solution.

Figure 5-18 Normalized interaction force between (a) silica and sphalerite, and
(b) silica and silica surfaces as a function of separation distance in different
water chemistry at pH 6.5 (The EDL curves are theoretical fitting of DLVO
theory obtained by numerical solution of the nonlinear Poisson-Boltzmann
equation under the constant surface potential boundary conditions. The fitted

Stern potential values of the silica and sphalerite are ψ Si_particle - 35 mV, ψSi_wafer
- 55 mV, ψSp - 25 mV for 1 mM KCl of pH 6.5; Hamaker constant of 1.0 × 10-20 J
and 8.5 × 10-21 J are used for calculating the van der Waals force for silicasphalerite and silica-silica respectively).
Similarly to the silica – sphalerite interactions, the force profile between a silica
particle and a silica wafer surface in 1 mM KCl solution is repulsive without
adhesion in contact (Figure 5-18b). The long range repulsive force profile
obtained by the AFM force measurement is attributed to the EDL force. As
shown in Figure 5-18b, the AFM force profile between the silica surfaces in 1 mM
KCl is in great agreement with the EDL fitting. In 800 ppm calcium solution and
gypsum supersaturated solution, the long range repulsive force between the
silica surfaces disappeared, and attractive vdW force are detected instead.
The QCM-D response of the silica nanoparticles deposition measurements on
ZnS and SiO2 coated sensor surface in gypsum supersaturated solution can be
well explained by the results of AFM colloidal force measurements and DLVO
interpretation. In Milli-Q water or 1 mM KCl solution, the repulsive EDL force
dominates the interactions between silica and sphalerite or silica surfaces,
resulting in zero silica attachment onto the SiO2 sensor surface (Figure 5-3). In
both 800 ppm calcium and gypsum supersaturated solutions, the repulsive force
between silica and sphalerite or silica surfaces is suppressed due to the
screening effect of the increased electrolyte concentration and the surface

charge neutralization on both sphalerite and silica surface. As discussed earlier,
the zeta potentials of silica and sphalerite minerals become identical and are
compressed to near zero (- 10 mV) in both 800 ppm calcium and gypsum
supersaturated solutions. Hence, the vdW force becomes dominate between the
mineral surfaces, resulting in tremendous attachment of silica nanoparticles on
both ZnS and SiO2 coated sensor surface. Furthermore, the colloidal force profile
between silica and sphalerite or silica surfaces obtained in the gypsum
supersaturated solution almost overlaps with that obtained in 800 ppm calcium
solution. The AFM results further confirm that the hetero-aggregation between
silica and sphalerite and the homo-aggregation of silica induced in the gypsum
supersaturated solution is mainly attributed to the high calcium concentration of
the gypsum supersaturated solution.

5.3 Significance in sphalerite flotation
The motivation of this study is trying to understand the cause of silicate gangue
minerals misplacement in the zinc concentrates observed in the gypsum
supersaturated process water. Clearly, hetero-aggregation between silica and
sphalerite in the gypsum supersaturated water is significant; the presence of
calcium and magnesium can induce the hetero-aggregation between silica and
sphalerite minerals. Hetero-aggregation between silica and sphalerite minerals
leads to slime coating of silica on sphalerite surface. As shown in Figure 5-9, the
ZnS coated QCM-D sensor surface was fully covered by silica nanoparticles after

the deposition experiment in 20 mM calcium solution of pH 6.5. It is noted that
the attached particle layer is heterogonous and clusters of silica nanoparticles
are observed on the ZnS sensor surface, which is probably due to the homoaggregation of silica nanoparticles.
The hetero-aggregation between silica and sphalerite could cause the reduction
of sphalerite flotation recovery and promote silica contamination in the zinc
concentrate. Figure 5-10 shows the impact of calcium and gypsum
supersaturated water on the flotation selectivity of sphalerite from silica. In
Milli-Q water, the flotation recovery of sphalerite is up to 90% with less than 10%
of silica entrainment. However, in 20 mM calcium solution and gypsum
supersaturated solution, the flotation recovery of sphalerite in the concentrate
decreases to less than 80%; meanwhile, misplacement of silica in the zinc
concentrates increases up to 20%. It has to be noted that the presence of
calcium and gypsum supersaturated solution retarded the uptake of copper and
xanthate on sphalerite, which could also be responsible for the reduced flotation
recovery.

(a)

(b)

Figure 5-19 SEM images of ZnS coated QCM-D sensor (a) before and (b) after
silica nanoparticle deposition in 20 mM calcium solution of pH 6.5.

Figure 5-20 Flotation selectivity of sphalerite from silica in different solutions

5.4 Conclusions
QCM-D is proven to be a powerful tool to study the interactions between
minerals. At pH 6.5, the deposition of silica on ZnS or SiO2 coated QCM-D sensor
is minimal in Miili-Q water. The presence of calcium, magnesium, and gypsum
supersaturated water induces the deposition of silica on ZnS or SiO 2 sensor
surface. The deposition rate increases with increasing calcium and magnesium
concentration.
The surface force between a silica sphere and a fractured sphalerite surface in
the supporting electrolyte solutions are repulsive with no adhesion in contact at
both pH 6.5 and 10. The addition of calcium and magnesium reduces the longrange repulsive force, resulting in an overall attractive van der Waals force
between silica and sphalerite. Adhesion force is found in the presence of calcium
and magnesium, which increases with the increasing of calcium and magnesium
concentration. Attractive force and adhesion force are also found in the gypsum
supersaturated solution. Similar surface force results are obtained between silica
surfaces in the presence of calcium and magnesium, and in gypsum
supersaturated solution.
The presence of calcium, magnesium and gypsum supersaturated water
promotes the hetero-aggregation between silica and sphalerite minerals,
resulting in the reduction of flotation selectivity. The poor flotation selectivity of

sphalerite from silica in the gypsum supersaturated water is mainly attributed to
the high calcium concentration of the gypsum supersaturated water.

Chapter 6

Approaches of Improving the Flotation

Recovery and Selectivity of Sphalerite in the
Gypsum Supersaturated Water

6.1 Introduction
One of lead/zinc mines recycles treated water from the tailings impoundment
back into the flotation process. Water reclaimed from the tailings impoundment
is treated using a high density sludge process prior to its recycle. The process
water is supersaturated with respect to calcium sulphate and is implicated in
scaling of the slurry transport pipe in the concentration. The calcium
concentration in the process water and reclaim water in The lead/zinc mine is
reported 840 ppm and 560 ppm, while the sulphate concentration is 2400 ppm
and 2861 ppm, respectively. The gypsum supersaturated process water has
detrimental impact on the zinc flotation circuit at the lead/zinc mine.
The high calcium concentration in the gypsum supersaturated process water has
been believed to be responsible for the poor flotation recovery and selectivity at
the zinc flotation circuit. Our previous chapters showed that the gypsum
supersaturated solution had significant impact on the surface properties of silica
and sphalerite mineral. Even though gypsum precipitated neither grew on
mineral surface nor hetero-aggregated with mineral, the surface charge of silica

and sphalerite minerals become identical due to the discriminate adsorption of
calcium. The adsorption of copper and xanthate on sphalerite surface was
retarded in the presence of 800 calcium ions and gypsum supersaturated
solutions. It has been reported that calcium could specifically adsorb at ZnS-H2O
interface 179, which reduced the exchange rate with activating ions, copper, in the
case of sphalerite flotation 36, resulting in a decrease in recovery. The presence of
calcium and gypsum supersaturation in process water also induced the heteroaggregation between silica and sphalerite minerals, which is responsible for the
poor flotation selectivity. Calcium ion has been proven to have significant effect
on the interactions between zinc sulphide and silicate minerals

40, 41

. The

presence of calcium and gypsum supersaturated process water led to a decrease
of repulsive electrical double layer force, which is responsible for the heteroaggregation between sphalerite and silicate gangue minerals.
One of the effective approaches to eliminate the detrimental effect of calcium
ion or gypsum supersaturated process water on sphalerite flotation is to add
carbonate (e. g. soda ash) to precipitate calcium ions as calcium carbonate as
well as converting calcium sulphate to calcium carbonate. The addition of soda
ash has been proven to be effective in Hilton concentrator

27

and in sphalerite

flotation 45.
In this study, three approaches of eliminating the adverse impact of gypsum
supersaturated solutions on the flotation of sphalerite were investigated and

evaluated. Since calcium has been demonstrated to be the main cause of the
flotation problem in sphalerite, it is therefore of great interest to study the
flotation behavior of silica and sphalerite, both alone and mixture, in the gypsum
supersaturated solutions before and after calcium removal with sodium
carbonate or bicarbonate. Our previous studies have confirmed that the gypsum
supersaturated solution retards the adsorption of copper and xanthate on
sphalerite surface. Hence, increasing the dosage of copper and xanthate or
conditioning the minerals with copper and xanthate prior to exposing in the
gypsum supersaturated process water (Pre-hydrophobic conditioning) may also
improve the flotation of sphalerite. Micro-flotation was conducted to evaluate
the potential of those approaches of improving the flotation performance of
sphalerite in gypsum supersaturated solutions.

6.2 Results and discussion
6.2.1

Flotation

behavior

of

silica

and

sphalerite

in

gypsum

supersaturated water
Gypsum supersaturated solutions have significant effect on the flotation behavior
of silica and sphalerite. Figure 6-1 presents the recovery of sphalerite single
mineral flotation in different water chemistry. Sphalerite cannot be floated with
xanthate without the activation of copper, as it has been expected. As shown in
Figure 6-1, the flotation recovery of sphalerite is up to 90% in DI water. When
float the sphalerite in the gypsum supersaturated solutions, however, the

flotation recovery of sphalerite drops to about 70%. Similar reduction in flotation
recovery of sphalerite is also observed in 800 ppm calcium solution. Our previous
study has shown that the presence of high calcium concentration retarded the
uptake of copper and xanthate on sphalerite surface, which is responsible for the
decreased flotation recovery observed in the gypsum supersaturated solutions
and 800 ppm calcium solution. On the other hand, good flotation recovery can
be obtained in calcite saturated solution where the calcium concentration is
much lower.

Figure 6-1 Flotation recovery of sphalerite in different solutions at pH 6.5 (Cu:
1.25×10-5 mol/L, SIPX: 1.25×10-5 mol/L).

Figure 6-2 Flotation selectivity of sphalerite in different solutions at pH 6.5 (Cu:
1.25×10-5 mol/L, SIPX: 1.25×10-5 mol/L).
Figure 6-2 shows the recovery of sphalerite and silica in the flotation of
sphalerite and silica mixture in different water chemistry. Good flotation
selectivity is obtained in both DI water and calcite saturated solution. As shown
in Figure 6-2, in DI water and calcite saturated solution, the flotation recovery of
sphalerite in the concentrate remains to 90%, while the entrainment of silica is
about 10%. In the gypsum supersaturated solutions and 800 ppm calcium
solution, on the other hand, decreased flotation selectivity of sphalerite from
silica is observe. The flotation recovery of sphalerite drops about 15% while the
misplacement of silica in the sphalerite concentrate rises up to 20%. The
presence of high calcium concentration and gypsum supersaturated solution
induces the hetero-aggregation between sphalerite and silica minerals, as it has

been demonstrated in our previous QCM-D and AFM studies, resulting the
misreporting of silica in the flotation concentrate.
Flotation results of sphalerite single mineral and a mixture of silica and sphalerite
minerals demonstrate that the gypsum supersaturated solutions decrease the
flotation recovery and selectivity of sphalerite. The poor sphalerite flotation
recovery observed in the gypsum supersaturated solutions is attributed to the
high calcium concentration in those solutions. Good flotation recovery and
selectivity is possible to be achieved by converting gypsum supersaturated
solution to calcite saturated solution.
6.2.2 Removal of calcium by the addition of sodium carbonate
As discussed previously, the high calcium concentration in the gypsum
supersaturated solutions is responsible for the poor flotation recovery and
selectivity of sphalerite. As practiced in the real industry
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, an effective

approach to eliminate the detrimental effect of both calcium ions and calcium
sulphate precipitates on flotation is to add carbonate (e. g. soda ash) to
precipitate calcium ions as calcium carbonate or convert calcium sulphate to
calcium carbonate. In this study, sodium carbonate was used to remove and
control the calcium concentration of the gypsum supersaturated water. The
amount of sodium carbonate addition was calculated depending on the calcium
concentration of the gypsum supersaturated solutions. The solutions were
conditioned with sodium carbonate for 30 min and the precipitates were

removed by filtration. The pH of the solutions after sodium carbonate treatment
is about 9.5. The solutions were then adjusted to pH 6.5 and filtered again. The
calcium concentration of the gypsum supersaturated solutions after the sodium
carbonate treatment is less than 20 ppm. Flotation of sphalerite single mineral
and a mixture of silica and sphalerite were conducted to investigate the effect of
calcium removal on the flotation recovery and selectivity of sphalerite in the
solutions and the results are shown in Figure 6-3 and 6-4.

Figure 6-3 Effect of carbonate addition on the flotation recovery of sphalerite in
gypsum supersaturated solutions at pH 6.5 (Cu: 1.25×10-5 mol/L, SIPX: 1.25×10-5
mol/L).

Figure 6-4 Effect of carbonate addition on the flotation selectivity of sphalerite
in gypsum supersaturated solutions at pH 6.5(Cu: 1.25×10-5 mol/L, SIPX:
1.25×10-5 mol/L).
Figure 6-3 presents the single mineral flotation of sphalerite in the gypsum
supersaturated solutions with and without sodium carbonate treatment. The
addition of sodium carbonate can significantly improve the flotation recovery of
sphalerite in the gypsum supersaturated solutions. After the sodium carbonate
treatment, the flotation recovery of sphalerite increase up to 90%. The flotation
results of the silica and sphalerite mixture system show an improvement of the
flotation recovery of sphalerite as well (Figure 6-4). The flotation recovery of
sphalerite increases from 70% to 85% after the sodium carbonate treatment.
Silica entrainment in the sphalerite concentration reduces to 10%. The results
demonstrate that the removal of calcium ions from the gypsum supersaturated

solutions can significantly improve the flotation recovery and selectivity of
sphalerite.
The addition of the sodium carbonate removes most of the calcium ions from the
gypsum supersaturated solutions. The removal of calcium cleans the mineral
surface. Figure 6-5 shows the XPS results of silica and sphalerite conditioned in
the gypsum supersaturated solution with and without sodium carbonate
treatment. As show in the Figure, strong Ca 2p signals at 346 eV is found on both
silica and sphalerite surfaces after conditioned in the gypsum supersaturated
solution. Calcium was also found on those mineral surfaces after conditioned in
800 ppm solution. The Ca 2p signals vanish from both silica and sphalerite
mineral surfaces after treating the gypsum supersaturated solution with sodium
carbonate, indicating much cleaner surfaces.

Figure 6-5 XPS narrow scan Ca2p spectra for a) silica and b) sphalerite particles
treated

with

Milli-Q water,

calcite-supersaturated

solution,

gypsum-

supersaturated solution and gypsum-supersaturated solution with the
treatment of sodium carbonate or bicarbonate.

6.2.3 Increasing flotation reagents
The presence of high calcium concentration in the gypsum supersaturated
solutions retards the activation of sphalerite with copper and hence the
sequence adsorption of xanthate on sphalerite surface. In this part of work, the
potential of improving the flotation performance of sphalerite in gypsum
supersaturated solution by increasing the dosage of flotation reagents: activator,
copper, and collector, SIPX, is evaluated and the results are shown in Figure 6-6
and 6-7.
Single mineral flotation results indicate that the flotation recovery of sphalerite
in the gypsum supersaturated solutions can be improved by simply increasing the
flotation reagents (Figure 6-6). In both gypsum supersaturated solution and
simulated process water, the flotation recovery of sphalerite increases up to 80%
when increasing the dosage of copper and SIPX to 2×10-5 mol/L. Further
increasing the flotation reagents’ dosage, the flotation recovery of sphalerite can
reach to more than 90%.

Figure 6-6 Effect of increasing the dosage flotation reagents on the flotation
recovery of sphalerite in gypsum supersaturated solutions at pH 6.5.
Increasing flotation reagents has limited effect on the flotation selectivity of
sphalerite from silica. As shown in Figure 6-7, when mixing sphalerite with silica,
the flotation recovery of sphalerite in the concentration only marginally
increased with the increasing of copper and SIPX addition up to 1×10-4 mol/L.
Meanwhile, the misreport of silica in the concentrate remains as high as those
with lower copper and SIPX addition. Simply increase the flotation reagents
cannot reduce the hetero-aggregation between silica and sphalerite. Moreover,
the presence of copper and xanthate could enhance the hetero-aggregation
between silica and sphalerite. The presence of copper and xanthate has been
found to be able to trigger an attractive non-DLVO force between silica and ZnS
196

.

Figure 6-7 Effect of increase flotation reagents on the flotation selectivity of
sphalerite in gypsum supersaturated solutions at pH 6.5 (Cu: 1.25×10-5 mol/L,
SIPX: 1.25×10-5 mol/L, for the Gyp-sat/R, Reclaim water/R, and Process
water/R: Cu: 1×10-4 mol/L, SIPX: 1×10-4 mol/L).
6.2.4 Pre-hydrophobic conditioning
The high calcium concentration in the gypsum supersaturated solutions has been
proven to be responsible for the poor flotation recovery and selectivity of
sphalerite. If conditioning the minerals with flotation reagents prior to their
exposing in the gypsum supersaturated solutions (pre-hydrophobic treatment),
the flotation performance of sphalerite could be improved. Figure 6-8 and 6-9
compare the flotation results of sphalerite single mineral and a mixture of silica
and sphalerite minerals with and without pre-hydrophobic treatment. The single

mineral flotation results confirm our hypnosis. With the pre-hydrophobic
treatment, the flotation recovery of sphalerite in the gypsum supersaturated
solutions improves dramatically. Pre-hydrophobic treatment has limited effect on
improving the flotation selectivity of sphalerite from silica. As shown in Figure 69, the flotation recovery of sphalerite in the gypsum supersaturated solutions
increases slightly with the pre-hydrophobic treatment. However, the
misplacement of silica in the concentrate is not improved. Again, the poor
selectivity is attributed to the hetero-aggregation between silica and sphalerite
mineral (slime coating). The pro-hydrophobic treatment may induce an attractive
non-DLVO force between silica and sphalerite.

Figure 6-8 Effect of the pre-hydrophobic treatment on the flotation recovery of
sphalerite in gypsum supersaturated solutions at pH 6.5(Cu: 1.25×10-5 mol/L,
SIPX: 1.25×10-5 mol/L).

Figure 6-9 Effect of pro-hydrophobic conditioning on the flotation selectivity of
sphalerite in gypsum supersaturated solutions at pH 6.5 (Cu: 1.25×10-5 mol/L,
SIPX: 1.25×10-5 mol/L).
6.2.5 Examination of silica and sphalerite minerals in real process
water
In order to verify that our lab-scale findings can be extended to the real mineral
flotation process system, the impact of real

process water on silica and

sphalerite mineral surfaces was examined. Silica (- 30 µm) and sphalerite (- 45
µm) pure minerals with similar particle size to that of zinc flotation circuit were
send to A lead/zinc mine. The minerals were conditioned in the Real process
water following the procedures described in Chapter 2 (Section 2.4.4) and
analyzed using SEM.

(a)

(b)

(c)

(d)

(e)

Figure 6-10 Typical SEM micrographs of a) Silica conditioned in water, b) Silica
conditioned in process water, c) Sphalerite conditioned in water, d) Sphalerite
conditioned in process water, and e) Gypsum precipitates from gypsum
supersaturated solution.

(a)

(b)

Figure 6-11 Typical SEM micrographs of sphalerite conditioned in process water
before (a) and after (b) 5 min sonication in ethanol.
The SEM images of silica and sphalerite before and after conditioned in the Real
process water are shown in Figure 6-10. It is evident that gypsum precipitates
are found in the silica and sphalerite minerals after conditioned in the Real
process water. However, the gypsum precipitates can be easily removed from
the mineral surface. As shown in Figure 6-11, after 5 minutes sonication
treatment, the sphalerite mineral surface becomes clean with only a few needleshape gypsum precipitates. These results are in great agreement with our
previous results that obtained from the gypsum supersaturated solution model
system.

6.3 Conclusions
Gypsum supersaturated solution have adverse impacts on the flotation
performance of sphalerite. Poorer flotation recovery and selectivity is observed

in gypsum supersaturated solution as well as 800 ppm calcium solution.
The removal of the calcium from the gypsum supersaturated solutions by the
addition of sodium carbonate can significantly improve the flotation recovery
and selectivity of sphalerite. Simply increasing the dosage of flotation reagents or
conditioning the minerals with flotation reagents prior to their exposing in the
gypsum supersaturated solution can improve the recovery of sphalerite but not
selectivity.

Chapter 7

Conclusions and Future Work

7.1 Concluding remarks
Water quality is one of the critical factors that influence flotation performance of
minerals. In sulphide mineral flotation, the process water is commonly gypsum
saturated or supersaturated due to the dissolving of minerals, deliberate
chemical reagents addition, and the source of water.

Saturation or

supersaturation of gypsum in process water is believed to be detrimental to the
flotation performance of sulphide minerals. In order to achieve effective
improvement of flotation performance of sulphide minerals in gypsum saturated
or supersaturated process water, it is essential to gain a fundamental
understanding of how gypsum saturation or supersaturation impacts the
flotation process of minerals. In the past few decades, considerable studies have
been carried out regarding to the sulphide mineral flotation problems in gypsum
saturated or supersaturated process water. The depression mechanisms of
gypsum saturated or supersaturated process water on the flotation of sulphide
minerals, however, are not quite well understood. For example, controversy
results on whether gypsum precipitates on minerals surfaces and whether
gypsum saturated or supersaturated solution affects mineral activation have
been reported.

In this study, a gypsum supersaturated solution is used to

systematically study its impact on the surface properties of silica and sphalerite

minerals, the adsorption of flotation reagents on sphalerite mineral surface, and
the interactions between mineral particles.
1) Impact of gypsum supersaturated solution on the surface properties of silica
and sphalerite minerals
Gypsum supersaturated solution has significant effects on the surface properties
of silica and sphalerite minerals. First of all, the surface charges of both silica and
sphalerite minerals are neutralized and screened in the gypsum supersaturated
solution. The zeta potentials of silica and sphalerite, which are distinctive in
simple

supporting electrolyte solutions, become

identical

in gypsum

supersaturated solutions. Under the particular experimental conditions carried
out in this study, gypsum coating on silica or sphalerite mineral surfaces is
proven to be absent. Gypsum crystals are found to precipitate in the bulk
gypsum supersaturated solution. The gypsum precipitates do not heteroaggregate with silica or sphalerite mineral particles in gypsum supersaturated
solutions due to the hydration force. Large hydration force is found between a
silica particle and a cleaved natural gypsum crystal surface in a gypsum saturated
solution through direct colloidal force measurement using an atomic force
microscopy (AFM). The changes of surface properties of silica and sphalerite
minerals in the gypsum supersaturated solution are mainly attributed to the high
calcium concentrations of the gypsum supersaturated solution. The zeta
potentials of silica and sphalerite minerals are identical in the presence of 800

ppm calcium which are similar to those in the gypsum supersaturated solution.
Silica and sphalerite minerals surfaces are indiscriminately coated with calcium in
both 800 ppm calcium solution and gypsum supersaturated solution. Surface
oxidation of pure sphalerite minerals after conditioning in

gypsum

supersaturated solution is insignificant.
2) Impact of gypsum supersaturated solution on the uptake of copper and SIPX
on sphalerite
Sphalerite activation by copper and the subsequence xanthate adsorption on
sphalerite mineral surface are substantially affected in the gypsum
supersaturated solution under near neutral pH. In comparison with Milli-Q water
system, the supersaturation of water by gypsum retards the adsorption of
copper and hence the sequence xanthate adsorption on sphalerite. The
retardation of copper and xanthate adsorption on sphalerite is also observed by
the addition of 800 ppm calcium. The adsorption of calcium is identified to
compete with copper species for the reactive surface sites of the sphalerite,
resulting in the reduction in copper and xanthate uptake and hence flotation
recovery of sphalerite.
3) Impact of gypsum supersaturated solution on the interactions between silica
and sphalerite minerals

The presence of calcium, magnesium, or gypsum supersaturated water triggers
the hetero-aggregation between silica and sphalerite minerals, and the homoaggregation of silica particles. QCM-D measurement, which is proven to be a
powerful tool to study the interactions between minerals, indicated the
deposition of silica nanoparticles on ZnS or SiO2 coated QCM-D quartz sensor
surface in the presence of high calcium or magnesium concentration and in
gypsum supersaturated solutions. The deposition rate increases with the
increase of calcium or magnesium concentration under the tested range. Direct
colloidal force measurement by AFM showed that the addition of calcium or
magnesium reduces the long-range repulsive force, resulting in an overall
attractive van der Waals force between silica-sphalerite and silica-silica.
Adhesion force is found in the presence of calcium and magnesium, which
increases with the increasing of calcium and magnesium concentration.
Attractive force and adhesion force are also found in the gypsum supersaturated
solution. The presence of calcium, magnesium and gypsum supersaturated water
promotes the hetero-aggregation between silica and sphalerite minerals,
resulting in the reduction of flotation selectivity. The poor flotation selectivity of
sphalerite from silica in the gypsum supersaturated water is mainly attributed to
the high calcium concentration of the gypsum supersaturated water.
4) Approaches of eliminating the adverse impact of gypsum supersaturated
solution on the flotation performance of sphalerite

Gypsum supersaturated solution have adverse impact on the flotation
performance of sphalerite. Poorer flotation recovery and selectivity is observed
in gypsum supersaturated solutions as well as 800 ppm calcium solution.
Treating the gypsum supersaturated solutions with sodium carbonate can
effectively eliminate its adverse impact on the flotation of sphalerite. The
addition of sodium carbonate removes most of the calcium ions leading to a
clean mineral surface, which significantly improves the flotation recovery and
selectivity of sphalerite. Simply increasing the dosage of flotation reagents
(copper and xanthate) or conditioning the minerals with flotation reagents
(copper and xanthate) prior to their exposing in the gypsum supersaturated
solution can marginally improve the flotation recovery of sphalerite but has
limited ability in improving the flotation selectivity of sphalerite.

7.2 Major contributions to original knowledge
1) This thesis presents systematic research on the impact of gypsum
supersaturation in process water on mineral surfaces, interactions between
minerals and flotation reagents, and interactions between minerals. Flotation
recovery and selectivity problems of sphalerite pure mineral in gypsum
supersaturated process water have been identified.
2) Surface analysis methods are established to study the surface properties of
minerals in a gypsum supersaturated environment. Through mineral surface

properties studies, questions regarding whether gypsum would scale on mineral
surfaces has been clarified in model gypsum supersaturated solution system.
3) The poor flotation performance of sphalerite in the gypsum supersaturated
process water has been determined to be attributed to the high calcium ion
concentration in gypsum supersaturated process water. The high calcium ion
concentration retards the activation of sphalerite and the sequence collector
adsorption.

Furthermore,

the

high

calcium

concentration

in

gypsum

supersaturated process water induces the slime coating of fine gangue mineral
particles (quartz) on sphalerite mineral surfaces.
4) A novel method of using a QCM-D to apply in-situ studies on mineral
interactions under flotation related conditions has been developed in this thesis.
It has been proven to be a powerful tool to investigate the homo-aggregation
and hetero-aggregation for mineral systems.
5) This thesis developed a better understanding of the Zn flotation recovery and
selectivity problems at Zinc mines operated in gypsum supersaturated process
water. Potential approaches to mitigate the adverse impact of gypsum
supersaturation in process water on sphalerite flotation have been proposed and
evaluated.

7.3 Suggestions for future work
1) Study the gypsum scaling on silica and sphalerite minerals with the
involvement of grinding process. It is possible that the grinding process
generates surface active sites on mineral surface which can induce the
nucleation of gypsum. Meanwhile, the temperature on mineral surfaces could
change during grinding which can also trigger the nucleation of gypsum. It would
be interesting to examine the mineral surfaces with SEM, XPS or Auger after
grinding in gypsum supersaturated process water.
2) Research the gypsum scaling on silica and sphalerite mineral surfaces with the
consideration of temperature. For example, characterize mineral surfaces after
conditioning in gypsum supersaturated process water with the increase of
temperature from 0 oC to 40 oC. QCM-D could be one of the best techniques to
study the gypsum scaling on silica or sphalerite mineral surface under different
temperature.
3) Investigate the impact of gypsum supersaturated process water on the
electrochemical reactions on copper activated sphalerite mineral surface under
flotation related conditions.
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