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Abstract

In nature, the molybdenite ores are frequently associated with copper sulfide
minerals such as chalcopyrite, and the flotation separation of copper-molybdenum
(Cu-Mo) sulfides largely relies on the use of toxic and hazardous depressants such as
cyanides, Na,S/NaHS. It is desired to replace these toxic chemicals with more
environmentally benign depressants. In addition, talc, a problematic gangue mineral, also
frequently occurs in the Cu-Mo sulfide ores. As an inherent hydrophobic magnesium
silicate, talc can easily report to the Cu-Mo bulk concentrates in the flotation, reducing
the grade of concentrates and strongly affects the subsequent smelting operations.
Therefore, economic beneficiation of these Cu-Mo sulfide ores could not be achieved
without proper depressants and the efficient removal of talc.

Humic acids (HA), a primary constituent of humic substances or humus (organic
fraction of soil), has a wide range of technological and practical applications owing to its
abundance and low-cost. In this work, humic acids and its analogues have been studied as
depressants for the Cu-Mo sulfides separation and molybdenite-talc separation. The
flotation results indicated that HA is a selective depressant for molybdenite while the
flotation of chalcopyrite or talc is barely affected. Besides, the depression and adsorption
mechanisms of HA were also investigated by a range of different techniques such as zeta
potential measurements, infrared spectroscopy, Atomic force microscopy (AFM), X-ray

photoelectron spectroscopy (XPS), Time-of-flight secondary ion mass spectrometry
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(ToF-SIMS) and Quartz crystal microbalance with dissipation (QCM-D). The
experimental results demonstrated that HA strongly adsorbs onto molybdenite basal
planes through hydrophobic interaction, while chemical interactions were not involved.
In contrast, the adsorption of HA on talc basal planes was hindered by electrostatic
repulsion. Besides, HA could also adsorb onto chalcopyrite surfaces, and the interactions
are likely to be electrostatic in nature. However, the addition of xanthate collector could
potentially desorb the attached HA and restore the floatability of chalcopyrite.

In addition, O-Carboxymethyl chitosan (O-CMC), a derivative of the second most
abundant natural polysaccharide—chitin, was also investigated as a depressant for the
Cu-Mo sulfides separation. The flotation tests indicate that O-CMC selectively depresses
molybdenite during molybdenite-chalcopyrite separation over a broad range of pH.
Moreover, the adsorption characteristics and mechanisms of O-CMC on molybdenite and
chalcopyrite were systematically investigated by electrokinetic study, infrared
spectroscopy, AFM, XPS, and ToF-SIMS characterizations. The experimental results
demonstrated that O-CMC adsorbed on both mineral surfaces. However, the interactions
between O-CMC and chalcopyrite are mostly weak physical interactions such as
electrostatic interaction etc., and the adsorbed O-CMC can be readily removed by rinsing
or displaced by xanthate. In comparison, the adsorption of O-CMC on molybdenite basal
planes is dictated by hydrophobic attraction and electrostatic repulsion and is barely
affected by rinsing or xanthate addition. Therefore, the strong interaction between

O-CMC and molybdenite is responsible for the depression of molybdenite and selective
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separation of two minerals in the flotation. The research also showed that no strong
chemical interactions were involved during the adsorption of O-CMC on both mineral
surfaces.

The results of this work shed light on the fundamental understanding of the
interaction mechanisms between polymeric depressants and mineral surfaces under
different solution conditions, and provided valuable guidance for the selection of
polymeric depressants and directions for the development of many other polymeric
depressants or flocculants. This research also provides important implications for the
beneficiation and separation of many other mineral systems and related technological and

industrial processes such as wastewater treatment.
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Chapter 1. Introduction

1.1 Froth flotation

Flotation, generally referred to as froth flotation, is recognized as the most widely
used and versatile mineral processing technique. Originally patented in 1906, flotation
has been adopted in the beneficiation and separation of low-grade and complex ores for
over a hundred years. As a selective and cost-effective process, flotation utilizes the
surface property differences between valuable minerals and gangue minerals to achieve
effective separation and concentration.'*

Based on the differences in the interaction between mineral particles and air bubbles
during flotation, the hydrophobic or hydrophobized mineral particles, usually the
valuable minerals, will more readily attach to air bubbles in the mineral suspension due to
the attractive hydrophobic interaction, and then transported to the froth phase for
recovery. While the hydrophilic or hydrophilized mineral particles, mostly the gangue
minerals, will remain in the pulp or slurry as tailings. The schematic of the flotation
process is shown in Figure 1.1.

However, due to the hydrophilic nature of most minerals, selective separation of
valuable and gangue minerals would not automatically take place without the addition of
proper flotation reagents.” Generally, three types of flotation reagents, including
collectors, frothers and regulators, are routinely used to modify the surface properties of

minerals and achieve selective separation.
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Figure 1.1. Schematic of froth flotation.®

Specifically, collectors are mostly bipolar organic compounds to induce and/or
enhance the surface hydrophobicity of valuable minerals by adsorbing onto mineral
surfaces. Frothers are usually heteropolar surfactants added to stabilize the air bubbles
and froth layers as well as control the bubble size during flotation.® ° Regulators (or
modifiers) are used in flotation to modify the action of collectors and minerals, and it can
be further classified into activators, depressants, and pH regulators. Activators are
chemical compounds that can impart hydrophobicity to the minerals by promoting
collector-mineral interactions or altering the surface chemistry of minerals, although they
usually do not make the mineral surface hydrophobic themselves after adsorption. In

contrast, depressants are extensively used in flotation to prevent unwanted minerals from
2



floating by rendering them hydrophilic, making the flotation separation more efficient
and effective.® 8 A schematic depiction of the molecular structures of conventional

flotation reagents is shown in Figure 1.2.

Hydrophilic Hydrocarbon Minerophilic
group Y Chain R group X

-

Frother RY Collector RX

Depressant YnRX

Figure 1.2. A structure model of flotation reagents.® 1

Unfortunately, in many cases, naturally hydrophobic gangue minerals such as talc
are almost inevitably floated into concentrates during the flotation process, reducing
concentrate grades and significantly affects subsequent smelting operations. In extreme
cases, this could render the mineral concentrates unacceptable by the smelters, resulting
in significant losses to the mining companies.!! Therefore, the efficient depression or
removal of talc is critical to the economical processing of many complex sulfide ores
such as the molybdenum ores, copper-molybdenum sulfide ores and the ores of platinum

group metals (PGM).!?



1.2 Depressants
Depressants play a principal role in the depression of gangue minerals such as talc
and purification of bulk concentrates during the flotation process. Over the past several

decades, a large number of depressants including inorganic'3-!7

and organic/polymeric
depressants!82® have been extensively used to remove the gangue minerals, such as talc,
from the concentrates or purify the concentrates. In many cases, the cost of depressants
can exceed that of any other types of flotation reagents,?? yet the basic understanding of
their depression behaviors and interaction mechanisms remains limited, making the
depression of the gangue minerals more challenging to control compared with other types

of processes in mineral flotation.® 2% 2

1.2.1 Inorganic depressants

Inorganic depressants are undoubtedly the most widely used depressants in the
mineral processing industry, most of which are water soluble salts such as sodium silicate
or “water glass” (NaySiO3), sodium carbonate (Na,COs), zinc sulfate (ZnSOs), and
aluminum sulfate Al(SOs)3. Conventionally, these inorganic depressants are added in
different combinations to enhance the depression effect of gangue as well as regulate the
pH of the pulp.'> However, the depression mechanisms of different combinations of
inorganic depressants are still poorly understood. Some studies have shown that metal
cations can depress the floatability of siliceous minerals (e.g., talc) during flotation due to

their interaction with the mineral surfaces.'>!>!71° However, it should be noted that the
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adsorption of metal ions on mineral surfaces is typically through the hydroxyl complexes
of the metal ions due to electrostatic interactions, and then the adsorbed hydroxyl
complexes render the mineral surface hydrophilic.!* !> However, the adsorbed metal
hydroxyl complexes are also often the adsorption centers for collectors, which is why
many metal ions also act as activators in mineral flotation.??® Therefore, precautions

should be taken when using metallic inorganic depressants in mineral flotation.

1.2.2 Organic/polymeric depressants

Compared with the widely used inorganic depressants, polymeric depressants have
the advantage of being less toxic and environmentally friendly, therefore, their
application in mineral processing industry is increasing.®2® Typically, organic/polymeric
depressants are more efficient than the inorganic depressants and can be used under
various solution conditions,?’ or modified for selective adsorption.?%3°
Common organic depressants used for talc and/or other mineral depression are

7, 17-19, 31-34

natural or synthetic polysaccharides such as carboxymethyl cellulose, guar

gum,'® 21 3536 dextrins,3”*? lignosulphonates,** and synthetic polyacrylamides.!!> 4+ 4
Natural polysaccharides have been widely used for several decades primarily because
they are inexpensive and widely available.

In terms of polymeric depressants, there are several possible depression mechanisms

by which they prevent unwanted minerals from floating, and some of which are listed as

follows:



(1) Depressants are able to adsorb onto and/or interact with mineral surfaces directly,
making the mineral surface hydrophilic and/or preventing the adsorption of collectors on
the mineral surfaces, resulting in the depression of unwanted minerals.

(2) Some depressants (especially the large molecular weight polymers) can depress
certain minerals regardless of how well the collectors react with minerals. By adsorbing
on the mineral surfaces, these depressants can cover the collectors and create hydrophilic
films on the surfaces, rendering the minerals hydrophilic.®

Overall, no matter what the actual depression mechanisms are, the successful
adsorption of polymeric depressants onto mineral surfaces is critical to their depression

performance.

1.3 A brief review of polymer adsorption
1.3.1 Mechanisms of polymer adsorption

Polymer adsorption on mineral surfaces is driven by the reduction of free energy, in
other words, attractive interactions or attractive forces.?’ The interactions between
polymeric depressants and mineral surfaces are comprised of physical and chemical
interactions, or a combination of them. The typical interactions involved are listed as
follows:

(a) Electrostatic interactions: such as the adsorption of polyelectrolytes onto surfaces
of opposite charge. The electrostatic interactions can be both attractive and repulsive

depending on the charge properties of polyelectrolytes and surfaces.



(b) Hydrophobic interaction: the tendency of nonpolar molecules/substances (or
groups on polymers) to escape from the aqueous environment and adhere to other
nonpolar species.> % 46

The origin of hydrophobic interaction is not clearly understood and still under
debate, in spite of the numerous studies carried out over the last several decades.*’
However, it is widely accepted that hydrophobic interaction has an entropic origin and
typically much stronger than van der Waals force.> 4’

(c) Hydrogen bonding: hydrogen bonding is essentially a very strong dipole-dipole
interaction or a subtype of electrostatic interaction. When a hydrogen atom is connected
with a strongly electronegative atom (such as O, N, and F); the hydrogen atom is able to
interact with nonbonding electron pairs on other such electronegative atoms.>®

In many early reports, hydrogen bonding has been claimed to be the primary
interaction mechanism between polysaccharides and mineral surfaces without strong
evidence.® However, it should be noted that polysaccharides could also form hydrogen
bonds with surrounding water molecules in aqueous solutions. Hence, the formation of
hydrogen bonds between polymers and mineral surfaces requires the breakdown of
existing hydrogen bonds. It is therefore questionable to take hydrogen bonding as the
dominant adsorption mechanism in aqueous solutions.® 48

(d) van der Waals (vdW) forces: essentially interactions within or between dipoles

and/or induced dipoles.” The van der Waals interactions are usually not as strong as



electrostatic or hydrophobic interactions, but they are always present in the systems and
cannot be neglected under certain circumstances.’

(e) Chemical interactions: polymer groups react with the solid surfaces and result in
the formation of covalent bonds or complex.*® The free energy change (or heat of
adsorption) of chemisorption is typically larger than 50 KJ/mol, and usually around

100~300 KJ/mol.#-°

1.3.2 Characterization of polymer adsorption
1.3.2.1 The adsorption isotherms

The adsorption isotherm is defined as the adsorption density of a polymer on the
solid surface versus the equilibrium concentration of the polymer in the solution at a
constant temperature. The slope and shape of the isotherms are affected by the properties
of the system, and the Gibbs free energy change of adsorption can indicate the
mechanisms of the adsorption process.?°

Based on the interaction mechanisms of the adsorption process, the adsorption can
be classified into two types: physical adsorption and chemical adsorption. In physical
adsorption, no electrons transfer would take place, while in chemical adsorption; transfer
of electrons typically occurs during the adsorption process.’® According to Giles et al.
(1960, 1974) classification, four classes of adsorption isotherms have been recognized

based on the initial part of the isotherms, as shown in Figure 1.3. Each class has

subgroups, which related to the behavior at higher concentrations.*
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Figure 1.3. Classification of adsorption isotherms.>’-3

The four main classes of adsorption isotherms as shown in Figure 1.3 are named the
S, L (Langmuir type), H (high affinity), and C (constant partition) isotherms, among
which the L (Langmuir) class is the most common and best-known isotherm. The
characteristic feature of Langmuir adsorption isotherms is an initial region concave to the

equilibrium concentration axis. The L2 isotherm reaches a plateau when increase the



solution concentration, indeed the L2 adsorption isotherm probably represents the
majority of cases of adsorption from dilute solution.*® !

The H (high affinity) type of isotherms has an initial portion that almost overlaps the
ordinate, showing extremely strong adsorption at low concentration,’® which indicates
chemical interactions may be involved during the adsorption process. However, it should
be noted that one cannot determine if the adsorption is chemisorption or physisorption
simply based on the shapes of the isotherms. The other classes of isotherms are less

common and some of them have not been experimentally observed, thereby were not

discussed in this work.

1.3.2.2 Polymer surface coverage

The polymer surface coverage strongly affects the depression performance of a
depressant.>® Typically, with increasing polymer surface coverage, the hydrophobicity (or
water contact angle) and floatability (or flotation recovery) of minerals will decrease if
the polymer chains contain a large number of hydrophilic groups such as hydroxyls.
Hence, polymer depressants with larger surface coverage usually possess stronger
depression effect, and this trend was observed in single and mixed mineral talc and
chalcopyrite flotation,*® as well as in the flotation of molybdenite.>*

The morphology of mineral surfaces before and after polymer treatment and the
polymer surface coverage can be determined by AFM imaging and related image

processing software. Figure 1.4 shows typical images of molybdenite basal planes before
10



and after polymer (guar gum) treatment and the corresponding polymer surface coverage.
The Igor Pro software was used to assess the height of the polymer domains and estimate

the polymer surface coverage in the AFM images.

A

Degree
2 2
1 1
0 0
-1 -1
-2
-2
B 32 Degree

Height
Figure 1.4. The surface coverage of a polymer depressant (guar gum) on molybdenite
basal planes. (A) AFM height (left) and phase (right) image of bare molybdenite basal
plane. (B) AFM height (left) and phase (right) image of molybdenite treated in 1 ppm

guar gum solution, with a polymer surface coverage of ~5.6% and a water contact angle
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of 73°. (C) AFM height (left) and phase (right) image of molybdenite treated in 5 ppm
guar gum solution, with a polymer surface coverage of ~44.5% and a water contact angle
of 65°. Adapted with permission from literature.>* Copyright 2017, American Chemical

Society.

As can be seen, the freshly exfoliated molybdenite basal plane is hydrophobic with a
water contact angle of 75° and slightly decreased to 73° after treatment in 1 ppm polymer
solution. Further increasing the polymer concentration to 5 ppm reduces the water contact
angle to 65°.>* Overall, the polymer surface coverage increased with increasing polymer
concentration, and the corresponding water contact angle decreases with increasing
polymer surface coverage. The Cassie—Baxter equation (equation 1.1),° could be
employed to predict the polymer surface coverage (¢) on the mineral surfaces based on

the water contact angles (0) and vice versa.

cos@ =¢-cosb

min — poly +(—¢)-cosb_ ., (1.1)

Where Omin and Ominpoly correspond to the water contact angle of pure mineral
surface and the mineral surface fully covered by polymers.>* However, it should be noted
that this equation and the above AFM imaging technique might not be applicable to

certain minerals and/or depressants, due to the fact that some minerals do not have

smooth cleavage planes, etc.

1.3.2.3 The adsorbed layer thickness
12



The adsorbed layer thickness is another important parameter to characterize the
adsorbed polymer layer, which is strongly affected by the adsorbed polymer
conformation. The conformation of adsorbed polymers can also influence the adsorption
density of polymers and adsorption isotherms. Typically, in dilute solutions, polymer
molecules tend to have relatively flat conformation with fewer loops and tails, while in
concentrated polymer solutions, the adsorbed layer thickness is more likely to increase

due to the formation of more loops and tails.?% >

Tail
Loop

Train

Mineral substrate

Figure 1.5. Schematic of an adsorbed polymer molecule at the mineral surface

(Train-loop-tail conformation).?

1.4 Challenges

As shown in Figure 1.6, talc is one of the most common hydrophobic gangue
minerals encountered in complex sulfide ores, especially in copper-molybdenum sulfide
ores. Economic separation and beneficiation of these copper-molybdenum sulfide ores
could not be achieved without the removal or depression of talc. In addition, the
separation of copper-molybdenum sulfides is also a challenging issue in the mineral

13



industry. Therefore, the use of proper depressants is critical to the processing and
beneficiation of these ores.

The widely used inorganic depressants for sulfides separation are toxic and
hazardous; hence, the application of polymeric depressants is growing. Most of the
extensively used polymeric depressants are natural polymers such as carboxymethyl
cellulose, guar gum, and dextrin, mainly due to their low cost and widespread availability.
However, it should be noted that these natural polysaccharides also suffer from some
drawbacks, including uncertain chemical compositions depending on sources, lack of
selectivity, and inconsistent performance.?’ Considering the disadvantages of natural
polysaccharides, synthetic polymers have also drawn considerable attention. Correctly
synthesized polymeric depressants could often show better selectivity and efficiency.

However, most of the synthetic polymers are expensive, non-biodegradable, and can
make the reuse of recycled water problematic in the flotation process. Hence, new and
biodegradable depressants derived or modified from natural polysaccharides for the
mineral processing industry, especially for the talc-molybdenite-chalcopyrite flotation
separation, are of great fundamental and practical importance. Since there are numerous
natural polysaccharides or macromolecules in nature, there must be some non-toxic,
biodegradable and eco-friendly polymeric depressants originate from natural polymers

for the mineral flotation separation.
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Figure 1.6. Challenges in talc-molybdenite-chalcopyrite flotation separation.

1.5 Possible solutions
1.5.1 Humic acids and its analogues

Humic acids (HA) are the primary organic constituents of humus or soil, and widely
exist in dystrophic lakes, rivers, seawater, and even industrial process water.’®>” As one
of the most abundant naturally occurring organic macromolecules, humic acids are
produced by the microbial decomposition of vegetation, animals, and microorganisms
and subsequent polymerization and condensation of the biodegradation products.’® As a
result, HA contains both aliphatic chains and aromatic rings (hydrophobic moieties), in
which carboxyl groups, phenolic -OH groups and -N—, —O— bridging atoms (hydrophilic

moieties) randomly distributed, as demonstrated in Figure 1.7.
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In addition, HA is strongly negatively charged over a broad range of pH. The
hydrocarbon chains and aromatic rings of HA may originate from the lignin and
microbial degradation, which contribute to its hydrophobicity under a certain pH range.>®
The major advantages of HA are its low-cost, abundance, and non-toxicity, making it
suitable as flotation depressants. However, the chemical composition of humic acids is

uncertain and may vary from source to source.

Aromatic COOH

Aliphatic COOH H
COOH (Na COOH (Na)

c

COOH Na lH‘:3_°H|4
I 0 ]
o
-

7
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R_TH (Peptide)
c=o0

NH

'

Figure 1.7. A hypothetical molecular structure of humic acids (sodium salts).>®

1.5.2 Chitosan and its derivatives

Chitosan, a cationic copolymer of D-glucosamine and N-acetyl-D-glucosamine, is
produced by the deacetylation of a natural polysaccharide—chitin.® 362 Chitin, as the
second most abundant natural polymer in the world after cellulose, can be readily
obtained from crab or shrimp shells and fungal mycelia.®® The structures of cellulose,

chitin, and chitosan are shown in Figure 1.8 (a), (b), and (c), respectively.
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As can be seen, chitosan, chitin, and cellulose have similar chemical structures, and
chitin can be regarded as cellulose with hydroxyl groups on C-2 replaced by acetamido
group, while chitosan is the N-deacetylated derivative of chitin.®® For chitosan, the
hydroxyl groups and amino groups on the glucosamine provide possible reaction sites for

the formation of metal complexes and the substitution of new functional groups, ¢ while
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the large number of hydrophilic groups of chitosan enables it to possess adequate
depression effect.

However, the polymeric depressants used for mineral flotation are typically
non-ionic or anionic, while cationic polymers like chitosan are rarely directly used in the
mineral processing industry owing to their poor selectivity.’’ The consideration is that
most mineral particles, including valuable and gangue minerals, are negatively charged
under mild alkaline conditions where industrial flotation is typically performed; thus the
cationic polymers will unselectively adsorb onto negatively charged particles due to
electrostatic attraction. Therefore, in this work, a novel and biodegradable anionic
polymer derived from chitosan, i.e., O-Carboxymethyl chitosan (O-CMC), is investigated

as a depressant. The chemical structure of O-CMC is shown in Figure 1.9.

CH,OCH,COOH
HO NHR
)
~ o | o)
© HO -
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R=H or COCH;

Figure 1.9. The molecular structure of O-Carboxymethyl chitosan (O-CMC).

1.6 Objective
This research is aimed at developing non-toxic, selective and biodegradable

polymeric depressants derived from chitosan and/or other natural polymers or

18



macromolecules such as humic acids for mineral flotation, particularly for the flotation
separation of talc, molybdenite, and chalcopyrite. The interaction and adsorption
mechanisms between selected depressants and mineral surfaces are also investigated. The
detailed objectives are listed as follows:

(1) Investigate the flotation response of single minerals (e.g., talc, molybdenite, and
chalcopyrite) in the presence of various polymeric depressants, to improve the depression
effect of unwanted minerals such as talc, and study the adsorption characteristics of
polymeric depressants on mineral surfaces.

(2) Optimize the types of polymeric depressants and flotation conditions, and
evaluate the selectivity of selected depressants towards artificial mineral mixtures (talc,
molybdenite, and chalcopyrite) under different solution conditions.

(3) Elucidate the interaction mechanisms between selected polymeric depressants
and mineral surfaces under various pH and ionic strength, further confirm the proposed

interaction mechanisms using model hydrophobic surfaces and/or polymeric depressants.

1.7 Structure of the thesis

Chapter 1 introduces the basic principles and reagents in mineral flotation,
especially the depressants and associated depression/adsorption mechanisms, as well as
the remaining challenges. The potential polymers for the mineral flotation separation and

the objectives of this research are also presented.
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Chapter 2 illustrates the flotation separation of molybdenite and talc using humic
acids and the adsorption mechanisms of humic acids on both minerals. The adsorption
mechanisms of humic acids on both minerals were also investigated and discussed.

Chapter 3 investigates the application of humic acids in the flotation separation of
copper-molybdenum sulfides. The adsorption characteristics of humic acids on
molybdenite and chalcopyrite and the possible interaction mechanisms were also
reported.

Chapter 4 demonstrates the impacts of surface hydrophobicity and salinity on the
adsorption characteristics and kinetics of humic acids.

Chapter 5 studies the feasibility of O-CMC as a selective depressant during the
flotation separation of copper-molybdenum sulfides. The adsorption characteristics and
mechanisms of O-CMC on both mineral surfaces were also systematically studied.

Chapter 6 presents the major conclusions of this work and the original contributions.

The directions for future work are also suggested.
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Chapter 2. Selective flotation separation of molybdenite and

talc by humic substances

2.1 Introduction

Humic acids (HA) or more generally, humic substances are produced by the
decomposition and biodegradation of organic matter. As one of the most abundant natural
substances, humic substances contribute to 60-70% of natural organic materials in soil
and 30-50% of organic constituents in aquatic systems,'? and can be easily found in
rivers, dystrophic lakes, seawater, and even industrial process water.!* Humic acids and
their analogues have been used in a wide range of biological and technological
applications such as chemical engineering, healthcare, agriculture, and aquaculture,
mainly because they are non-toxic, widely available, inexpensive and biocompatible.
Humic acids and their analogues have also been explored in the mineral industry and
have been shown to have a depressive effect on the flotation of molybdenite.>*°

Hoover (1980) reported that humic and tannic acids existing in recycled process
water showed a detrimental effect on the flotation of molybdenite. Following this initial
report, the effect of humus organics concentration on molybdenite flotation was studied,
and it was found that even at a very low concentration (~1 ppm), humic acids could
dramatically reduce the recovery of molybdenite. On the other hand, it was observed that
clay particles (kaolinite) with adsorbed humus materials could become hydrophobic

under certain solution conditions.>” As a result, humic acids and their analogues were
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tested as potential selective depressants for value minerals by reverse flotation of the clay
gangue, including the reverse flotation of coal,®!° and iron ore.> !!

Talc is one of the most common hydrophobic clay minerals encountered in complex
polymetallic sulfide ores, especially in complex copper/nickel sulfide ores, molybdenum
ores and the ores of platinum group metals.'>!” Economic beneficiation of these complex

sulfide ores cannot be achieved without the removal of talc. In the past several decades,

20-23 12, 24-28

various depressants including inorganic and organic/polymeric depressants

have been used to depress the gangue mineral talc during sulfide flotation. Generally,

organic/polymeric depressants have been proven to be more efficient, less toxic and

29

eco-friendly as compared to inorganic depressants,” and can be used under various

conditions, or modified for better selectivity.?>3°

Common polymeric depressants used for talc depression are natural or synthetic

12, 23, 24, 31-35 16, 17, 24, 26, 36, 37

polysaccharides such as carboxymethyl cellulose, guar gum,

14,3842 and synthetic polyacrylamides.'® **» * However, these depressants

dextrin,
generally lack selectivity during the flotation separation of inherent hydrophobic minerals,
e.g., molybdenite and talc, lowering molybdenite concentrate grades and causing severe
problems to the subsequent smelting operations. Hence, in this study, HA was proposed
as a potential depressant for molybdenite during the flotation separation of molybdenite
and talc, and the adsorption characteristics of HA on these two hydrophobic minerals

have been investigated through equilibrium adsorption studies, diffuse reflectance

infrared Fourier transform (DRIFT) spectroscopy, and atomic force microscopy (AFM).
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2.2 Materials and methods
2.2.1 Materials
2.2.1.1 Mineral samples

The mineral samples used in this study were high purity talc (Imerys Talc Group,
USA) and molybdenite (Dayu, Jiangxi, China). The purity of the talc sample was
reported to be > 96%, with a minor amount of chlorite (< 3%) and dolomite (< 1%). The
purity of the talc sample was confirmed by X-ray diffraction (XRD) using a Rigaku
Ultimate IV XRD, as no detectable impurity was observed. The mineralogical and
chemical composition of the molybdenite sample was also analyzed by XRD and atomic
absorption spectrometry (AAS), and the purity was found to be > 96% with SiO; (< 4%)
as the major impurities. Hence, the mineral samples were used as received.

Talc is a 2:1 layer hydrated magnesium silicate which consists of two tetrahedral
silica layers held together with brucite, Mg(OH)a, with a formula Mg3(Si205)2(OH).2% 2%
45 The layered talc sheets are held together by weak van der Waals forces. As a result, talc
is an anisotropic mineral and exhibit distinct edges and basal cleavage planes. The basal

46,47

planes are naturally hydrophobic, and the edges of talc created by the breakage of the

Si-O and Mg-O bonds are hydrophilic.**: ¥ Molybdenite is a mineral of molybdenum
disulfide, MoS,, which also exhibits a laminar crystal structure similar to talc. The
rupture of S—Mo covalent bonds generates hydrophilic edges, while the breakage of weak

van der Waals force linked S—Mo—S layers generates hydrophobic basal planes.® 43
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The lumps of talc and molybdenite were first hammer crushed, hand sorted and then
dry ground. The ground product was dry screened through Tyler standard sieves. The
-150+74 pm fraction was collected and used for flotation tests, while the -37 um fraction
was used for adsorption studies, infrared spectroscopy and other surface analyses.?® The
specific surface areas of the -37 um mineral particles, used for adsorption studies, were
determined using an Autosorb Quantachrome 1MP based on Brunauer—Emmett—Teller
(BET) theory. The specific surface area of the -37 pum talc and molybdenite was

determined to be 2.72 m?/g and 2.02 m*/g, respectively.

2.2.1.2 Reagents

Humic acid sodium salt or HA (Sigma-Aldrich, USA) was chosen as the depressant
for molybdenite. HA contains both aromatic rings and aliphatic chains (hydrophobic
moieties), in which —-COOH groups, phenolic —OH groups and —O—, —N— bridging units
(hydrophilic moieties) randomly distributed, making HA strongly negatively charged
over a wide range of pH. The aromatic rings and the hydrocarbon chains of HA may
originate from the lignins and microbial degradation, which may contribute to its
hydrophobic characteristics under certain pH.

4-Methyl-2-pentanol (MIBC, 99+%, Acros Organics) was used as a frother in
flotation. High purity water (Milli-Q, Millipore) with a resistivity of 18.2 MQ-cm at

295K was used in the preparation of solutions. Potassium chloride (KCIl, ACS reagent
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grade, Fisher Scientific) was used as the background electrolyte for the experiments. The

pH of all solutions was adjusted using KOH and HCI solutions.

2.2.2 Methods
2.2.2.1 Flotation

The single and mixed mineral flotation tests were carried out in a microflotation
tube with a Siwek top as shown in Figure 2.1.°! A sintered glass frit with a pore size of
1.6 um is fitted at the base of the tube, on which a magnetic stirring bar is used to mix
and agitate the pulp. The top of the tube is connected to a collection bulb by a narrow

throat. Hence, the mechanical entrainment can be minimized.’'

Narrowed throat

'

Collection bulb

i ; Magnetic stirring bar
\ / Z Sintered glass frit
L — ) <+«—— Gas inlet

Figure 2.1. Schematic of a custom-made Hallimond tube.
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In the single mineral flotation test, 1.5 g molybdenite or talc mineral particles (size:
-150+74 pm) were added into 150 mL 0.001 M KCI solution at desired pH without or
with HA at a desired concentration. In mixed mineral flotation test, 1.5 g molybdenite
and talc mineral particles (size: -150 +74 pm) with a weight ratio of 1:1 were added into
150 mL 0.001 M KCI solution at desired pH and HA concentration. The pulp was then
conditioned for 5 minutes, during which the solution pH was adjusted using KOH or HCI.

Thereafter, MIBC was added to achieve a concentration of 20 ppm, and the pulp was
further conditioned for 1 minute. The conditioned slurry was transferred to the flotation
tube and floated for 4 minutes using high purity compressed air. The gas flow rate during
flotation was maintained at 20 cm®/min.

In the single mineral flotation, the concentrate and tailings were filtered, dried and
weighed to calculate the recovery of the single mineral, while in mixed mineral flotation
tests, the concentrates were filtered, dried and weighed. The dried concentrates were
added into piranha solution (3:1 mixture of concentrated sulfuric acid and hydrogen
peroxide) and stirred for at least 72 hours until no molybdenite particles (black particles)
can be observed in the residues. Since the molybdenite can readily dissolve in piranha
solution while talc (white particles) is insoluble in this solution, the white residues can be
considered to be talc. The piranha solution was then diluted and filtered; the obtained

residues were dried and weighed to calculate the recoveries of talc and molybdenite.

2.2.2.2 Contact angle measurements
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The contact angle of HA-treated mineral particles was determined using a Sigma
700/701 tensiometer (Biolin Scientific, Sweden) based on the Washburn method. Before
contact angle measurements, the mineral particles (size: -150+74 pum) were pretreated
with various concentrations (i.e. 0, 5, 10, 20 ppm) of HA solutions in 0.001 M KCI at pH
9. The treated mineral particles were filtered and washed three times with Milli-Q water
to remove the non-adsorbed or weakly attached HA on minerals surfaces. After filtration
and washing, the solids were dried in a vacuum drying oven and used in contact angle
measurements. Two grams of the treated mineral particles were packed inside the
close-ended stainless steel capillary tube with filter paper and connected to a balance.
Afterwards, the tube was brought into contact with Milli-Q water. The weight of the tube
was recorded against time until equilibrium was reached, and the contact angles of treated
mineral particles were calculated based on the Washburn equation (equation 2.1). Ethanol
was used as the reference liquid since it could fully wet the untreated molybdenite and

) 52,53
2

talc surfaces (where the contact angles were considered to be 0 and was tested in the

beginning to obtain the materials constant C of minerals in equation 2.1.

m> C-p*-c-cosf

! n

Where m is the mass of adsorbed liquid, ¢ is the equilibrium time of the test, C is

2.1)

materials constant for the mineral particles, p is the density of the liquid, € is contact

angle, and 7 is the viscosity of the wetting liquid.
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2.2.2.3 Adsorption studies

The equilibrium adsorption isotherms of HA on talc and molybdenite were
determined in 0.001 M KCI solution at pH 9. Adsorption tests were conducted in a series
of conical flasks which were shaken on an orbital shaker at 295 K. Specifically, 0.5 g
mineral samples (size: -37 um) were added into conical flasks containing 40 mL 0.001 M
KCl solutions with various concentrations of HA at pH 9, then the flasks were stoppered
and continuously shaken for 30 minutes.?

Thereafter, a suspension sample was collected from the solution and centrifuged at a
speed of 5752x%g for 10 min, and the supernatant of the sample was then extracted and
filtered through membranes (pore size 0.22 pum) to remove the fine solids.** An Evolution
300 UV-Vis Spectrophotometer was used to determine the concentration of residual HA
in solution. The calibration curve of the HA solution concentration was established with
various concentrations of HA (i.e., 0, 10, 25, 50, 100, 150, 250 ppm) present in 0.001 M
KC1 solution at pH 9. The measurements were run in the wavelength range from 200 to
500 nm. It was found that the absorbance (Y) at 370 nm has the best linear relationship
(Y=0.010945X, R?>=0.999954) with the change of HA concentration (X, ppm) under this
solution condition. Hence, the concentration of residual HA in solution was determined at
a wavelength of 370 nm based on the equation X=Y/0.010945. It is assumed that the HA

depleted from solution has been all adsorbed onto the mineral surfaces.

2.2.2.4 Infrared spectroscopy
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Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was used to
illustrate the structure of HA as well as to study the adsorption of HA onto mineral
surfaces. The DRIFT spectroscopy tests were conducted using a Nicolet Nexus 670 FTIR
spectrophotometer (Thermo Scientific, USA) instrument with a Smart Diffuse
Reflectance accessory. A total of 128 scans per sample with a spectral resolution of 4 cm’™!
were collected in all experiments. FTIR grade potassium bromide KBr (ACROS Organics,
USA) powder was used to obtain the background spectrum. To investigate HA adsorption
onto minerals surfaces, 0.5 g of -37 pm minerals particles were ground to ~2 pm using an
agate mortar/pestle, then added into 50 mL 500 ppm HA solution in 0.001 M KCl at pH 9.
The mineral suspension was continuously shaken for 30 min. The treated mineral
particles were then filtered and washed 3 times with Milli-Q water to eliminate the
influence of non-adsorbed or weakly adsorbed HA. After filtration, the solids were dried
in a vacuum drying oven. The HA samples, treated and untreated minerals powders, were
hand mixed with KBr powder respectively with an agate mortar/pestle, and the DRIFT

spectra of HA, untreated and treated minerals were obtained against the KBr background.

2.2.2.5 Electrokinetic studies

The zeta potentials of mineral particles under various solution conditions were
determined using a Zetasizer Nano (Malvern Instruments Ltd., UK). In each test, 0.5 g of
fine mineral particles (size fraction: -37 pm) were mixed with 50 mL 0.001 M KCl

solution in a 100 mL polyethylene bottle, with or without HA at the desired
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concentration.”> The pH of the mineral suspension was adjusted using 0.1 M and 0.01 M
KOH or HCI, and then ultrasonicated for 5 minutes. An equilibration time of 15 min was

allowed before each measurement.

2.2.2.6 Atomic force microscope imaging

An Asylum MFP-3D atomic force microscope (Asylum Research, Santa Barbara,
USA) was used for imaging the morphology of mineral surfaces®*>° before and after HA
treatment, which can provide information of HA adsorption on mineral surfaces such as
polymer surface coverage and layer thickness.’”>3® In each test, freshly cleaved talc or
molybdenite surface was obtained by removing the top layers using sticky tape, and then
immersed into 5 ppm HA in 0.001 M KCI solution at different pH for 30 minutes. After
that, the mineral substrate was taken out from the solution and washed 3 times with

Milli-Q water, then dried with high purity nitrogen gas prior to imaging.

2.3 Results and discussion
2.3.1 Flotation
2.3.1.1 Single mineral flotation

Flotation tests were carried out on single minerals in 0.001 M KCI solution at pH 9
under various concentrations of HA to determine the critical concentration of HA. As
shown in Figure 2.2, very high flotation recovery was observed for both talc (~97%) and

molybdenite (~92%) in the absence of HA. After the addition of 5 ppm HA, the flotation
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recovery of molybdenite (black curve) was reduced dramatically from 92% to 12%, and
further increasing the concentration of HA (up to 20 ppm) only slightly reduced the
flotation recovery to 5%, which indicates that 5 ppm HA would be sufficient to depress
the molybdenite flotation. In contrast, the addition of HA had a negligible influence on
the flotation of talc (red curve), and the flotation recovery remained above 97% over the
entire HA concentration range tested (up to 20 ppm). Hence, the critical concentration of
HA was determined to be 5 ppm, which was used in the following flotation tests to

investigate the influence of solution pH.

100
— — - -
80 —=— Talc recovery
—eo— Molybdenite recovery
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o
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0 5 10 15 20
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Figure 2.2. Recovery of talc and molybdenite in 0.001 M KCI solution at pH 9 with the

addition of varying HA concentration (i.e., 0 to 20 ppm). Frother: 20 ppm MIBC.
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Figure 2.3 shows the talc and molybdenite flotation recovery in the absence and
presence of 5 ppm HA as a function of pH. As can be seen, the talc and molybdenite
flotation recovery is above 90% under most of the pH conditions tested without the
addition of HA, except at pH 11 under which the recovery of molybdenite dropped to
66%. These results are consistent with the literature,® '% 26 28 which showed that the
molybdenite flotation recovery could be reduced under alkaline conditions (pH > 9) while
the talc recovery would be insensitive to solution pH.

At an electrolyte concentration of 0.001 M KCI, the anionic HA is an effective
depressant for molybdenite over the entire pH range from 3 to 11, as its recovery
remained below 17% in the presence of 5 ppm HA regardless of the change in pH. In
comparison, the talc flotation was generally not affected in most pH tested and remained
above 95% except for strong acid conditions (pH 3), where the recovery of talc was
lowered to 43%. This may be caused by the increased adsorption density of HA on talc
surfaces due to less electrostatic repulsion between HA and talc and increased
hydrophobicity of HA molecules (based on hydrophilic-lipophilic balance definition) at
the lower pH, as the carboxylate groups and phenolate groups etc. of HA are protonated.
Therefore, a large separation window from pH 5 to 11 exists in which molybdenite is

almost completely depressed while talc is almost completely floated.

41



100

° i *~— —
80
i’\i 60 —a— Talc
5 —— Molybdenite
3 —&— Talc + 5 ppm HA
3 40 - —v— Molybdenite + 5 ppm HA
(14
20 1 /
\4 v —v
0 1 1 1 1 1
3 5 7 9 1
pH

Figure 2.3. Recovery of talc and molybdenite with and without the addition of 5 ppm HA

at varying pH in 0.001 M KCI solution. Frother: 20 ppm MIBC.

2.3.1.2 Mixed minerals flotation

The single mineral flotation tests with the presence of 5 ppm HA indicate a large
separation window from pH 5 to 11. Hence, the mixed minerals flotation tests were
carried out at varying pH in 0.001 M KCI solution with the addition of 5 ppm HA, to
examine the possibility of using HA as a selective depressant in the flotation separation of
talc-molybdenite mixtures.

Figure 2.4 shows the molybdenite and talc recovery in the concentrates floated from
the artificial mixtures of molybdenite and talc with a weight ratio of 1:1. As can be seen,

talc was selectively separated from molybdenite in alkaline solutions, especially around
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pH 11, where talc was almost completely floated with a flotation recovery of 90%, while
molybdenite was effectively depressed with a recovery of 19%. Interestingly, the flotation
recovery of talc in the mixed minerals flotation was lower than that in single mineral
flotation tests, especially in the pH range 5 to 9, where the recovery of talc in the single
mineral flotation was higher than 95% but when it was floated from the molybdenite-talc
mixture, its recovery was lower than 60%. In comparison, the floatability of molybdenite
was consistent with single mineral flotation tests over the entire pH range tested, and the
recovery of molybdenite remained under 20% in single mineral flotation as well as in
mixed minerals flotation tests. The reduced recovery of talc in the mixed minerals
flotation from pH 5 to 9 indicates that heterocoagulation between talc and molybdenite
may have occurred, possibly caused by the electrostatic interaction, although no direct
evidence was observed. The zeta potential plots of talc and molybdenite in the presence
and absence of HA are shown in Figure 2.10, which are the average values over all
surface areas of the mineral particles including both basal planes and edges. It should be
noted that the PZC of talc edges is around pH 9 while the talc basal planes are inherently
negatively charged over a wide range of pH due to isomorphic substitution.”® On the
other hand, the basal planes of molybdenite were reported to carry negative charge over
the entire investigated region from pH 3 to 11, while the PZC of molybdenite edges was
found to be around pH 3. Therefore, the positively charged edges of talc could attach to
the negatively charged edges and/or basal planes of molybdenite at pH < 9 as a result of

electrostatic attraction, leading to the heterocoagulation or slime coating. It is worth
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mentioning that less aggregation could be observed with increasing solution pH, which
was consistent with the increased recovery of talc, most likely because the electrostatic
attraction was weakened from pH 3 to 9. However, under strong alkaline conditions, e.g.,
pH 11, both the edges and basal planes of talc and molybdenite particles may have been
strongly negatively charged, the heterocoagulation is eliminated as a result of
electrostatic repulsion. The mineral particles are well-dispersed under this solution

conditions; hence the selective separation was achieved.
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Figure 2.4. Flotation recovery of talc and molybdenite from a 1:1 artificial mixture with
the addition of 5 ppm HA at varying pH in 0.001 M KCI solution. Frother: 20 ppm

MIBC.
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2.3.2 Contact angle measurements

Figure 2.5 shows the water contact angles of molybdenite and talc particles before
and after treatment with various concentrations of HA in 0.001 M KCl solution at pH 9. It
can be seen that both talc and molybdenite exhibit inherent hydrophobicity with a
relatively high water contact angle of 87° and 76°, respectively. However, after treatment
with 5 ppm HA solution at pH 9, the contact angles of both molybdenite and talc
decreased dramatically. Specifically, the contact angle of talc decreased from 87° to 77°

while the contact angle of molybdenite decreased from 75° to 63°.
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Figure 2.5. Contact angles of talc and molybdenite particles (size: -150+74 pm)

pretreated with varying concentration of HA in 0.001 M KCl at pH 9.
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At higher HA concentration, the contact angles of both molybdenite and talc only
slightly decreased further. Overall, the contact angles of treated talc were still much
higher than the treated molybdenite under the same solution condition. This trend is
consistent with the results of flotation, showing that the treatment by HA increased the
wettability of molybdenite much more than talc, and inhibited bubble attachment on
molybdenite surfaces, lowering the recovery of molybdenite while not affecting the

flotation of talc.

2.3.3 Adsorption isotherms

The equilibrium adsorption isotherms of HA on talc and molybdenite are shown in
Figure 2.6. Generally, the adsorption density of HA on these two minerals increases with
increasing HA concentration. However, the adsorption density of HA on molybdenite is
much higher than that on talc at the same equilibrium concentration of HA. This result is
in agreement with flotation and contact angle measurement. Specifically, when the HA
solution equilibrium concentration is around 20 ppm, the adsorption density of HA on
molybdenite is 1.6 mg/m?, while the adsorption density of HA on talc is only around 0.13
mg/m?, i.e., the adsorption density of HA on molybdenite is an order of magnitude higher
than that on talc. Considering the edges of molybdenite/talc usually account for 10% of

25,60

the total surface areas, the higher adsorption density of HA on molybdenite compared

to talc are likely caused by the different adsorption sites. Specifically, the adsorption of
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HA on talc most likely took place on talc edges due to the electrostatic interaction, while

the adsorption of HA on molybdenite more likely occurred on basal planes.
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Figure 2.6. Adsorption isotherms of HA on talc and molybdenite in 0.001 M KCI at pH 9.

(Initial HA concentration was 0, 10, 20, 40, 60, 80, 100, 150, 200 ppm)

To better illustrate the underlying adsorption mechanisms, the adsorption isotherms
of HA on molybdenite and talc were fitted by the Langmuir-Freundlich adsorption model.
According to the Langmuir-Freundlich equation, the equilibrium concentration Ceq
(mol/L) of HA in the bulk solution, and the adsorption density q (mg/m?) of HA on

mineral surface, are related through the equation 2.2:

q= O £:Co 2.2)
(1+K~Ceq”)
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Where Qs is the maximum adsorption density of HA on mineral surfaces, and K is
the Langmuir adsorption equilibrium constant. In order to calculate the free energy of
adsorption, the Langmuir equilibrium constant K must have a unit of liters per mole.
Hence, the unit of Ceq in this equation must be moles per liter. Assuming the molecular
weight of HA in this work is 10,000 g/mol, which is a typical value for HA molecules.
The equilibrium concentration of HA can then be converted from ppm to mol/L, and

Figure 2.6 can be replotted as Figure 2.7.
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Figure 2.7. Fitted adsorption isotherms of HA on talc and molybdenite in 0.001 M KCl at

pH 9.

It should be noted that the last three data points of each isotherm were not included

during the fitting of the Langmuir-Freundlich equation. The primary consideration is that
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only six suspension samples can be centrifuged each time during the adsorption study,
thus the adsorption time of the other (last) three suspension samples is at least 10 min
(centrifugation time, etc.) longer. Therefore, the apparent HA adsorption density of last
three samples are unusually higher than the other six samples.

The parameters of Langmuir-Freundlich fitting are presented in Table 2.1. Based on
the Langmuir equilibrium constant K, the standard free energy change (AG) during the
adsorption can be calculated from equation 2.3:

AG=—-RT-nK, ~—RT-InK (2.3)

Where R is the gas constant (8.314 J-mol™-K!). T is the temperature in kelvins, and
Ka i1s a dimensionless thermodynamic equilibrium constant. For a dilute solution, Ka

equal to the Langmuir equilibrium constant K.6!

Table 2.1. Adsorption parameters of HA adsorption on molybdenite and talc at

T=298.15K, as determined from fitting to Langmuir-Freundlich equation.

Qsat (mg/m?) K n R? AG(KJ/mol)
Molybdenite 2.48+0.76 44661 0.78+0.27 0.98 -26.54
Talc 0.30+0.08 451306 1+0.46 0.98 -32.27

As shown in Table 2.1, the maximum adsorption density (Qsi) of HA on

molybdenite is about seven times higher than that on talc. Again, considering the
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face-to-edge ratio of molybdenite and talc particles, the adsorption of HA on molybdenite
is likely to occur on its basal planes, while the adsorption of HA on talc more likely
happens on its edges. Besides, since both adsorption isotherms are well described by the
Langmuir-Freundlich equation, the adsorption of HA on molybdenite/talc is likely to be
monolayer adsorption. In fact, the AFM images in Figure 2.11 confirmed that the
adsorption of HA at pH 9 is monolayer adsorption.

In addition, the changes of free energy during the adsorption of HA on molybdenite
and talc were less than 50 KJ/mol, which indicates chemical interactions were not
involved during the adsorption process. Therefore, the interactions between HA and
molybdenite/talc are likely governed by weak physical interactions such as hydrophobic
interaction and electrostatic interaction. Hydrogen bonding was not considered as a
dominant adsorption mechanism since the formation of hydrogen bonds between HA and
mineral surfaces requires the breakdown of existing hydrogen bonds between HA/mineral
surfaces and water molecules. It is interesting to know that the calculated heat of
adsorption of HA on talc is higher than that of molybdenite. The possible explanation is
that the adsorption of HA on talc edges are mostly driven by electrostatic attraction, while
the HA adsorption on molybdenite basal planes was not only governed by hydrophobic
attraction but also strongly hindered by electrostatic repulsion, as demonstrated in the

electrokinetic study (section 2.3.5).
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2.3.4 Infrared spectroscopy

The DRIFT spectra of talc and molybdenite before and after treatment with 500 ppm
HA in 0.001 M KCI solutions at pH 9 are shown in Figure 2.8 and Figure 2.9
respectively, together with the spectrum of HA. In the spectrum of HA, the characteristic
peaks in the range of 1000-3000 cm™ were assigned based on Stevenson et al..! More
specifically, the bands at 2920 cm™ and 2850 cm' were attributed to the stretching
vibration of methyl and methylene groups (—CH3 and —CH»>-), respectively. The peak at
1677 cm™ was possibly caused by the C=0 stretching vibration of the amide groups
(amide I band), quinone C=0 and/or C=0O of H-bonded conjugated ketones. The strong
band at 1577 cm™ comes from the asymmetric stretching of ~COO", N-H deformation
and C=N stretching (amide II band). The peak at 1390 cm™ with a relatively high
intensity belongs to the symmetric stretching of —COO", C—H deformation of —CH3 and —
CH»— groups, O—H deformation and C—O stretching of phenolic OH. The peaks at 1100,
1033, 1010 cm™ come from the C—O stretching and —C—O— vibration of polysaccharides

or polysaccharides-like substances. ' % 3
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Figure 2.9. The DRIFT spectra of molybdenite before and after treatment with 500 ppm

HA at pH 9 in 0.001 M KCL.

Figure 2.8 shows the strong band near 1018 cm™ in the spectrum of talc which is
caused by the stretching vibration of Si—O—Si.® The results also showed that the
spectrum of talc treated with 500 ppm HA is the same as the untreated talc. It can be
concluded that there were no detectable HA molecules on talc surfaces after being
washed 3 times with Milli-Q water, suggesting that the interactions between talc and HA
are relatively weak.

However, the results in Figure 2.9 indicate that after treatment with HA, several
new peaks appeared near 2920, 2850, 1677, 1577 and 1390 cm™ on the spectrum of
treated molybdenite, corresponding to the stretching vibration of —CH3 and —CH,—, C=0
stretching vibration of amide groups, asymmetric and symmetric stretching of —COO".
This indicates that HA has been adsorbed on molybdenite surfaces, even after three times
washing with Milli-Q water. Besides, the lack of peak shift indicates no strong chemical

interactions were involved during the adsorption process.

2.3.5 Electrokinetic studies
To further understand the flotation results of molybdenite and talc and possible
interaction mechanisms, the influence of pH on the zeta potential of treated and untreated

minerals particles was measured and the results are shown in Figure 2.10. As the zeta
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potential measurement in this work was based on electrophoresis technique, the measured
zeta potential is an average of the apparent zeta potential of the talc and molybdenite
particles without a detailed account to the actual charges carried by the basal or the edge
surfaces. As can be seen, both talc and molybdenite particles are negatively charged over
the entire pH (3 to 11) range tested, with an estimated iso-electric point (IEP) around pH
2 for talc and less than pH 2 for molybdenite, respectively. Besides, the zeta potential of
molybdenite is more negative that talc from pH 3 to 10, especially in the low pH range,
these results are consistent with the literature values.® 2

In the presence of 20 ppm HA, the zeta potential of talc or molybdenite particles is
more negative than in the absence of HA over the entire pH range. The possible
explanation is that HA is strongly negatively charged, and the adsorption of HA rendered
the mineral surface charges more negative. In addition, it can be seen that as the solution
pH decreases, the zeta potential difference between treated talc and untreated talc
increases, indicating that the adsorption density of HA on talc surfaces may increase at
lower pH, possibly due to lower electrostatic repulsion. At pH 3, the zeta potential of
untreated talc is -12.9 mV while the zeta potential of treated talc is -40.3 mV, showing
that the adsorption of HA shifted the zeta potential of talc by 27.4 mV. This suggests that
there is a relatively large amount of HA adsorbed onto talc surfaces at this pH. In fact,
AFM imaging results in Figure 2.11 also confirmed that at pH 3, the talc surfaces were
fully covered with HA molecules. This phenomenon also explains why the floatability of

talc is reduced dramatically at pH 3.
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Since the zeta potential values of molybdenite and talc particles determined by

electrophoresis technique were averaged values over all surface areas, which includes

both faces and edges. The surface charges of edges and faces of talc and molybdenite

were also discussed independently based on the literature reports and the experimental

results in this work.

Specifically, the talc basal plane is inherently negatively charged over a wide range

of pH due to isomorphic substitution, possibly broken bonds and/or hydrolysis of

siloxane bonds on the basal planes.’® The negatively charged HA molecules barely adsorb

onto talc basal planes at pH 9 (or more generally, pH>5) as a result of electrostatic
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repulsion; hence the flotation of talc was not affected by HA over a wide range of pH
except for pH<3. On the other hand, the edges of talc have a point of zero charge (PZC)
around pH 9 based on the results of direct force measurements using atomic force
microscopy.”® Below the PZC, the edges of talc particles are positively charged, which
could interact with the negatively charged HA molecules due to electrostatic attraction,
rendering the talc particles more negatively charged at pH<9 compared to the untreated
talc particles.

In comparison, the surface potential of molybdenite edges is negative over a wide
range of pH with a PZC around pH 3,% while the basal planes of molybdenite are less
negatively charged compared to its edges at pH above 4.%* Thus, HA molecules adsorb
more readily onto molybdenite basal plane as a result of hydrophobic interaction and less

electrostatic repulsion.

2.3.6 AFM imaging

Figure 2.11 shows the topographic AFM images of mineral surfaces before and after
treatment by 5 ppm HA in 0.001 M KClI solution. As can be seen in Figures 2.11 (a) and
(b), both the bare molybdenite and talc showed molecularly smooth surfaces with
root-mean-square (rms) roughness of ~0.3 nm. After treatment with 5 ppm HA at pH 9,
the HA molecules covered a significant surface area (70-80%) of molybdenite basal plane
as shown in Figure 2.11 (c); whilst HA could not be detected on the cleaved surface of

treated talc under the same pH as displayed in Figure 2.11 (d). The AFM images
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coincided with the results of DRIFT spectroscopy in Figure 2.8 and 2.9, which explained
the preferential adsorption and strong depression effect of HA on molybdenite over talc.
Besides, HA molecules tend to “spread” onto molybdenite surface rather than form
aggregates at pH 9. This is possibly due to the relatively low ionic strength of the solution
(0.001 M KCl) and the HA molecules are strongly negatively charged at pH 9, making
HA more likely to have a stretched conformation on molybdenite surface instead of
forming aggregates as a result of the strong inter/intramolecular electrostatic repulsion at
pH 9.

However, when the molybdenite and talc surfaces were treated with 5 ppm HA at pH
3, both mineral surfaces were fully covered by the aggregates of HA molecules, as shown
in Figures 2.11 (e) and 2.11 (f). The HA molecules would more readily form aggregates
(via hydrophobic interaction, n—m stacking, etc.) and adsorb onto the mineral surfaces
under the acidic condition. This is attributed to the reduced electrostatic repulsion among
the HA molecules as well as between the HA molecules and mineral surfaces due to the

relatively weak charges of HA molecules and mineral surfaces under the acidic condition.

(b)

0.8

@

08

pm
— 1000

06 500 0.6

pm
pm

0.4 0.4

0.2 0.2

-1000

00 0.0

0.0 0.2 0.4 08 0.8 10
pm

57



pm
1000

pm

e lat

1000

500

pm
- T
el det 9

e

-500

-1000

~ TR

0.0-8 d
00 0.2 04 06 08

Figure 2.11. AFM height images of mineral substrates: (a) freshly cleaved molybdenite
surface, (b) freshly cleaved talc surface, (c) molybdenite surface treated with 5 ppm HA
in 0.001 M KCI solution at pH 9, (d) talc surface treated with 5 ppm HA in 0.001 M KCI
solution at pH 9, (e) molybdenite surface treated with 5 ppm HA in 0.001 M KCI solution

at pH 3, and (f) talc surface treated with 5 ppm HA in 0.001 M KCl solution at pH 3.

The AFM imaging results are in good agreement with the DRIFT spectroscopy
results and further confirmed that the adsorption of HA on talc basal planes is strongly
hindered by electrostatic repulsions, while the adsorption of HA on molybdenite basal
planes is driven by hydrophobic interaction and partially hindered by electrostatic

repulsion under alkaline conditions.
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2.4 Conclusions

In this study, HA was explored as a potential depressant for molybdenite during
mineral flotation. The results of flotation tests showed that both talc and molybdenite
exhibit good natural floatability over a wide pH range (pH 3 to 9). The addition of HA
could effectively depress the flotation recovery of molybdenite even at very low HA
concentration (5 ppm). However, the addition of HA had no significant influence on the
flotation of talc, and the recovery of talc remained above 97% over the entire HA
concentration range tested (up to 20 ppm). Contact angle measurements demonstrated
that both talc and molybdenite became more hydrophilic after the HA treatment, but HA
adsorption has less impact on the hydrophobicity of talc than on molybdenite.

The results of adsorption isotherms revealed that HA had a much higher adsorption
density on molybdenite over talc, indicating that HA adsorbs more onto molybdenite
surfaces than onto talc. DRIFT spectroscopy and AFM imaging further demonstrated that
HA had a much higher affinity for molybdenite than talc, and the adsorption of HA on
talc basal planes could be easily affected by a change in solution pH while the adsorption
of HA on molybdenite basal planes was not significantly affected by the solution pH. All
of the above results suggest that humic acids could be used as a potential depressant for
molybdenite during the flotation separation of molybdenite and talc in alkaline conditions,
and the interactions between talc and HA are relatively weak physical interactions

dominated by electrostatic interaction and hydrophobic interaction (at basal planes). In
59



comparison, the adsorption of HA onto molybdenite surfaces may be driven by a
combination of interactions including hydrophobic interaction (at basal planes),
electrostatic interaction, van der Waals force, sulfur-nm interaction, etc., which will be
further investigated in a separate study. It is noted that in this work both minerals were
“fresh” and untreated by collectors etc. before they were treated by the depressant HA. It
remains to be further explored whether selective separation can be achieved if both
minerals are treated by oily collectors first and if molybdenite can restore its floatability
after depressed by HA. It is also worth to mention that a significantly large percentage of
Cu/Mo industrial flotation process where talc is problematic operate in high salinity
waters (e.g., seawater) or in the presence of high concentrations of divalent ions such as
Ca?" and Mg*" ions.”® Future work is required to investigate the influence of common
species such as divalent ions and oily collectors present in the practical flotation process,
as well as better elucidate the interaction mechanisms between HA and these two

minerals.
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Chapter 3. Selective separation of copper-molybdenum sulfides

using humic acids

3.1 Introduction

The flotation separation of copper-molybdenum sulfides generally relies on the use
of toxic and hazardous depressants such as cyanides, sodium sulfide/hydrosulfide, Noke’s
reagents,'™ and thioglycolic acid and its salts.!:> It is desired to replace these aggressive
chemicals with more environmentally benign reagents. Humic acids (HA), as a major
organic constituents of and soil one of the most abundant naturally occurring organic
macromolecules, has a wide range of applications owing to its abundance, low-cost, and
biocompatibility.® 7 HA and its analogues have been examined in the mineral industry
and were found to have a detrimental effect on molybdenite flotation.®!! Our previous
work has also shown that humic acids can selectively depress molybdenite during the
molybdenite-talc flotation separation. Therefore, in the present work, HA was
investigated as a depressant for molybdenite during the molybdenite-chalcopyrite
separation. Microflotation tests on single minerals and mineral mixtures were conducted
to study the flotation response of molybdenite and chalcopyrite in the presence of HA and
xanthate collector under various solution conditions. Adsorption study, electrokinetic
study, diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy, X-ray
photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry

(ToF-SIMS) measurements were also performed to study the adsorption characteristics of

71



HA onto molybdenite and chalcopyrite surfaces, as well as elucidate the possible

interaction mechanisms between HA and these two minerals.

3.2 Materials and methods
3.2.1 Materials
3.2.1.1 Minerals

The high purity chalcopyrite (Ward’s Science, NY, USA) and molybdenite (Dayu,
Jiangxi, China) lumps were first hand-picked, crushed and sorted manually, then dry
ground. The ground samples were dry screened through a series of Tyler standard sieves
(Fisher Scientific, USA) to obtain the desired size fractions. The -150+74 um size
fraction was used for single and mixed mineral flotation tests, while the -37 um mineral
particles were used for adsorption study, electrokinetic study, DRIFT spectroscopy, and
ToF-SIMS analysis. The Brunauer—Emmett—Teller (BET) specific surface areas of the -37
um chalcopyrite and molybdenite particles were determined by an Autosorb
Quantachrome 1MP (Quantachrome, USA), and were found to be 0.66 m?*/g and 2.02
m?/g for chalcopyrite and molybdenite, respectively.

The mineralogical and elemental composition of the chalcopyrite and molybdenite
samples were analyzed by X-ray diffraction using a Rigaku Ultimate IV XRD and atomic
absorption spectrometry (AAS). The XRD patterns of chalcopyrite and molybdenite
samples are shown in Figure 3.1 (a) and (b), respectively. The purity of chalcopyrite was

over 90%, with a minor amount of pyrite (FeS2) and quartz (SiOz), while the purity of
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molybdenite was over 96% with quartz (< 4%) as the major impurity. Hence, the mineral

samples were used after hand sorting.
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Figure 3.1. XRD pattern of (a) Molybdenite sample (b) Chalcopyrite sample.

3.2.1.2 Reagents

Humic acids sodium salt or HA (Sigma-Aldrich, USA) was investigated as a
depressant in this study. Potassium isobutyl xanthate or KIBX (CsH;0S:2K, Prospec
Chemicals Ltd., Canada) was employed as the collector during the flotation. The KIBX
was purified by dissolving in acetone at 40°C in a water bath, followed by precipitation
using ether as described in our previous reports.'?!> The precipitates (purified KIBX)
were collected by filtration and dried in a vacuum oven. 4-Methyl-2-pentanol or MIBC
(99+%, Acros Organics) was employed as a frother in microflotation. All solutions were
prepared using Milli-Q water (Millipore deionized) with a resistivity of 18.2 MQ-cm at

295K, and the pH of all solutions was adjusted by dilute HCI and KOH solutions.
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3.2.2 Methods
3.2.2.1 Flotation

The flotation tests were performed in a custom-made Hallimond flotation tube with
a Siwek top.'® In single mineral flotation tests, 1.5 g chalcopyrite or molybdenite particles
(size fraction: —150+74 pum) were added into 150 mL 0.001 M KCI solution with or
without HA at a desired concentration and pH. In mixed minerals flotation tests, 1.5 g
artificial mixture of molybdenite and chalcopyrite particles (size fraction: —150+74 um)
with a weight ratio of 1:1 was mixed with 150 mL 0.001 M KCI solution at desired pH
and HA concentration. The pulp pH was adjusted by KOH or HCI again and then stirred
for 5 min.

Thereafter, KIBX was added to obtain a concentration of 20 ppm and the suspension
was conditioned for 3 minutes. Then MIBC was injected to reach a concentration of 20
ppm and the slurry was further conditioned for 2 minutes. The conditioned pulp was then
transferred to the Hallimond flotation tube and floated for 2 minutes using compressed air
at a flow rate of 20 cm®/min. In single mineral flotation tests, the recovery of each
mineral was calculated based on the dry weight of concentrate and tailings. In flotation
experiments on mineral mixtures, the concentrates and tailings were filtered, dried and
weighed. The recovery of chalcopyrite and molybdenite was calculated based on the
chemical assays of the copper and molybdenum contents in the concentrates and tailings,

and the average values were reported.
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3.2.2.2 Adsorption study

Adsorption isotherm measurements were performed at 295 K in a series of conical
flasks that shaken on an orbital shaker. Specifically, 0.5 g -37 wm mineral particles were
added into a series of conical flasks with 40 mL 0.001 M KCI solutions at pH 9 and
varying concentration (0, 10, 20, 40, 60, 80, 100, 150, 200, 250 ppm) of HA, respectively.
The flasks were then stoppered and shaken at 500 rpm for 30 minutes.

The supernatants of the suspensions were then extracted and filtered separately
through a series of polyvinylidene difluoride membranes with a reported pore size of 0.22
pm to remove any fine particles. The residual HA concentration in solution was
determined by an Evolution 300 UV-Vis Spectrophotometer (Thermo Scientific, USA).
The calibration curve for the HA concentration determination was established with
various known concentrations (i.e., 0, 10, 20, 40, 80, 150, 250 ppm) of HA in 0.001 M
KC1 solution at pH 9. It was discovered that the absorbance at 370 nm has a satisfying
linear relationship with the HA concentration in this solution condition.!” Therefore, the
concentration of residual HA in the suspension was calculated from the absorbance of
370 nm. It was assumed that all the HA depleted from solution had been adsorbed

completely onto the mineral surfaces.

3.2.2.3 Electrokinetic studies
Zeta potential measurements were conducted to investigate the adsorption behaviors

of HA onto mineral particles at different pH. A Zetasizer Nano (Malvern Instruments Ltd.,
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UK) was used to record the zeta potentials of mineral particles under different solution
conditions. In each measurement, 0.5 g of fresh mineral particles (size fraction: -37 um)
were added into 50 mL 0.001 M KCl solution at desired pH, with or without 20 ppm HA.
The pH of mineral suspensions was adjusted again using KOH or HCI, and then
ultrasonicated for 5 minutes. Prior to each measurement, an equilibration time of 15 min
was allowed, and each measurement was repeated three times and the average value was

presented.

3.2.2.4 Infrared spectroscopy

In each test, 0.5 g of mineral particles (size fraction: =37 pum) were ground to ~2 pm
by agate mortar/pestle, then conditioned in 50 mL 0.001 M KCI solution with 500 ppm
HA at pH 9 for 30 min. Thereafter, the conditioned mineral particles were filtered and
washed three times with Milli-Q water, and dried prior to measurements. The as-received
HA powder, HA-treated and untreated minerals particles, were mixed with potassium
bromide (IR grade, ACROS Organics, USA) powder respectively. The DRIFT spectra of
HA, untreated and treated mineral particles were then recorded against the KBr

background using a Nicolet iS50 FT-IR spectrophotometer (Thermo Scientific, USA).

3.2.2.5 X-ray photoelectron spectroscopy (XPS)
The XPS was performed on freshly exfoliated and HA-treated molybdenite basal

planes. The HA-treated molybdenite was prepared by immersing the freshly exfoliated
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molybdenite basal plane into a 0.001 M KCI solution with 20 ppm HA at pH 9 for 10 min.
The treated molybdenite was then taken out, rinsed by Milli-Q water, and purge dried
with high purity N> gas before XPS measurements. The binding energy peak intensities
and positions of HA-treated and untreated substrates were compared to detect any

possible chemical interactions between HA and molybdenite surfaces.

3.2.2.6 ToF-SIMS measurements

The HA distribution on the mineral surfaces was mapped by Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS), to demonstrate the possible preferential
adsorption of HA on mineral surfaces and the interaction mechanisms. Specifically, 1.5 g
artificial mixture of chalcopyrite and molybdenite particles (size fraction: -37 pm) with a
weight ratio 1:1 was added into 150 mL 0.001 M KCI solution with 20 ppm HA at pH 9.
The suspension was then magnetically stirred for 30 min and filtered. The filter cake was
washed three times with Milli-Q water, and dried in a vacuum oven at 298K prior to
ToF-SIMS analysis. The ToF-SIMS measurements were carried out within 12 h after

sample preparation to minimize surface oxidation and contamination.

3.3 Results and discussion
3.3.1 Single mineral flotation
The single minerals flotation tests were firstly performed in 0.001 M KCI solution at

pH 9 with 20 ppm KIBX and 20 ppm MIBC under various concentrations of HA, to
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determine the proper HA concentration for efficient chalcopyrite-molybdenite separation.
Figure 3.2 shows that molybdenite flotation was evidently depressed with the addition of
HA, as its recovery dropped sharply from 98% to 14% at 20 ppm HA, and then remained
around 10% at higher HA concentrations. In comparison, the chalcopyrite recovery was
not affected in the presence of HA after the addition of 20 ppm KIBX, and remained
around 97% in the entire HA concentration range tested (up to 40 ppm). Therefore, the
proper concentration of HA for Cu-Mo separation was determined to be 20 ppm, and was
tested in the following flotation tests to study the influence of solution pH on the flotation

performance of each mineral.
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Figure 3.2. Flotation recovery of chalcopyrite and molybdenite in 0.001 M KCI solution
with various concentration (0 to 40 ppm) of HA at pH 9. Collector: 20 ppm KIBX.

Frother: 20 ppm MIBC.
78



The flotation response of molybdenite and chalcopyrite was then tested individually
without and with 20 ppm HA at different pH. As can be seen in Figure 3.3, in the absence
of HA and the presence of 20 ppm KIBX, the recovery of chalcopyrite remained above
97% regardless of the change in solution pH. On the other hand, molybdenite flotation
recovery was above 95% in the pH range of 3-9 without HA and dropped to 82% at pH

.18 and our previous work,!” which

11. These results agree well with the literature reports
reported that molybdenite recovery is reduced under strong alkaline conditions (pH 11)
while the chalcopyrite recovery was not affected by the variations of pH.

However, after the addition of 20 ppm HA, the molybdenite recovery remained
below 14% in the entire pH range tested. While the flotation of chalcopyrite was not
affected by the addition of HA and remained above 95% under all pH conditions. Hence,
a large separation window from pH 3 to 11 can be observed in which molybdenite was

effectively depressed by 20 ppm HA while chalcopyrite was completely floated with the

addition of 20 ppm KIBX.
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Figure 3.3. Flotation recovery of chalcopyrite and molybdenite in 0.001 M KCIl solution

with and without 20 ppm HA at varying pH. Collector: 20 ppm KIBX. Frother: 20 ppm

MIBC.

3.3.2 Mixed minerals flotation

The flotation tests on single minerals with 20 ppm HA at varying pH revealed a

large separation window from pH 3 to 11. Therefore, flotation tests were carried out for

the artificial mixtures of chalcopyrite and molybdenite with 1:1 weight ratio in the

presence of HA, to verify the possibility of employing HA as a selective depressant in the

separation of molybdenite-chalcopyrite mixtures.
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Figure 3.4 shows the recovery of molybdenite and chalcopyrite in the concentrates
floated from the molybdenite-chalcopyrite mixtures with 1:1 weight ratio. As can be seen,
chalcopyrite was separated from molybdenite in the entire pH range tested, where
chalcopyrite recovery was over 80% in most pH range except for pH 11. Meanwhile,
molybdenite flotation was effectively depressed with a recovery of around 20% except
pH 3. Therefore, even at a concentration of 10 ppm, HA could depress molybdenite
flotation well and only slightly depressed chalcopyrite and the selectivity of HA was not
influenced by pH. It can be concluded that HA is an effective depressant in separating the

two sulfide minerals.
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Figure 3.4. Flotation recovery of molybdenite and chalcopyrite from a 1:1 artificial
mixture in 0.001 M KCI solution with 10 ppm HA at varying pH. Collector: 20 ppm

KIBX. Frother: 20 ppm MIBC.
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3.3.3 Adsorption isotherms

The adsorption isotherms of HA on chalcopyrite and molybdenite at 295 K are
presented in Figure 3.5. Overall, the adsorption density of HA on both minerals increases
with increasing HA concentration. However, it can be noticed that the adsorption density
of HA on chalcopyrite was higher than that on molybdenite under the same equilibrium
concentration of HA, especially in the low HA concentration region. The adsorption
result is contradictory to the flotation results if HA is considered to be a selective
depressant for molybdenite during the molybdenite-chalcopyrite separation. However, it
should be noted that the “apparent” higher adsorption density of HA on chalcopyrite
compared to molybdenite could be caused by the different adsorption mechanisms. The
“apparent” adsorption density of HA on chalcopyrite may seem higher, but the
interactions between HA and chalcopyrite could be weaker physical interactions such as
electrostatic interaction. In fact, the HA could interact with the surface oxidation products
(metal ions, metal oxides, and metal hydroxides, etc.) of chalcopyrite (or pyrite, the major
impurity), and depleted or precipitated from the solution,'>2° thereby resulting in the
apparent higher adsorption density of HA on chalcopyrite sample. However, after the
addition of collector xanthate, the adsorption of xanthate on chalcopyrite surface will
compete with the adsorption of HA, leading to the desorption of HA due to the stronger
chemical interaction between xanthate and chalcopyrite surfaces; thus the flotation of

chalcopyrite was not affected by HA. In contrast, no such a strong chemical interaction
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was reported between xanthate and molybdenite basal planes, and the interaction between
HA and molybdenite are dictated by hydrophobic interaction. Hence, the adsorbed HA on
molybdenite basal planes, as observed in the AFM imaging of our previous work,!” could

not be easily displaced by xanthate.
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Figure 3.5. Adsorption isotherms of HA on chalcopyrite and molybdenite in 0.001 M

KCl at pH 9 (Initial HA concentration was 0, 10, 20, 40, 60, 80, 100, 150, 200, 250 ppm).

To better understand the adsorption mechanisms, the adsorption isotherm of HA on
molybdenite was fitted to the Langmuir-Freundlich adsorption equation (equation 2.2) as
shown in section 2.3.3 of chapter 2, while the adsorption isotherm of HA on chalcopyrite
was not modelled owing to its irregular shape. The equilibrium concentration (Ceq) of HA

and the adsorption density (q) are related by the equation 2.2 (or equation 3.1) as follows:
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_ Qsat K- Ceqn
T lexC,) 6.1

All the parameters are already introduced in the section 2.3.3 of chapter 2. Again,
the unit of Langmuir equilibrium constant (K) must be liters per mole in order to
calculate the free energy change of adsorption (AG=-RT:InK). Hence, the Ceq must have a
unit of moles per liter. Assuming the HA has a molecular weight of 10,000 g/mol, Figure

3.5 can then be replotted as Figure 3.6.
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Figure 3.6. Fitted adsorption isotherms of HA on chalcopyrite and molybdenite in 0.001

M KCl at pH 9.
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The parameters of Langmuir-Freundlich fitting are listed in Table 3.1, together with
the results (molybdenite 1) from Table 2.1. As shown in Table 3.1, the maximum
adsorption density (Qsa) of HA on both samples (molybdenite 1 and 2) are close to each
other. The slight differences in some parameters are likely attributed to the different
sample preparation procedures. Specifically, the mineral suspensions (molybdenite 1) in
chapter 2 were centrifuged before the determination of residual HA concentration, while
the mineral suspensions (molybdenite 2) in this work (chapter 3) were not centrifuged

and were filtered before the measurements of HA concentration.

Table 3.1. Adsorption parameters for the adsorption of HA on molybdenite 1 and 2 at

T=298.15K, as determined from fitting to Langmuir-Freundlich equation.

Qsat (mg/m?) K n R? AG(KJ/mol)
Molybdenite 1 2.48+0.76 44661 0.78+0.27 0.98 -26.54
Molybdenite 2 2.73+0.08 142794 0.88+0.06 0.99 -29.42

It can be seen that the free energy changes during the adsorption of HA on both
molybdenite samples were < 50 KJ/mol, which further confirmed that no strong chemical
interactions were involved. Hence, the interactions between HA and molybdenite basal
planes should be dictated by physical interactions such as hydrophobic attraction and

electrostatic repulsion. Again, hydrogen bonding was ruled out as the primary interaction
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mechanism since the formation of hydrogen bonds between molybdenite surfaces and HA

would require the breakdown of hydrogen bonds between H>O and HA/mineral surfaces.

3.3.4 Electrokinetic studies

To explain the adsorption results of HA and possible interaction mechanisms
between HA and these two minerals, the zeta potentials of treated and untreated mineral
particles under various pH were collected and the results are shown in Figure 3.7. As can
be seen, the chalcopyrite particles were positively charged at pH below 7 and became
negatively charged at pH above 7, and more negatively charged at higher pH, with an
estimated iso-electric point (IEP) around pH 7, which is within the range of literature
values.?!' In fact, the IEP of chalcopyrite is not a fixed value due to the rapid oxidation of
its surface, and in most cases, an “apparent” iso-electric point (IEP) is determined, which
represent the oxidation extent of the chalcopyrite.?! On the other hand, the molybdenite
particles were negatively charged over the entire pH (3 to 11) range tested; with an
estimated iso-electric point (IEP) lower than 2. Besides, the zeta potential of molybdenite
was more negative that chalcopyrite in all pH range tested, which is in agreement with
the previous report.'!

In the presence of 20 ppm HA, the zeta potentials of chalcopyrite or molybdenite
particles were more negative than that in the absence of HA over the entire pH range.
This is because HA is strongly negatively charged in the pH range of 3-11, hence the

adsorbed HA on mineral surfaces would render the mineral particles overall more
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negatively charged. Besides, it can be seen that as the solution pH decreased, the zeta
potential difference between HA-treated chalcopyrite and untreated chalcopyrite
increased, indicating that the adsorption density of HA on chalcopyrite surfaces increased
at lower pH, possibly due to the increased electrostatic attraction at pH < 7. At pH 3, the
zeta potential of untreated chalcopyrite was 16.4 mV while the zeta potential of
HA-treated chalcopyrite was -37.7 mV, indicating that the adsorption of HA shifted the
zeta potential of chalcopyrite by 54.1 mV. The results suggest that there was a relatively
large amount of HA adsorbed onto chalcopyrite surfaces at pH 3, because of the strong
electrostatic attraction. In comparison, the molybdenite surfaces, both the basal planes
and edges are strongly negatively charged under all pH tested, indicating there is strong
electrostatic repulsion between HA molecules and molybdenite surfaces. Hence, the
driving forces for HA adsorption onto molybdenite surface would be dominated by
hydrophobic interaction between the hydrophobic moieties of HA and the molybdenite
basal planes. In fact, our previous study also directly observed the adsorption of HA

molecules onto molybdenite basal planes.
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Figure 3.7. Zeta potential of chalcopyrite, chalcopyrite + HA, HA, molybdenite and
molybdenite + HA at varying pH in 0.001 M KCIl. The zeta potential results of

molybdenite and molybdenite + HA are from our previous work.!”

3.3.5 Infrared spectroscopy

The DRIFT spectra of chalcopyrite and molybdenite before and after conditioning in
0.001 M KCl solutions with 500 ppm HA at pH 9 are shown in Figure 3.8 and Figure 3.9,
respectively, together with the HA spectrum in the range of 900-3000 cm™. In the HA
spectrum, the peaks at 2920 cm™ and 2850 cm™, 1677 cm™,1577 cm’!, 1390 cm™ were
attributed to the stretching vibration of —CHs and —CHx— groups, C=O stretching

vibration (amide I), asymmetric stretching of —COOQO", symmetric stretching of —COO",
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respectively. The bands at 1100, 1033, 1010 cm™ originate from the -C—O— vibration and

C-O stretching of polysaccharides.® 2>}
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Figure 3.8. The DRIFT spectra of chalcopyrite before and after conditioning in 0.001 M

KC1 with 500 ppm HA at pH 9.

Figure 3.8 demonstrates that the spectrum of chalcopyrite conditioned with 500
ppm HA was almost identical to that of the bare chalcopyrite. Hence, it can be inferred
that no HA molecules were detected on chalcopyrite surfaces after being washed
thoroughly with water, indicating that the interactions between chalcopyrite and HA are
relatively weak and were mainly physical interactions such as electrostatic interaction,
etc., as suggested by zeta potential measurements. However, Figure 3.9 indicates that

after conditioning with HA, several new bands near 2920, 2850, 1677, 1577 and 1390
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cm’! appeared on the spectrum of HA-treated molybdenite, as a result of HA adsorption.
This indicates that HA molecules could strongly adsorb onto molybdenite surfaces, and

cannot be easily removed by Milli-Q water.
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Figure 3.9. The DRIFT spectra of molybdenite before and after conditioning in 0.001 M

KC1 with 500 ppm HA at pH 9.

3.3.5 XPS measurements

Since HA is a group of complex anionic polyelectrolytes and the composition or
molecular structure of HA has not been well defined,® the XPS spectra of humic acids
have not been well understood.’*?® Therefore, the XPS spectra of HA-treated mineral

surfaces could not be well fitted or analyzed.
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The high-resolution XPS spectra of molybdenite basal planes before and after
treatment with 20 ppm HA in 0.001 M KCI solution at pH 9 were shown in Figure 3.10
and Figure 3.11. As can be seen, no binding energy shift (or chemical shift) was observed
for the Mo 3d and S 2p peaks before and after HA treatment, which implies that chemical
interactions are absent between HA and molybdenite basal planes. Since both HA
molecules and molybdenite basal planes carry strong negative charges from pH 3 to 11,
as shown in the zeta potential measurements and previous reports,?’”>2® the only possible
interaction between HA and molybdenite that could overcome the electrostatic repulsion

is the hydrophobic interaction between the hydrophobic moieties of HA and molybdenite

basal planes.
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Figure 3.10. High-resolution XPS spectra of (a) Mo 3d and (b) S 2p of molybdenite

before and after treatment by 20 ppm HA in 0.001 M KClI solution at pH 9.
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Figure 3.11. High-resolution XPS spectra of (a) C 1s and (b) O 1s of molybdenite before

and after treatment by 20 ppm HA in 0.001 M KClI solution at pH 9.

However, from the high-resolution C 1s and O 1s spectra as shown in Figure 3.11, it
could not determine whether there is any binding energy shift or not before and after HA
treatment. The C 1s and O 1s peaks of molybdenite basal planes before HA treatment
originate from the airborne hydrocarbon contamination. After HA treatment, the peak
intensity of C s increased slightly, and no apparent binding energy shift was observed,
which further confirmed the absence of strong chemical interaction. In comparison, the O
Is peak of the HA-treated molybdenite increased significantly, which largely comes from
the oxygen in the HA molecules. Again, due to the complexity of HA structures and the
low signal-to-noise ratio, the O 1s peak could not be well analyzed.

The XPS analysis on chalcopyrite is much more complicated due to the rapid

29, 30

oxidation of chalcopyrite surfaces, especially before and after treatment in aqueous
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solutions.’! Since chalcopyrite is not depressed during the flotation, the XPS

measurements were not performed on chalcopyrite before and after HA treatment.

3.3.6 ToF-SIMS measurements

ToF-SIMS measurement was employed to directly detect the possible selective
adsorption of HA on molybdenite and chalcopyrite surfaces. On the
chalcopyrite-molybdenite mixture surface, the distribution of Cu’, Fe’, and Mo" were
chosen to outline the molybdenite and chalcopyrite particles in the mixture treated with
HA. Similarly, the C3H7" and CsH7" ions, as fragments of HA, were selected to represent
the distribution of HA on the mineral mixture surface. The distributions of HA,
chalcopyrite, and molybdenite on a scan area of 86 x 86 um? are shown in Figure 3.12
(a)-(e). By comparing the images in Figure 3.12, it was observed that the distribution of
HA matched well with the Mo distribution and partially overlapped the Fe* distribution,
but does not match well with the distribution of Cu’. The ToF-SIMS images indicate that
the HA has preferentially adsorbed onto the molybdenite surfaces and certain iron sites of
chalcopyrite (or pyrite) surfaces. In fact, it has been reported that HA could interact with
the oxidation species of Fe due to the electrostatic attraction between the —COO™ groups

and the Fe?*, Fe(OH)" etc.2% *
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Figure 3.12. Positive-ion images of 86 x 86 pm’ of the surface of chalcopyrite—
molybdenite mixture (weight ratio of 1:1) treated with 20 ppm HA in 0.001 M KCI
solution at pH 9. (a) Image of Fe" distribution; (b) Image of Cu" distribution; (¢) Image of

Mo" distribution; (d) Image of C3H7" distribution; (¢) Image of C4sH7" distribution.

To further interpret the possible adsorption characteristics of HA on chalcopyrite and
molybdenite surfaces, the positive ion spectra of chalcopyrite—molybdenite mixture
treated with 20 ppm HA at pH 9 is shown in Figure 3.13. It should be noted that HA is a

group of anionic polyelectrolytes and the structure of HA is unknown. As a result, the
94



ToF-SIMS spectra are full of ionized fragments of HA and minerals, and could not
provide much useful information about the interaction mechanisms. However, according
to the atomic mass of elements (Mo, Cu, Fe, C, O, and H) in the minerals and HA, the
peaks in positive ion spectra can be roughly assigned to different ionized fragments. The
assignments of different peaks are presented in Figure 3.13. As can be seen, the
ToF-SIMS spectra revealed that HA does adsorb on molybdenite surfaces and the

iron-rich sites of chalcopyrite.
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Figure 3.13. Positive ion ToF-SIMS spectra of chalcopyrite—molybdenite mixture

(weight ratio 1:1) treated with 20 ppm HA in 0.001 M KCl solution at pH 9.

Since only the particles in the outermost layer of a sample have sufficient energy to
escape from the sample, the sampling depth of ToF-SIMS analysis (without sputtering or

itching) is typically around 1 to 2 nm. Therefore, the ToF-SIMS only reveals the surface
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chemistry of the outmost layers of minerals. As shown in Figure 3.12 and 3.13, the
stronger intensity of Fe' and its isotopes as compared with Cu’ indicates that the
chalcopyrite surface is partially covered by patches of iron oxides/hydroxides with a
typical thickness of few nanometers (depending on oxidation degree). This phenomenon
was confirmed by the XPS analysis of chalcopyrite by many other researchers.?’>! Upon
oxidation, patches of iron oxides/hydroxides will form on the chalcopyrite surface as
shown in Figure 3.14. The iron oxides/hydroxides are typically positively charged with a

relatively high IEP around pH 9% 33

and these positively charged iron species would
shift the overall zeta potential of chalcopyrite towards positive direction and provide
possible adsorption sites for HA. The adsorption of HA on chalcopyrite is most likely due
to the electrostatic interaction between the negatively charged carboxyl groups of HA and
the positively charged iron oxides/hydroxides.>> As a result, the apparent adsorption
density of HA on chalcopyrite is higher than that of molybdenite. However, after the
addition of xanthate, the competitive adsorption of HA will possibly desorb or partially

desorb the adsorbed HA due to the stronger chemical interaction between xanthate and

chalcopyrite surfaces.
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Figure 3.14. A simplified schematic diagram of the surface layer composition of

chalcopyrite before and after treatment with HA and xanthate.

3.4 Conclusions

The influence of humic acids (HA) on the flotation response of molybdenite and
chalcopyrite was investigated in this work. The microflotation tests on single minerals
revealed that both chalcopyrite and molybdenite have good floatability with the addition
of xanthate collector over a wide range of pH (3 to 9). Besides, the addition of HA had a
negligible impact on the flotation of chalcopyrite in the presence of xanthate collector,
and the chalcopyrite recovery remained above 95% over the entire HA concentration
range tested (up to 40 ppm) and the entire pH range (3 to 11) tested. However, the
addition of HA could dramatically reduce the molybdenite flotation recovery even at a

very low concentration (20 ppm), regardless of the change in solution pH. Microflotation
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tests on the artificial chalcopyrite-molybdenite mixtures further confirmed that HA could
selectively depress molybdenite flotation during the copper-molybdenum sulfides
separation in the pH range of 3-11.

The adsorption study and electrokinetic study revealed that the HA could adsorb on
both chalcopyrite and molybdenite surfaces, and the interaction mechanisms between HA
and these two minerals are different. It is concluded that chemical interaction is absent
between HA molecules and molybdenite basal planes, as indicated in the high-resolution
XPS analysis. Since both molybdenite basal planes and HA molecules are strongly
negatively charged in the pH range of 3-11, the adsorption of HA on molybdenite basal
planes (as confirmed in AFM imaging in Figure 2.11) is mainly attributed to the
hydrophobic interaction between the hydrophobic moieties of HA and the molybdenite
basal planes. On the other hand, the interactions between HA and chalcopyrite should be
dominated by weak interactions such as electrostatic interaction and hydrophobic
interaction (on the hydrophobic region or sulfur-enriched areas), due to the hydrophilic
nature of fresh chalcopyrite surfaces and the surface oxides/hydroxides of chalcopyrite.
In addition, the chalcopyrite flotation was not affected by HA after the addition of
xanthate, indicating that HA may desorb or partially desorb from chalcopyrite surface
upon xanthate addition.

DRIFT spectroscopy, XPS and ToF-SIMS analysis further confirmed the different
interaction mechanisms between HA and these two minerals, as the adsorbed HA on

chalcopyrite surfaces could be easily washed away by Milli-Q water while the adsorbed
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HA on molybdenite surfaces could not be easily removed by rinsing or washing. All of
the above results showed that HA could be employed as a cost-effective depressant for
molybdenite during the flotation separation of molybdenite and chalcopyrite over a wide
range of pH, and the stronger interaction between HA and molybdenite as compared to
chalcopyrite is responsible for the selective separation. It worth to mention that no oily

1** were added in this work. Future work is

collectors such as kerosene or diesel oi
required to explore whether selective Cu-Mo separation can be achieved by HA if oily
collectors were introduced. It is anticipated that the molybdenite flotation would still be
depressed by HA even with the presence of oily collectors, and the chalcopyrite recovery
will be slightly reduced, due to the hydrophobic interaction between HA and oil films on
molybdenite and chalcopyrite surfaces. The adsorption of HA on oil/water interface was
also observed in the oil sands flotation, where the bitumen is sometimes coated by layers

35,36

of asphaltenes and humic acids. which could drastically decrease the hydrophobicity

of bitumen and lower its recovery.
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Chapter 4. Impact of surface hydrophobicity and salinity on the

adsorption of humic acids

4.1 Introduction

Humic acids (HA) are major constituents of humic substances or humus (soil), and
they are produced by the microbial decomposition of vegetation, animals and
microorganisms and subsequent polymerization and condensation of the biodegradation
products.! As one of the most abundant naturally occurring organic macromolecules in
the earth crust, humic acids and its analogues contribute to 60-70% of natural organic
matter in soil, and 30-50% of dissolved organic constituents in aquatic systems depending

on the source,>*

and widely exist in rivers, dystrophic lakes, groundwater, and even
seawater.":> Understanding the adsorption kinetics and characteristics of humic acids onto
surfaces with varying hydrophobicity and salinity is of both fundamental and practical
importance. Which could provide important implications to various natural and
engineering processes, such as the clay-humic interactions in soil,% 7 transportation of
nutrients (N, P) and pollutants/contaminants (e.g. heavy metal ions) in soil and natural

7, 8

water environment," water treatment and purification,’ mineral processing

industry,'%-12 3

oil sands industry and tailing management,'” pharmaceutical and cosmetic
areas etc.'* However, to our knowledge, limited reports are available on the influence of
surface hydrophobicity and solution salinity on the adsorption kinetics and characteristics

of humic acids.

105



Herein, the influence of surface hydrophobicity and solution salinity on the
adsorption of humic acids was studied, and the ability of humic acids to alter the surface
hydrophobicity under different ionic strength and pH was also investigated. Long chain
thiols terminated with varying functional groups (e.g., —CH3, —OH, etc.) were used to
produce surfaces with a broad range of hydrophobicities by changing the initial molar
fraction of the thiols terminated with different functional groups.'® Thiols terminated with
—CHj3 and —OH groups were chosen for this work to eliminate the possibility of specific
chemical interactions between the humic acids and the substrate as well as alter the
surface hydrophobicity. QCM-D measurements were performed to examine how humic
acids adsorb onto gold surfaces coated with various long chain thiols. Contact angle
measurements were also conducted immediately after QCM-D study to record the surface

hydrophobicity of gold surfaces after HA treatment under various solution conditions.

4.2 Experimental section
4.2.1 Materials

Two long-chain thiols: 1-undecanethiol (98%, Sigma Aldrich, USA) and
11-mercapto-1-undecanol (97%, Sigma Aldrich, USA) were employed for the surface
modification of gold substrates. Humic acids sodium salt or HA (Sigma-Aldrich, USA)
was investigated in this study, and the molecular weight of HA ranges from 2 to 500 KDa.
Potassium chloride (KCI, ACS reagent grade, Fisher Scientific) was introduced as the

background electrolyte (0.001 M and 0.1 M KCI) for all the experiments. Milli-Q water
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(Thermo Scientific, USA) with a resistivity of 18.2 MQ-cm at 295K was used for the
preparation of all aqueous solutions. The pH of all solutions was adjusted by small
quantities of 0.1 M and 0.01 M KOH/HCL.

Since humic acids are a group of natural organic macromolecules, the exact
molecular structure of HA cannot be determined. Hence, a theoretical molecular structure
of HA is shown in Figure 4.1. As can be seen, HA contains both aromatic rings and
aliphatic chains (hydrophobic moieties), in which —-COOH groups, phenolic —OH groups
and —O—, —-N- bridging units (hydrophilic moieties) randomly distributed. As a result, HA
is strongly negatively charged over a wide range of pH.! The aromatic rings and the
hydrocarbon chain of HA originate from the lignin and microbial degradation, which

contribute to its hydrophobic characteristics under certain pH range.!

Aromatic COOH
Aliphatic COOH

COOH Na lHC_0H|4
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OH (Na) OH (

Phenolic OH Q O
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COOH (Na, COOH (Na)

H
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Figure 4.1. A theoretical structure of humic acids sodium salts (HA).!
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As a polyelectrolyte with strong anionic characteristics, the zeta potential of HA
used in this study was determined by a Zetasizer Nano (Malvern Instruments Ltd., UK).
The Zetasizer Nano utilizes the technique of electrophoretic light scattering to determine
the zeta potential of macromolecules. HA stock solution with 0.001 M KCl was diluted
with 0.001 M KCI solution to reach a concentration of 20 ppm prior to measurements.
Each measurement was repeated at least three times and the average value and standard
deviation were reported. The zeta potential of HA in 0.001 M KCI solution as a function
of pH is plotted in Figure 4.2. The HA has a significant negative zeta potential at high pH,
becoming less negatively charged and more protonated with decreasing pH. Overall, the

HA molecules are negatively charged in the entire pH range tested (3 to 11).
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Figure 4.2. Zeta potential of 20 ppm HA in 0.001 M KCl solution at varying pH.
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4.2.2 Surface modification

The gold QCM-D sensors were cleaned following the standard cleaning protocols
prior to surface modification by thiols. The thiol-coated gold surfaces of QCM-D sensors
with varying hydrophobicity were prepared by procedures reported previously.'® Two
long-chain  thiols,  I-undecanethiol  (98%, Sigma  Aldrich, USA) and
11-mercapto-1-undecanol (97%, Sigma Aldrich, USA) were used for the surface
modification of gold substrates. The thiol layers on gold substrates were formed by
immersing the sensors into 0.005 M single or mixed anhydrous ethanol solutions of thiols
(molar ratios Mou : Mcn3 = 1:0, 0.5:0.5, 0:1, where the first number is molar fraction of
11-mercapto-1-undecanol, and the second number is the molar fraction of
I-undecanethiol) for 16 hours. The sensors were then taken out and washed thoroughly
with high purity ethanol followed by Milli-Q water, and dried with high purity nitrogen

gas prior to further measurements.

4.2.3 Methods
4.2.3.1 QCM-D experiments

The QCM-D experiments were performed using a Q-sense E1 QCM-D instrument
(Biolin Scientific, Sweden). The instrument contains one flow cell in which a QCM-D
sensor or crystal is placed, which serves as the substrate for the adsorption experiments.
The QCM-D sensors are AT-cut and have a fundamental resonance frequency of ~5 MHz,

with a diameter of 14 mm and a root-mean-square (rms) roughness of <1 nm. The
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temperature was maintained at 293.15K throughout the experiments. During the
adsorption process, the resonance frequency of the crystal fo will decrease to a lower
value f due to the adsorption of molecules from solution onto the sensor surface, and the
change in the resonance frequency Af=fo-f is recorded by the instrument. Besides, the
change in the dissipation energy loss of the crystal (AD), which reflects the viscoelastic
properties of the adsorbed layer, is also recorded simultaneously.'®

For a rigid adsorbed layer with only a small change to the dissipation energy loss
(AD < 5x107),!7-18 the change in resonance frequency (Af) of the crystal is proportional
to the adsorbed mass (Am). In this circumstance, the adsorbed mass (Am) can be

calculated from the Sauerbrey equation as follows:

Am:—C-Af:—CAf” (4.1)
n

Where C is the mass sensitivity constant (17.7 ng-cm?-Hz! at 5 MHz, the
fundamental resonance frequency) that describes the mass sensitivity of the device, Af is
the change in the crystal frequency (Hz). The adsorbed mass also can be determined from
the change of the frequencies (Af,) at different overtone numbers (n), while n is the
vibrational resonance overtone numbers (equal to 1, 3, 5, 7, 9 ...).!%!7 Since the noise at 5
MHz (fundamental overtone, n=1) was particularly large, we followed the practice of

19,20 ;

literature reports, i.e., neglected these data and only focused on the overtones larger

than one (n=3, 5, 7, 9). The adsorbed mass (Am) values obtained from these overtone
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numbers (3, 5, 7, 9) were compared, and the average values of adsorbed mass and
standard deviation were also presented.

In addition, energy losses occur in the crystal during the adsorption of materials,
leads to a damping of the crystal oscillation when the driving voltage is turned off. From
the decay of the crystal oscillations, the energy dissipation can be monitored
simultaneously and the dissipation factor D can be calculated using the following

equation,'” which reflects the viscoelastic properties of the adsorbed material.

D _ Edissipated

2rE

stored

(4.2)

Where Edissipated 1S the energy dissipated in one oscillation cycle, and Esored 1s the
stored energy in one oscillating circuit. The change in dissipation AD = D - Do, where Dy
is the dissipation when the QCM-D sensor is just immersed into solution and before the
adsorption progress, and D denotes the dissipation at any given time during the
measurement.!” For an adsorbed film with high rigidity, no significant change in
dissipation will be observed as the adsorption progress. However, for a soft and/or
viscoelastic layer, the energy dissipation will increase through the layer. Hence, by
monitoring the change in dissipation (AD), the relative rigidity or stiffness of an adsorbed

d,'” 2! and an adsorbed layer with a high

layer may be semi-quantitative determine
dissipation energy loss (AD) can be considered to be soft, while one with a low AD is

recognized to be rigid.*?
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The thiol-coated gold sensors (with average water contact angles of 22°, 79°, and
106° respectively) were tested in 20 ppm HA solution with 0.1 or 0.001 M KCl at pH 3 or
9. In a typical test, the freshly prepared sensor was installed in the instrument chamber
first. The background solution, i.e., 0.001 M or 0.1 M KCI at desired pH, was flowed
through the chamber for approximately 10 min to establish a stable baseline (where Af
and AD = 0 ). Then HA solution at a concentration of 20 ppm and desired pH and KCl
concentration was pumped into the chamber continuously for about 60 minutes (which is
sufficient to reach adsorption equilibrium in most cases) at a flow rate of 100 pL/min.
Finally, the background KCI solution was injected into the chamber again to flush away

the HA solution as well as remove the non-adsorbed or weakly attached HA molecules.

4.2.3.2 Contact angle determination

The contact angle measurements on gold substrates before and after surface
modification were performed wusing a Ramé-Hart Model 250 Standard
Goniometer/Tensiometer (Ramé-Hart Instrument Co., USA) by the sessile drop method.
The gold sensor was placed on a clean glass slide and fixed on a holder; a water drop was
then deposited onto the sensor surface through a needle. The shape of the sessile drop
was captured with a CCD camera, and the contact angle was determined by the image
analysis software. Multiple measurements were taken on each surface at three different

locations and the average values were reported.
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4.2.3.3 PeakForce QNM AFM Imaging

A Dimension Icon Atomic force microscope (Bruker, Santa Barbara, CA) under the
PeakForce Quantitative Nanoscale Mechanical (QNM) imaging mode was utilized to
acquire the surface topography of gold surfaces before and after thiol-functionalization.
Prior to the thiol modification, the topography of clean gold surfaces was obtained using
PeakForce QNM mode in air. After thiol treatment, the topography of gold surfaces was
recorded again and the contact angle measurements were also carried out. The AFM
imaging and contact angle measurements were conducted on at least three different

locations of gold surfaces and the representative results are presented.

4.3 Results and discussion
4.3.1 Substrate Characterization

The surface topography of gold surfaces before and after thiols modification is
shown in Figure 4.3. As indicated in Figure 4.3 (a), the clean gold surface exhibits
hemispherical gold grains (~0.1 pm) with a root-mean-square (rms) roughness of ~0.4
nm, which is consistent with the literature reports.>*?° After treatment with thiols
solutions, the surface morphology of gold substrate is similar to that of the untreated gold
surface, and the root-mean-square (rms) roughnesses of gold surfaces in Figure 4.3 (b),
(c) and (d) remain around 0.4 nm. The AFM imaging confirmed that the surface
roughness of gold surfaces is unchanged before and after thiols treatment; hence the

influence of surface roughness was ruled out/excluded in this study. However, the contact
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angles of thiol-treated gold surfaces are significantly different from each other, and the
average contact angles of gold surfaces in Figure 4.3 (b), (c), and (d) are 106, 79, and 22°,
respectively. The contact angle differences between thiol-modified gold surfaces revealed

the successful self-assembling of thiol monolayers on the gold substrates.

(a) (b)
5.0 nm 5.0 nm
-5.0 nm -5.0 nm
Height Sensor =opm Height Sensor
(d)
5.0 nm 5.0 nm
-5.0 nm -5.0 nm

Height Sensor

Height Sensor

Figure 4.3. AFM height images and corresponding water contact angles of (a) Bare gold
surface (b) Mon =0 gold surface with a contact angle 6 =106°; (c) Mon =0.5 gold surface

with a contact angle 6 =79°; (d) Mon =1 gold surface with a contact angle 6 =22°.
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4.3.2 QCM-D Studies
4.3.2.1 Adsorption studies
(a) HA in 0.001 M KClI solution at pH 9

The adsorption isotherms of HA on three surfaces with varying hydrophobicity from
a 0.001 M KCI solution at pH 9, in terms of sensed mass and dissipation, are shown in
Figure 4.4. As can be seen, no significant changes in the crystal frequencies and
dissipations were observed in all three cases, and only minor frequency reduction was
observed on the most hydrophobic surface (Mou=0, 6=106°). The slight frequency
increase (less than 1 Hz per hour) in Figure 4.4 (a) and (b) is most likely caused by the
drift during the QCM-D experiments, which is normal and within the error range of
QCM-D instrument, as even a clean and stable system would show a 1 Hz variation per
hour.

However, slight HA adsorption or contamination (by HA molecules) may have taken
place on the most hydrophilic gold surface (Mon=1, 0 =22°), as its contact angle
increased from 22° to 48° after treatment by 20 ppm HA in 0.001 M KCl solution at pH 9.
Overall, the experimental results demonstrate that at pH 9 and low ionic strength
conditions, HA molecules could not adsorb onto hydrophilic (6 =22°) and mildly
hydrophobic (68 =79°) surfaces, most likely due to the strong electrostatic repulsion
between HA molecules and thiol-coated gold surfaces. It should be noted that all the gold
surfaces are coated by thiols terminated with —OH and —CH3 groups, and should not

produce any negative charge themselves. However, it is well known that hydrophobic
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surfaces, such as silane monolayers, oil droplets, and air bubbles, may carry strong
negative charge over a wide range of pH simply due to the preferential adsorption of
hydroxide ions from the aqueous solution.?%

In comparison, a small proportion of HA molecules had adsorbed onto the most
hydrophobic surface (6 =106°) because of the strong hydrophobic interaction. In all three
cases, the change to the dissipation energy loss was less than 0.5x10°, which allows the
use of the Sauerbrey equation for the determination of adsorbed mass. The adsorbed mass

calculated from four overtone numbers (3, 5, 7, and 9), along with the standard deviation,

are presented in Figure 4.4 (d).
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Figure 4.4. Influence of surface hydrophobicity on HA adsorption onto
thiol-functionalized gold surfaces in 0.001 M KCI solution at pH 9 (a) Mon =1 gold
surface with a contact angle 6 =22°; (b) Mon =0.5 gold surface with a contact angle 0
=79°; (c) Mon =0 gold surface with a contact angle 6 =106°. Frequency change (Af) and
energy dissipation shift (AD) recorded at four different overtone number (3, 5, 7, and 9).
(d) Summary of the adsorbed mass (at 4200s) of HA layers on gold surfaces; the error bar
represents the standard deviation calculated from four different overtone numbers (3, 5, 7,

and 9).

(b) HA'in 0.001 M KCl solution at pH 3

The adsorption isotherms of HA on surfaces with varying hydrophobicities from
0.001 M KCI solutions at pH 3, plotted as the changes in crystal frequency and
dissipation, are shown in Figure 4.5. As indicated in Figure 4.5 (a), (b) and (c), HA
adsorption occurred in all three cases and caused significant reductions to the crystal
frequency. In addition, for all three cases, the HA molecules first adsorb rapidly onto the
substrate surfaces at the beginning of the adsorption process, then the adsorption rate
gradually decreases until reach adsorption equilibrium at ~4200 seconds. Therefore, the
adsorption of HA can be best described by the Langmuir-Freundlich adsorption model
and is most likely to be monolayer adsorption. It is proposed that the gold surfaces with
varying hydrophobicities were first rapidly covered by a layer of HA

molecules/aggregates at the initial stage of adsorption. Then the strong intermolecular
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electrostatic repulsion between adsorbed HA layers and HA molecules in solution, as
indicated in zeta potential results, prevents the HA molecules in solution from further
adsorption.

As for the adsorption isotherms, the largest changes to frequency (Af) or highest
adsorption amount of HA are seen for the mildly hydrophobic surface (6 =79°), and the
smallest changes of Af are observed for the most hydrophilic surface (6 =22°). While for
the most hydrophobic surface (6 =106°), the mass of adsorbed HA is close to but lower
than that of the mildly hydrophobic surface (6 =79°). The most likely explanation is that
the adsorption of HA is not only governed by hydrophobic interaction, but also strongly
influenced by the electrostatic interaction (attraction or repulsion). The most hydrophobic
surface may still carry a strong negative charge at pH 3 due to the preferential uptake of
hydroxide ions, while the mildly hydrophobic surface may be less negatively charged (or
even positively charged) compared with the most hydrophobic surface. Consequently, the
adsorption amount of HA on the mildly hydrophobic surface is the highest among all
three cases.

Despite that the adsorption isotherms do not show a clear trend in the influence of
the surface hydrophobicity on adsorption of the HA, the adsorbed amounts of HA (as
shown in Figure 4.5(d)) on hydrophobic surfaces is still considerably higher than that of
the hydrophilic surface, which further confirmed the importance of hydrophobic
interaction during the adsorption process. Additional insights into the conformation of the

adsorbed HA layers were obtained from the changes in the dissipation. In all three cases,
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the dissipation energy loss was less than 1x10°, suggesting that the adsorbed HA layers
on all three substrates are quite thin and rigid, and most likely to be monolayer adsorption.
The desorption of HA during the flush of KCIl background solution is weak and the
amount of desorbed HA is similar in all three cases. It is likely that the removed material

is loosely attached HA molecules or aggregates on the adsorbed films.
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Figure 4.5. Influence of surface hydrophobicity on HA adsorption onto
thiol-functionalized gold surfaces in 0.001 M KCI solution at pH 3 (a) Mon =1 gold
surface with a contact angle 6 =22°; (b) Mou =0.5 gold surface with a contact angle 6
=79°; (c) Moun =0 gold surface with a contact angle 6 =106°. Frequency change (Af) and

energy dissipation shift (AD) recorded at four different overtone number (3, 5, 7, and 9).
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(d) Summary of the adsorbed mass (at 4200s) of HA layers on gold sensors; the error bar

represents the standard deviation calculated from four overtone numbers (3, 5, 7, and 9).

(c) HA'in 0.1 M KCl solution at pH 9

The adsorption of HA on thiol-coated gold surfaces was also studied for the solution
condition of 0.1 M KCI and pH 9. The plots of Af and AD versus time are shown in
Figure 4.6. As indicated in Figure 4.6 (a), (b) and (c), adsorption of HA occurred in all
three cases and resulted in significant frequency change. The largest changes of
frequency for adsorption are seen for the most hydrophobic surface (6 =106°), and the
smallest changes to frequency are observed on the least hydrophobic surface (6 =22°).
Besides, the change to the dissipation energy loss was still less than 2x10 in all three
cases, which enable the use of the Sauerbrey equation to calculate the adsorbed mass. The
adsorbed masses of HA on the three substrates at 4200s are shown in Figure 4.6 (d), and
generally increases with increasing surface hydrophobicity.

At an ionic strength of 0.1 M KCI, the electric double layers of HA molecules and
thiol-coated gold surfaces are significantly compressed. The calculated Debye length of
the electric double layers is only ~0.96 nm, and the electrostatic interaction is
significantly screened and can be neglected under such a circumstance.’® 3! In addition,
other interactions, such as van der Waals force, etc., also start to play important roles
when the electrostatic interaction is negligible. Thus, the observed HA adsorption was

primarily induced by the hydrophobic interaction at the initial stage of adsorption,
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followed or more accurately, accompanied by a “stacking” or “precipitation” of HA
molecules/aggregates on the substrate surfaces. However, it should be noted that the
adsorption is “precipitation-like” rather than real precipitation, since the real precipitation
is typically driven by gravity force and more suitable for large particles. While in this
study, the HA solution is very dilute (20 ppm) and the molecular weight of HA is
relatively small, the HA adsorption is driven by the attractive interactions between HA
molecules/aggregates in the solution and adsorbed HA layers on the surface rather than
gravity force.

As a consequence, the adsorption of HA on three substrates in 0.1 M KCI solution
could not reach equilibrium, at least for an adsorption time of 100 minutes, due to the
continuous deposition of HA molecules/aggregates. In addition, the HA molecules in the
solution are more readily to form aggregates in the absence of electrostatic repulsion.
Larger HA aggregates will form in the solution and adsorb onto the substrate surface as

the adsorption progresses, forming less rigid extend layers with loose and open structures.
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Figure 4.6. Influence of surface hydrophobicity on HA adsorption onto
thiol-functionalized gold surfaces in 0.1 M KCIl solution at pH 9 (a) Mon =1 gold surface
with a contact angle 6 =22°; (b) Mon =0.5 gold surface with a contact angle 6 =79°; (c)
Mon =0 gold surface with a contact angle 6 =106°. Frequency change (Af) and energy
dissipation shift (AD) recorded at four different overtone number (3, 5, 7, and 9). (d)
Summary of the adsorbed mass (at 4200s) of HA layers on gold sensors; the error bar

represents the standard deviation calculated from four overtone numbers (3, 5, 7, and 9).

4.3.2.2 Adsorption kinetic analysis
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The QCM-D data also enables the kinetic analysis of the adsorption isotherms. The
adsorption isotherms were also plotted as adsorbed mass versus adsorption time, by
applying the Sauerbrey equation to convert the change in frequency (Af) to adsorbed
mass. Since the adsorption of HA on the three surfaces from 0.001 M KCl solutions at pH
9 is negligible, only the adsorption kinetics of HA from 0.001 M KCI solution at pH 3

and 0.1 M KCl solution at pH 9 were analyzed and discussed.

(a) HA'in 0.001 M KCl solution at pH 3

The adsorption data for the adsorption of 20ppm HA onto surfaces with varying
hydrophobicities in 0.001 M KCI solution at pH 3 were fitted to Langmuir-Freundlich
32,33

adsorption model as shown in equation 4.3, which is also known as Sips equation,

using the fitting tool in Origin 2015.

n
_msm-k-t

m=—4—— (4.3)
(I1+k-t")

Where m is the adsorbed mass at any given time t during the adsorption process, and
Mga 1S the maximum adsorbed mass. The variable k is a constant related to the binding
affinity, and n is the heterogeneity index, which ranges from 0 to 1.>* For a homogeneous
surface, n =1, and the Langmuir-Freundlich equation becomes the Langmuir equation.
When n < 1, the material is heterogeneous, and when n=0, the Langmuir-Freundlich
isotherm reduces to Freundlich isotherm. Compared with the Langmuir and Freundlich

isotherms, the Langmuir-Freundlich isotherm is capable of modeling the monolayer
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single-solute adsorption from dilute solutions on both homogeneous and heterogeneous
surfaces.**

As indicated in Figure 4.7, the adsorption isotherms are well described by the
Langmuir-Freundlich model, with R? values larger than 0.98 in all three cases except the
Mon=1 surface. The deviation/discrepancy for the fitting of the adsorption isotherm on
Monu=1 surface is owing to the slight frequency drift during the measurements. However,
the R? value of the fitting for the adsorption isotherm on Mon=1 surface is still around

0.923 in the first 1200s of adsorption.
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Figure 4.7. Adsorption isotherms (mass versus time) of 20 ppm HA on surfaces with

varying hydrophobicity in 0.001 M KCI solution at pH 3. Solid lines represent fits to
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Langmuir-Freundlich model. The R? values for the fits are as follows: 0.993 for Mon= 0;

0.981 for Mon= 0.5; 0.923 for Mou= 1 in the first 1200s of adsorption.

The parameters of the fit are presented in Table 4.1. As can be seen, the three
isotherms are accurately described by the Langmuir-Freundlich equation, and the
standard deviations in the values of msa, k, and n are quite small. Besides, the values of
heterogeneity index (n) of the three isotherms determined from Langmuir-Freundlich
equation are equal or close to one. Therefore, it can be concluded that the Mon =0 and
Mon =1 gold surfaces can be considered to be homogenous under this solution condition.
However, slight heterogeneity may exist on the Monu=0.5 gold surface, which is
understandable as it is coated by a mixture of thiols terminated with —OH and —CH3

groups.

Table 4.1. Adsorption kinetic parameters for HA adsorption on thiol-coated gold surfaces

with varying hydrophobicity, as determined from fitting to Langmuir-Freundlich

equation.
Mounand 0  mg (ng/cm?) k n R?
0 and 106° 275.02+0.16 0.0070+0.0001 1+0.0026 0.993
0.5 and 79° 314.88+0.21 0.0249+0.0004 0.893+0.0035 0.981
1 and 22° 72.88+0.17 0.0242+0.0013 1+0.0132 0.923
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(b) HA in 0.1 M KCl solution at pH 9

The adsorption isotherms (adsorbed mass versus time) of 20ppm HA onto surfaces
with varying hydrophobicity in 0.1 M KCI solution at pH 9 were fitted to the
Langmuir-Freundlich adsorption model first. However, it was observed that the
Langmuir-Freundlich adsorption model underestimates the adsorption rate of HA after
1800 seconds and hence does not fit well with the latter section of the adsorption
isotherms. After repeated experiments and analysis, it was found that the adsorbed mass
is in a linear relationship with the adsorption time after 1800 seconds, and could never
reach adsorption equilibrium (as mentioned before in Figure 4.6). Therefore, we
proposed an extension of the Langmuir-Freundlich adsorption model and named it as
Langmuir-Freundlich-Linear (LFL) model, which is a summation function of the

Langmuir-Freundlich equation and a linear equation as shown in equation 4.4.

S VLN (4.4)
(A+k-1")

All the parameters except for mg and b are already defined in equation 4.3, here msat

is not the maximum adsorbed mass and is just a parameter in the Langmuir-Freundlich

adsorption region, and b is the slope or the adsorption rate of the latter section (or linear

region) of the adsorption isotherm. The variable b in here describes the “precipitation”

rate of HA molecules on the substrates, and should be independent of the surface
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properties of the substrates and only reflects the interactions between HA
molecules/aggregates in the solution and the adsorbed HA films on the surfaces.

As shown in Figure 4.8, the fit to the LFL model is exceptionally good, with the R?
values larger than 0.982 in all three cases. The adsorption isotherms can be divided into
two distinct sections. The first part of adsorption is dominated by hydrophobic interaction
and more resembles the Langmuir-Freundlich isotherm, although it already incorporated
a linear adsorption isotherm. After the substrate surface is fully covered by a layer of HA
molecules, the adsorption process is dictated by the interactions between HA
molecules/aggregates in the solution and the adsorbed HA layers. Therefore, the later
section of isotherms reflect the “precipitation” or stacking of HA molecules/aggregates
on the substrates, and the adsorbed mass in this region is proportional to the adsorption

time.
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Figure 4.8. Adsorption kinetic data for 20 ppm HA adsorption on gold surfaces with

varying hydrophobicity in 0.1 M KCI solution at pH 9. Solid lines represent fits to a

summation of Langmuir-Freundlich equation and linear equation. The R? values for the

fits are as follows: 0.992 for Mop= 0; 0.993 for Mou= 0.5; 0.982 for Mou= 1.

The parameters of the fit are presented in Table 4.2. It can be seen that the errors in
the values of msay, k, n, and b are actually quite small, in spite of the fact that the errors
are a result of an unconstrained four-parameter fit. Besides, the values of heterogeneity
index (n) of the three isotherms determined from LFL equation are equal to one.

Therefore, the three gold surfaces with varying hydrophobicity can be regarded as
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homogenous in this circumstance, most likely because of the absence of electrostatic
repulsion. In addition, the values of b of three isotherms determined from the LFL
equation are quite close to each other, which further confirmed that the parameter b is
independent of the surface properties of the substrate and is an indication of the

interactions between HA molecules/aggregates and the adsorbed HA films.

Table 4.2. Adsorption kinetic parameters for HA adsorption on thiol-coated gold surfaces
of varying hydrophobicity, as determined from fitting to a summation of

Langmuir-Freundlich equation and linear equation.

Mon and ®  myy¢ (ng/cm?) k n b R?

0 and 106° 219.98+0.32  0.0131+0.0003 1+0.005 0.01284+0.0001 0.992

0.5 and 79° 130.63+0.61  0.0043+0.0001 140.007 0.0154+0.0001 0.993

1 and 22° 27.53+0.95 0.0022+0.0003 1+0.032 0.0143+0.0002 0.982

4.3.2.3 The AD—Af plots of QCM-D

Additional information can be extracted from the raw Af and AD data by plotting
AD-Af plots (AD versus Af). The AD/Af ratio can provide information on the viscoelastic
properties of the adsorbed layer. In general, a high AD/Af ratio indicates a relatively
nonrigid and loose layer structure, whereas a low ratio reflects a stiffer and more compact
structure where the adsorbed mass induces less energy dissipation. In addition, a change
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in the slope of AD/Af indicates structural changes in the adsorbed layer as the adsorption
progresses, and an increase in the slope is an indication that the layer has become less
rigid due to decreased packing density, while a decrease in the slope implying the layer
has become more rigid.!” 2!* 3 Therefore, the AD-Af plots essentially reflect the
dissipation changes per unit adsorbed mass, pinpointing changes in polymer
conformation and layer structure as the adsorption progress. If the AD and Af have a
linear relationship with a constant slope, then the adsorbed polymer does not undergo
conformation changes during the adsorption process. In contrast, if the relationship
between AD and Af is non-linear, or has a discontinuity, then there is a change in the

conformation of the adsorbed layer as the adsorption progress.?% 3% 37

(a) HA'in 0.001 M KCI solution at pH 3

Figure 9 shows the AD—Af plots for the adsorption of HA on thiol-coated gold
surfaces with varying hydrophobicity in 0.001 M KCI solution at pH 3. Only slight
changes in AD were observed in all three cases, suggesting the adsorbed layers are
relatively rigid and compact. Besides, HA appears to adsorb without any significant
change in its conformation, as the AD—Af plots of all three cases show single slopes
(excluded the desorption part) without any discontinuity. In other words, the relation
between AD and Af is linear, indicating that the adsorbed HA layer has a consistent layer

conformation with increasing adsorbed mass.
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The AD-Af plots corroborated with the adsorption kinetic data and further support
that the adsorbed HA films in 0.001 M KCI solution at pH 3 are relatively thin and rigid,

and most likely to be monolayer adsorption.

1.00
= M,=1,0=22°
= M,=0.5,0=79°
0.75 - = M,=0,0=106°
'5\ 0.50 =
=)
A
(a]
< 0.25-
0.00 -
-0.25 T T T T T T T
0 -5 -10 -15 -20
Af(Hz)

Figure 4.9. Influence of surface hydrophobicity on Af/AD recorded at overtone number

n=7 in 0.001 M KCl solution with 20 ppm HA at pH 3.

(b) HA'in 0.1 M KCl solution at pH 9
Figure 4.10 contains the Af-AD plots for the adsorption of HA on three substrates

in 0.1 M KCI solution at pH 9. As can be seen, there are two distinct regions with
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different slopes in the Af-AD plots for all three substrates. The discontinuity in the slope
reflects a change in conformation of HA layer, and the change from a smaller to a larger
slope implies that the conformation of adsorbed HA changed from a rigid layer to a more
softer extended layer. In other words, softer films with loose and open structures were
formed as the adsorption progresses.

The Af—=AD plots data further support the conclusion from the adsorption kinetic
analysis. The observed HA adsorption was primarily induced by the hydrophobic
interaction at the initial stage of adsorption, followed or accompanied by a “stacking” or
“precipitation” of HA molecules/aggregates on the substrate surfaces. After the substrate
surface is fully covered by a layer of HA molecules, the adsorption process is controlled
by the interactions between HA molecules/aggregates in the solution and the adsorbed

HA layers.
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Figure 4.10. Influence of surface hydrophobicity on Af/AD recorded at overtone number

n=7 in 0.1 M KCl solution with 20 ppm HA at pH 9.

4.3.3 Adsorbed layer thickness and contact angles
The adsorbed HA layer thickness can be readily determined from the adsorbed mass
and the density of the adsorbed layer. It is assumed that the density of adsorbed HA layer

is 1.00 g/cm?®, which is in fact quite accurate for most of the polymer films since the

water content in many adsorbed polysaccharides could range from 70 to 95%.%%3%3% As

shown in Table 4.3, the adsorbed HA layers are ultra-thin and less than 3 nm in most of
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the cases, owing to the fact that HA is a group of low molecular weight polyelectrolytes.
The ultrathin HA films also make the AFM imaging rather challenging to perform and
would require atomically smooth substrates for AFM characterization of adsorbed species.
However, the gold surface used in this study is full of hemispherical gold grains, making
it complicated to distinguish the HA aggregates/molecules from the gold substrate

features (gold grains).

Table 4.3. Adsorbed HA layer thickness (at 4200 s) of different surfaces after treatment

with 20 ppm HA in 0.001 M or 0.1 M KCl solution at pH 3 or pH 9.

Mon=1 Mon=0.5 Mon=0
0.001 M KCl at pH 9 ~0 ~0 0.48+0.01 nm
0.001 M KClatpH3 0.60+0.01 nm 3.07+0.06 nm 2.63+0.02 nm
0.1 MKCl at pH9 0.83+0.15 nm 1.89+0.16 nm 2.59+0.12 nm

Overall, the adsorbed HA layer thickness increases with increasing surface
hydrophobicity under the same solution conditions. While for surfaces with the same
initial hydrophobicity, the adsorbed layer thickness would increase at lower pH or higher
ionic strength.

The contact angles of thiol-coated gold surfaces, before and after treatment with 20

ppm HA under different solution conditions, are presented in Table 4.4. Prior to HA
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adsorption, the freshly prepared thiol-functionalized gold sensors have an average contact

angle of 22, 79, and 106° for Mon=1, Mon=0.5, and Monr=0 surfaces, respectively.

Table 4.4. Contact angles of thiol-coated gold surfaces before and after treatment with 20

ppm HA in 0.001 M or 0.1 M KCl solution at pH 3 or pH 9.

Mon=1 Mon=0.5 Mon=0

Fresh thiol-coated 22+47° 79+4° 106+4°
0.001 M KCl at pH 9 48+3° 80+3° 90+4°
0.001 M KCl at pH 3 42+3° 46+3° 53+4°
0.1 M KClatpH9 28+3° 67+3° 69+3°

After treatment by 20 ppm HA in 0.001 M solution at pH 9 for 60 minutes and
flushed by 0.001 M KCI background solution at pH 9, the average contact angle of
Mon=1 gold surface increased from 22° to 48°, which may be caused by the slight uptake
of HA molecules or contamination. In contrast, the contact angle Mon=0.5 gold surface
barely changed after HA treatment, indicating that no HA molecules had adsorbed onto
the Mon=0.5 gold surface under this solution condition because of the strong electrostatic
repulsion. While the Mon=0 gold surface show some contact angle reduction after HA

treatment but remain strongly hydrophobic, suggesting that HA molecules have only
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partially (instead of fully) covered the gold surface, which also correlates well with the
QCM-D data.

The contact angles of three substrates treated with 20 ppm HA in 0.001 M solution
at pH 3 are around 46° and quite close to each other, suggesting that the surfaces are
possibly fully covered by HA molecules and hence show similar surface wettability. On
the other hand, the contact angles of Mon=0.5 and Mon=0 surfaces treated in 0.1 M KCl
solution with 20 ppm HA at pH 9 are also around 60°, which are close to that of
substrates treated in 0.001 M KCl at pH 3 but with slight differences. These results
indicate that surfaces treated with HA in 0.1 M KCI at pH 9 may also fully covered by
HA, and the slight contact angle differences are probably caused by the differences in
adsorbed layer conformation and layer thickness.

Despite the experimental results do not show a clear trend in the influence of the
adsorbed layer thickness (or adsorbed amount) on the contact angles of HA-treated
surfaces, it was observed that surfaces with the same initial hydrophobicity tend to have a
smaller contact angle when the adsorbed HA layer is thicker. Since the adsorbed layer
thickness is increased at lower pH and/or higher KCI1 concentration, the influence of the
HA adsorption on the contact angles of the surfaces was seen to be greatest when

adsorbed at low pH and/or higher ionic strength.
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4.4 Conclusions

The adsorption characteristics and kinetics of HA onto three surfaces with varying
hydrophobicity have been studied as a function of solution pH and ionic strength, using
QCM-D and contact angle measurements. The possible adsorption mechanisms of HA
onto various surfaces under different solution conditions were also illustrated.

The QCM-D data indicates that the HA molecules could not effectively adsorb onto
all three surfaces at a low 1onic strength and high pH (0.001 M KCI and pH 9) condition,
possibly due to the strong electrostatic repulsion between HA molecules and thiol-coated
gold surfaces. However, HA adsorption occurred and reached adsorption equilibrium on
all three surfaces in 0.001 M KCI solution at pH 3, owing to the reduced electrostatic
repulsion. Besides, the QCM-D dissipation data indicates that the HA molecules form
relatively rigid and thin layers when adsorbing onto surfaces at low ionic strength. While
at high ionic strength conditions (0.1 M KCI and pH 9), the QCM-D crystal frequency
continued to decrease with increasing adsorption time, implying that the adsorption of
HA could never reach equilibrium, most likely due to the lack of electrostatic repulsion.
In addition, the AD-Af plots indicate that HA molecules undergo conformational changes
when adsorbing onto surfaces at high ionic strength, forming softer extended layers as the
adsorption progresses. This conclusion is also supported by the kinetic analysis of the HA
adsorption process, which shows that the HA adsorption was primarily induced by the

hydrophobic interaction at the initial stage of adsorption, followed or more accurately,
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accompanied by a “stacking” or “precipitation” of HA molecules/aggregates on the
substrate surfaces.

Contact angle measurements illustrate that the surfaces hydrophobicity of substrates
were reduced to different extents by HA under different solution conditions, and the
influence of the HA adsorption on the contact angle of the surface was seen to be greatest
when adsorbed at low pH or at higher ionic strength.

In conclusion, HA molecules adsorb faster and in larger amounts on the more
hydrophobic surfaces under the same solution conditions, which signify the importance
of hydrophobic interaction during the adsorption process. Besides, the reduction in
solution pH and/or increasing in ionic strength will result in enhanced adsorption of HA
because of reduced electrostatic repulsion between HA molecules and substrate surfaces.
The results pointed to a new type of adsorption isotherm for HA adsorption at conditions

of high ionic strength.
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Chapter 5. Flotation separation of Cu-Mo sulfides by

O-Carboxymethyl chitosan and the associated mechanisms

5.1 Introduction
With excellent electronic, optical and mechanical properties, molybdenum disulfide
(MoS,) has attracted intense research interest in a broad range of engineering and

technological applications, including but not limited to catalysts," > photovoltaics,* *

6 8

batteries,™ ¢ electronics,” ® and lubrication.” Molybdenite, the natural mineral form of
molybdenum disulfide, is the most important source of molybdenum and the only
commercially viable mineral from which molybdenum is extracted.'” Naturally occurring
molybdenite ores are typically associated with copper sulfide minerals such as
chalcopyrite, and approximately 50% of the world’s molybdenum production comes from
molybdenite that is recovered as a by-product with chalcopyrite through bulk
flotation.'%!2 The molybdenite in the bulk concentrate is then separated from chalcopyrite
by differential flotation through the depression of chalcopyrite or molybdenite based on
the molybdenite mass ratio in the bulk concentrate. The conventional practice in the
mineral industry is to depress chalcopyrite from the Cu—Mo bulk concentrate using
inorganic depressants, such as cyanides (KCN, NaCN, Ca(CN)2, NH4CN), sodium sulfide
(Na2S), sodium hydrosulfide (NaHS), ammonium sulfide ((NH4).S), Noke’s reagent

(thiophosphorus or thioarsenic compounds), ferricyanide (Ks3;Fe(CN)s, NasFe(CN)g),

ferrocyanide (K4Fe(CN)s, NasFe(CN)o),'" 1*16 and low molecular weight organic
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compounds including thioglycolic acid (HSCH>COOH), sodium thioglycollate
(HSCH2COONoa) etc.'’: 17 However, these routinely used depressants all suffer from a
variety of drawbacks including toxicity, volatility, large dosage, and environmental
hazards.

Chitosan, a nontoxic and biodegradable linear cationic copolymer of D-glucosamine
and N-acetyl-D-glucosamine, is produced by the deacetylation of a natural
polysaccharide chitin.'®! Chitin, as the second most abundant natural polymer in the
world after cellulose, can be easily obtained from crab or shrimp shells and fungal
mycelia.!® 2> Recently, chitosan has been proposed as a selective depressant for the
mineral flotation industry. For example, chitosan has been studied as a depressant in
galena-sphalerite flotation separation’? and chalcopyrite-galena flotation separation.?’
However, as a cationic polymer with the presence of a large number of amino groups,
chitosan is generally lack of selectivity towards negatively charged mineral particles. In
addition, chitosan is only soluble in acidic conditions, while industrial flotation processes

are typically performed under alkaline conditions around pH 9,'% 24

which largely
restrained its applications in the mineral industry. Hence, proper modification of chitosan
would be necessary to enhance its water solubility as well as selectivity under alkaline
conditions.

O-Carboxymethyl chitosan (O-CMC), a derivative of the natural polysaccharide

chitosan, has been used in a wide range of technological and engineering applications

such biomedical and food industry due to its nontoxic, biodegradable and cost-effective
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properties.”>2® In addition, the water solubility of O-CMC is significantly improved
compared with chitosan.?® ?° Therefore, in this work, O-carboxymethyl chitosan was
proposed and investigated as a selective depressant for molybdenite during the flotation
separation of copper-molybdenum sulfides, and the adsorption mechanisms of O-CMC

on copper and molybdenum sulfides were studied.

5.2 Materials and methods
5.2.1 Materials
5.2.1.1 Mineral samples

The mineral samples used for flotation are high purity molybdenite (Dayu, Jiangxi,
China) and chalcopyrite lumps (Ward’s Science, NY, USA). While the mineral samples
used for surface analysis are high purity molybdenite flakes (Research grade, Ward’s
Science, NY, USA), and chalcopyrite crystals (Good grade, Ward’s Science, NY, USA).
The chemical and mineralogical composition of chalcopyrite and molybdenite samples
were analyzed by atomic absorption spectrometry (AAS) and X-ray powder diffraction
(XRD) using a Rigaku Ultimate IV XRD. The purity of chalcopyrite used for flotation
was identified to be > 90% with pyrite (< 10%) and quartz as the major impurities, and
the purity of chalcopyrite crystals was identified to be > 95% with pyrite as the major
impurity. While the purity of molybdenite used for flotation was confirmed to be > 96%

with quartz (< 4%) as the major impurity and the purity of molybdenite flakes was
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confirmed to be > 99%. Hence, the mineral samples were handpicked and used without
any further treatment.

The lumps of chalcopyrite and molybdenite used for flotation were hammer crushed,
sorted and then dry ground. The ground products were dry screened by Tyler standard
sieves (Fisher Scientific, USA), and the -150+74 pum size fraction was collected and used
for the flotation experiments. While several high purity molybdenite flakes and
chalcopyrite crystals used for surface analysis were crushed and dry ground by an agate
mortar/pestle. The ground products were dry screened by Tyler standard sieves (Fisher
Scientific, USA), and the -37 pum portion was used for electrokinetic studies, infrared
spectroscopy, and ToF-SIMS analysis. A few high purity molybdenite flakes were
exfoliated for AFM imaging and XPS measurements, while several chalcopyrite crystals
were cleaved and hand-polished and used for XPS measurements and AFM imaging,

respectively.

5.2.1.2 Reagents

Potassium isobutyl xanthate or KIBX (C4H70S2K, Prospec Chemicals Ltd., Canada)
was added as the collector for both minerals during the flotation. Prior to use, the KIBX
was purified by adding 50 g of xanthate to 500 mL of acetone at 40 °C and continuously
stirred for 5 minutes, then precipitated by ether following our previous reports.**** The
precipitates were collected by filtration and dried in a vacuum oven at 295 K, then sealed

and stored in a freezer for future use.
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O-Carboxymethyl Chitosan (O-CMC, Santa Cruz Biotechnology, USA), with a

degree of deacetylation of 90.78% and a degree of substitution of ~95%, was investigated

as a selective depressant during the flotation separation of copper-molybdenum sulfides.

The molecular weight of the O-CMC is reported in the range of 100 to 300 KDa, and the

molecular structure of O-CMC is shown in Figure 5.1.

4-Methyl-2-pentanol (MIBC, 99+%, Acros Organics) was introduced as a frothing

agent in flotation tests. All aqueous solutions were prepared using Milli-Q water (Thermo

Scientific, USA) with a resistivity of 18.2 MQ-cm at 295 K. Potassium chloride was

employed as the background electrolyte for the solutions. The pH of all solutions was

adjusted using 0.1 M and 0.01 M KOH and HCI.
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Figure 5.1. The molecular structure of O-Carboxymethyl chitosan (O-CMC).

5.2.2 Methods

5.2.2.1 Flotation
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The flotation experiments were conducted in a customized Hallimond tube with a
Siwek top.** In the flotation tests on individual minerals, 1.50 g chalcopyrite or
molybdenite mineral particles were added into 150 mL 0.001 M KCI solution at the
desired pH and concentration of O-CMC. In the flotation tests on artificial mineral
mixtures, 3.00 g of molybdenite-chalcopyrite (weight ratio 1:1) mineral mixtures were
added into 150 mL 0.001 M KCI solution at the desired pH and O-CMC concentration.
The mineral suspension was stirred for 5 min while the pH was adjusted by KOH or HCL
Prior to the flotation, KIBX solution was injected into the slurry to reach a concentration
of 20 ppm and the slurry was stirred for 3 min. Then the MIBC solution was introduced
to obtain a concentration of 20 ppm and the suspension was further stirred for 2 min. The
conditioned suspension was then transferred to the Hallimond flotation tube and floated
for 2 min using high purity compressed air at a flowrate of 20 cm?/min.

In flotation tests on single minerals, the recovery of molybdenite or chalcopyrite was
obtained from the dry weight of the concentrates and tailings. While in flotation tests on
artificial mineral mixtures, the concentrates and tailings were filtered, dried, weighed and
sent for elemental analysis. The chalcopyrite and molybdenite recovery were then

calculated based on the elemental content of Cu and Mo in the concentrates and tailings.

5.2.2.2 Electrokinetic studies
Electrokinetic measurements were performed to investigate the adsorption

characteristics and mechanisms of O-CMC on the mineral particles at varying pH, as
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slight changes in adsorption may lead to significant variations in the electrokinetic
potentials of particles.’® The electrokinetic potentials of mineral particles under various
solution conditions were recorded using a Zetasizer Nano (Malvern Instruments Ltd.,
UK). In each test, 0.5 g of ground mineral particles (size fraction: -37 um) were mixed
with 50 mL 0.001 M KCI solution with or without 150 ppm O-CMC at the desired pH in
a 100 mL polyethylene bottle. The pH of the mineral suspensions was adjusted using 0.1
M and 0.01 M KOH or HC], and then ultrasonicated for 5 minutes. An equilibrium time
of 15 min was allowed prior to each measurement. Each measurement was repeated at

least three times and the average value was reported.

5.2.2.3 Infrared spectroscopy

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy was employed
to analyze the structure of O-CMC and investigate the adsorption of O-CMC on both
mineral surfaces. The DRIFT spectra were recorded by a Nicolet iS50 FTIR
spectrophotometer (Thermo Scientific, USA) with a Smart Diffuse Reflectance accessory.
The number of scans for each spectrum was 128 with a spectral resolution of 4 cm™'. The
background spectrum was acquired using potassium bromide (KBr, FTIR grade, ACROS
Organics) powder. To examine the adsorption of O-CMC onto mineral surfaces, 0.5 g
mineral particles (size fraction: -37 um) were ground to approximately 2 pm, the ground
products were then added into 50 mL 0.001 M KCl solution with 150 ppm O-CMC at pH

9. The mineral suspensions were continuously shaken on an orbital shaker at 500 rpm for
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30 min. Thereafter, the mineral particles were filtered and washed three times with
Milli-Q water to remove the non-adsorbed or weakly attached O-CMC, then dried in a
vacuum drying oven. The O-CMC powders, O-CMC treated and untreated minerals
particles, were mixed with KBr powder respectively, and the spectra of O-CMC,
untreated and O-CMC treated mineral particles were obtained by subtracting the

spectrum of KBr background, respectively.

5.2.2.4 Atomic force microscope imaging

The morphology of the mineral surfaces, before and after O-CMC treatment, was
characterized by an Asylum MFP-3D atomic force microscope (Santa Barbara, USA)
using acoustic tapping mode. The surface topography of freshly cleaved molybdenite or
polished chalcopyrite surface was obtained first. Thereafter, the mineral surfaces were
immersed in 0.001 M KCI solution with 150 ppm O-CMC at pH 9 for 10 minutes, then
taken out from the solution and rinsed thoroughly by Milli-Q water. The mineral
substrates were dried with high purity nitrogen gas prior to imaging. The AFM imaging
tests were performed immediately after sample preparation to minimize the surface

oxidation and contamination.

5.2.2.5 XPS measurements
The XPS characterization was conducted on a Kratos AXIS Ultra X-ray

photoelectron spectrometer (Kratos Analytical, USA) equipped with a monochromatic Al
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Ka X-ray source (hv=1486.69 eV). The sampling area of XPS measurements on the
sample surface is 400 um x 700 pm, while the sampling depth was around 10 nm.
Therefore, the recorded spectra can reveal the surface composition and chemistry of the
samples. All of the XPS spectra were processed and analyzed by the CasaXPS software
(Version 2.3.18).

The XPS measurements were performed on five samples: O-carboxymethyl chitosan
(O-CMC) powder, freshly exfoliated molybdenite surface, freshly cleaved chalcopyrite
surface, O-CMC treated molybdenite, and O-CMC treated chalcopyrite. The O-CMC
treated mineral samples were prepared by immersing the freshly exfoliated molybdenite
surface or cleaved chalcopyrite surface into 0.001 M KCI solution with 150 ppm O-CMC
at pH 9 for 10 min. The treated mineral substrates were then taken out, without Milli-Q
water rinsing, and dried with high purity nitrogen gas prior to XPS analysis. The binding
energy peak intensities and positions of these samples were compared to investigate the
possible chemical interactions between O-CMC and mineral surfaces. All of the XPS
measurements were carried out within 1 h of sample preparation to minimize surface

oxidation and contamination.

5.2.2.6 ToF-SIMS analysis
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was employed to

determine the metal ions and O-CMC distribution on the mineral surfaces, to illustrate the
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possible selective adsorption of O-CMC on molybdenite and chalcopyrite surfaces and
the underlying interaction mechanisms.

The sample was prepared by adding 1.5 g artificial chalcopyrite-molybdenite
mixture (size fraction: -37 pm), with a weight ratio 1:1, to 150 mL 0.001 M KCI solution
with 150 ppm O-CMC at pH 9. The mineral suspension was continuously stirred by a
magnetic stirring bar for 30 min and then filtered. The collected solids were washed three
times with Milli-Q water, and then dried in a vacuum oven at 298 K before ToF-SIMS
measurements. To minimize the sample oxidation and contamination, the ToF-SIMS

characterization was performed within 12 h of sample preparation.

5.3 Results and discussion
5.3.1 Flotation
5.3.1.1 Single mineral flotation

To determine the proper O-CMC concentration for effective Cu-Mo separation,
flotation tests were first carried out on single minerals in 0.001 M KCI solutions at pH 9
with varying O-CMC concentrations. As shown in Figure 5.2, both chalcopyrite and
molybdenite have superior floatability with the addition of collector KIBX at pH 9 in the
absence of O-CMC, with the recovery of both minerals at approximately 97%. After
adding 150 ppm O-CMC, the flotation recovery of molybdenite was reduced from 97% to
11%. As the dosage of O-CMC increases, the molybdenite recovery decreases further, but

only to a small extent, and further increasing the concentration of O-CMC from 150 ppm
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to 200 ppm only slightly reduced the flotation recovery from 11% to 3%, which
demonstrates that 150 ppm O-CMC can efficiently suppress the molybdenite flotation. In
comparison, the addition of O-CMC has no significant impact on the flotation of
chalcopyrite, and the recovery of chalcopyrite remained above 94% over the entire
O-CMC concentration range tested (up to 200 ppm). Therefore, 150 ppm was selected as
the O-CMC concentration for Cu-Mo separations and this concentration was used for all
subsequent flotation tests, to study the influence of solution pH on the Cu-Mo flotation

and separation.
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Figure 5.2. Recovery of chalcopyrite and molybdenite in 0.001 M KCI solution at pH 9
under various concentrations (i.e., 0 to 200 ppm) of O-CMC. Collector: 20 ppm KIBX.

Frother: 20 ppm MIBC.
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The flotation recovery of chalcopyrite and molybdenite with and without 150 ppm
O-CMC at varying pH is shown in Figure 5.3. In the absence of O-CMC, the
chalcopyrite and molybdenite flotation recoveries are above 95% for most of the pH
range, except that at pH 11 where the recovery of molybdenite is reduced to 82%. This is
owing to both the molybdenite and air bubble surfaces are strongly negatively charged at
pH 11, which significantly lowers the probability of bubble-molybdenite attachment
because of the strong electrostatic repulsion. It is worth to mention that these flotation

36.37 and our previous report,*® which showed that

results are consistent with the literature
the molybdenite flotation recovery is reduced under alkaline conditions (pH > 9). While
the chalcopyrite recovery would not be affected by solution pH with the addition of
xanthate collectors.?

However, after the addition of 150 ppm O-CMC, the flotation of molybdenite is
strongly depressed over a wide pH range (3 to 11), and its recovery remained below 12%
regardless of the change in the pulp pH. In contrast, the chalcopyrite flotation was not
affected by the addition of O-CMC and solution pH, and its recovery remained above 93%
except at pH 3, where the recovery of chalcopyrite was lowered to 82%. This is primarily
caused by the increased adsorption density of O-CMC on chalcopyrite surfaces due to
less electrostatic repulsion and even electrostatic attraction between O-CMC and
chalcopyrite at lower pH, as the carboxylate groups of O-CMC are protonated at this pH.

Overall, a large separation window from pH 3 to 11 exists in which O-CMC can be seen

to depress molybdenite and also have a negligible impact on the chalcopyrite recovery.
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Figure 5.3. Recovery of chalcopyrite and molybdenite with and without the addition of
150 ppm O-CMC at varying pH in 0.001 M KCI solution. Collector: 20 ppm KIBX.

Frother: 20 ppm MIBC.

5.3.1.2 Mixed minerals flotation

Given the large separation window over a wide pH range (3 to 11) for molybdenite
and chalcopyrite during the single mineral flotation tests with 150 ppm O-CMC.
Flotation tests on chalcopyrite-molybdenite mixtures were carried out in 0.001 M KCl
solutions with 150 ppm O-CMC at varying pH, to examine the selectivity of O-CMC
during the flotation separation of chalcopyrite-molybdenite mixtures, as well as to

investigate the influence of pH on the flotation separation efficiency of O-CMC as a

depressant.
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Figure 5.4 shows the molybdenite and chalcopyrite recovery in the concentrates
floated from the artificial mixtures of molybdenite and chalcopyrite (weight ratio of 1:1).
As can be seen, chalcopyrite was selectively floated from molybdenite-chalcopyrite
mixtures over the entire pH range tested, with flotation recovery over 80% in most pH
range. Meanwhile, molybdenite was effectively suppressed, with recovery less than 10%,
for most of the pH range. Hence, O-CMC acts as a selective depressant for molybdenite
during the Cu-Mo sulfides separation, and solution pH does not significantly affect the

separation efficiency of O-CMC.
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Figure 5.4. Flotation recovery of chalcopyrite and molybdenite from artificial

molybdenite-chalcopyrite mixtures (weight ratio: 1:1) in 0.001 M KCI solution with the
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addition of 150 ppm O-CMC at varying pH. Collector: 20 ppm KIBX. Frother: 20 ppm

MIBC.

5.3.2 Electrokinetic studies

To elucidate the flotation results of molybdenite and chalcopyrite and the underlying
interaction mechanisms between O-CMC and these two minerals, the zeta potentials of
O-CMC treated and untreated mineral particles at varying pH were studied and the results
are plotted in Figure 5.5. In addition, as an organic macromolecule, the zeta potential of
polymer O-CMC could be readily determined and the results are also presented in Figure
5.5, which indicates that O-CMC is strongly negatively charged at pH > 4 with an
iso-electric point (IEP) around pH 3.5. At pH below 3.5, the carboxyl groups of O-CMC
are expected to be mostly protonated, and the positive charge originates from the
protonated amino groups (—-NH3") of O-CMC, while at pH above 3.5, the amino groups
(-NH3" at pH < 7 or —-NH; at pH > 7) of O-CMC would interact with its carboxylate
groups (—COO") due to the intramolecular electrostatic attraction.’® The strong anionic
characteristic of O-CMC at pH > 4 comes from the excess carboxylate groups that not
bounded to the amino groups, since the degree of substitution of O-CMC in this work is ~
95% while the degree of deacetylation is only 90.78%.

The zeta potential of freshly ground chalcopyrite particles was positive at pH below
4 and became negative at pH above 5, and more negative at higher pH, with an

iso-electric point (IEP) around pH 4.5, which is within the range of reported values.*
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However, due to the rapid oxidation of chalcopyrite surfaces, the iso-electric point (IEP)
of chalcopyrite is not a fixed value, and usually falls between the IEP (~ pH 1.6) of
sulfur groups (—SH) and the IEP of corresponding metal oxide/hydroxide species (~ pH
9.0).4% 4! Hence, in most cases, an “apparent” iso-electric point (IEP) is determined,
which is an indication of the oxidation extent of the chalcopyrite surface.*’ The zeta
potential of aged chalcopyrite particles (exposed in ambient air for ~ 30 min after
grinding) was also determined and the results are shown in Figure 5.5. As can be seen,
the aged chalcopyrite particles are more positively charged compared with the freshly
ground chalcopyrite samples, because of the increased amount of metal oxide/hydroxide

species formed on aged chalcopyrite surfaces.
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Figure 5.5. Zeta potential of aged chalcopyrite (exposed in air for ~30 minutes after
grinding), fresh ground chalcopyrite, chalcopyrite + O-CMC, O-CMC, molybdenite (data
from our previous work®), and molybdenite + O-CMC at varying pH in 0.001 M KCI

solution.

To better illustrate the oxidation process of chalcopyrite, a schematic depiction of
the oxidation process of the chalcopyrite surface is shown in Figure 5.6. As can be seen,
the surface of chalcopyrite is not homogeneous upon oxidation and is heterogeneous with
patch-wise structures. Upon slight oxidation, patches of metal oxides/hydroxides will

form on chalcopyrite surface, which serve as the cathode of the galvanic cell.*? The metal
161



oxides/hydroxides are hydrophilic and typically positively charged over a wide range of
pH, with a relatively high IEP around pH 9.4%-#! These positively charged species would
shift the overall zeta potential of chalcopyrite towards positive direction upon oxidation
and provide possible adsorption sites for O-CMC. As shown in Figure 5.5, the zeta
potential of O-CMC treated chalcopyrite particles become more negative and close to that
of O-CMC, suggesting that O-CMC molecules have adsorbed onto the chalcopyrite
surfaces, rendering the surface potential of chalcopyrite similar to that of O-CMC.

The adsorption of O-CMC on chalcopyrite is likely attributed to the electrostatic
interaction between the negatively charged carboxyl groups of O-CMC and the positively
charged metal oxide/hydroxide species. However, in the flotation tests, chalcopyrite
flotation was barely affected by O-CMC after the addition of collector (potassium
isobutyl xanthate). The possible explanation is that the competitive adsorption of xanthate
will desorb most of the adsorbed O-CMC molecules due to the stronger chemical
interaction between xanthate and chalcopyrite surface, thereby the flotation of
chalcopyrite was not affected by O-CMC.

On the other hand, sulfur-rich region (metal-deficient sulfides and polysulfides, etc.)
that act as anode will also form on chalcopyrite surface, as shown in Figure 5.6. The
sulfur-rich areas are generally considered to be hydrophobic and provide chalcopyrite
self-induced hydrophobicity or collector-less flotation behavior upon oxidation.*'*** The
sulfide groups (—SH) in the sulfide-rich region can either lose a proton and become

negatively charged (—S°) for pH above their IEP of 1.6, or gain a proton and become
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positively charged (—SH,") at pH below 1.6.*° Hence, in the pH range 3 to 11, these
sulfur-rich patches are negatively charged. These negatively charged sulfur species may
interact with the amino groups of O-CMC under certain pH conditions (pH 1.6 to 3.5), by
electrostatic interaction and hydrophobic interaction, etc. At pH above 3.5, the

hydrophobic sulfur-rich region may interact with O-CMC through hydrophobic

Interaction.
0. H.O Galvanic cell Hydrophilic, and Hydrophobiec, and
2y 112 .. _
positively charged negatively charged
atpH<9 atpH>1.6
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Chalcopyrite (CuFeS,), bulk Slight oxidation Chalcopyrite (CuFeS,), bulk

Oxidation extent and pH determine the
overall zeta potential of chalcopyrite

Figure 5.6. A simplified depiction of the surface layer composition of chalcopyrite upon
slight oxidation.

42,43 a5 shown in

Overall, the surface reaction of chalcopyrite upon slight oxidation
Figure 5.6 is recognized as:
CuFeS; +0.75'n:0O2 + 1.5-n-H,O = CuFe.4,S; + n'Fe(OH);
Where the CuFei.,S> represents the sulfur-enriched surface species such as metal

deficient sulfides and polysulfides etc., and Fe(OH); represents all iron (ferrous and ferric)

oxide/hydroxide species.*?
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In comparison, the zeta potential of molybdenite particles is always negative in the
pH range of 3 to 11, with an estimated iso-electric point (IEP) lower than pH 2. Besides,
the molybdenite particles are more negatively charged than chalcopyrite particles over the
entire pH range, which is consistent with the literature.?”- *°

After conditioning with 150 ppm O-CMC in 0.001 M KCI solution, the zeta
potential curve of O-CMC treated molybdenite particles shifted towards positive
direction and close to that of O-CMC over the entire pH range. At pH below 5, the zeta
potential curve of treated molybdenite essentially overlaps the zeta potential curve of
O-CMC, indicating the strong adsorption of O-CMC at molybdenite surfaces in this pH
range. In addition, as the solution pH decreased, the zeta potential difference between
treated molybdenite and untreated molybdenite increased, which implies that the
adsorption density of O-CMC on molybdenite surfaces may have increased at lower pH,
because of the reduced electrostatic repulsion and even electrostatic attraction at pH <
3.5.

Based on the results of zeta potential measurements and literature reports, it is
suggested that interactions between O-CMC and chalcopyrite are mostly electrostatic and
hydrophobic interaction due to the positively charged species presented on chalcopyrite
surface and the self-induced hydrophobicity in certain surface areas of chalcopyrite.
Similarly, since molybdenite is an anisotropic mineral with distinct basal planes and
edges, the adsorption of O-CMC on molybdenite basal planes (faces) and edges was also

discussed independently. The molybdenite basal planes are generated by the exfoliation
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of van der Waals force linked S—-Mo—S layers, hence the outmost layer of molybdenite
basal plane is a layer of S atoms and are recognized to be hydrophobic. The adsorption of
O-CMC onto molybdenite basal planes should be driven by hydrophobic attraction and
partially hindered by electrostatic repulsion at pH above 3.5, since the molybdenite basal
planes are hydrophobic and strongly negatively charged over a broad pH range from pH 3
to 11* and O-CMC is also negatively charged at pH > 3.5. On the other hand, the edges
of molybdenite are created by the broken of strong Mo-S covalent bonds within the S—
Mo-S layers, and are hydrophilic. The molybdenite edges typically account for less than
10% of the total surface areas of molybdenite particles depending on particle size, similar
to that of talc;*® %7 and the edges generally do not affect the natural floatability of
molybdenite. Nevertheless, the possible adsorption of O-CMC on molybdenite edges was
discussed in this study.

Molybdenite edges are typically strongly negatively charged at pH above 3 due to
the presence of HMoO4 and MoO4> species.*> As a result, strong electrostatic repulsion
is expected between O-CMC and molybdenite edges at pH > 3.5, and the adsorption of
O-CMC on molybdenite edges should be negligible and strongly hindered by electrostatic
repulsion, as observed in the case of carboxymethyl cellulose (CMC) on molybdenite
edges.*® In fact, O-CMC and CMC have similar molecular structures, and O-CMC can be
regarded as CMC with hydroxyl groups on C-2 replaced by amino groups; however, the
amino groups of O-CMC should interact with its carboxylate groups at pH above 3.5 (IEP

of O-CMC).>* Therefore, the adsorption mechanisms of O-CMC on molybdenite surfaces
165



are expected to be similar to that of CMC, and the adsorption of O-CMC on molybdenite
edges should also be negligible and hindered by electrostatic repulsion at pH above 3.5.
Hydrogen bonding is not considered as an important adsorption mechanism of
O-CMC on molybdenite or chalcopyrite. The primary consideration is that O-CMC and
mineral surfaces could also form hydrogen bonds with surrounding water molecules.
Therefore, the formation of one hydrogen bond between O-CMC and mineral surfaces
requires the breakdown of at least two existing hydrogen bonds between O-CMC/mineral
surfaces and water molecules.?’" *° In addition, the amino groups (possible groups for
hydrogen bonding formation) of O-CMC should also interact with its own carboxylate
groups at pH above 3.5.3° Therefore, it is questionable to consider hydrogen bonding as
an important adsorption mechanism of O-CMC in aqueous solutions. However, at this
stage, it is unknown that if chemical interactions were involved during the adsorption
process of O-CMC. To further reveal the adsorption mechanisms, infrared spectroscopy,

AFM imaging, and ToF-SIMS measurements were performed.

5.3.3 Infrared spectroscopy

The DRIFT spectra of chalcopyrite and molybdenite particles, before and after
conditioning with 150 ppm O-CMC in 0.001 M KCI solutions at pH 9 then washed
thoroughly with Milli-Q water, are presented in Figure 5.7 and Figure 5.8 respectively,
together with the spectrum of O-CMC. In the spectrum of O-CMC, the characteristic

peaks in the range of 900-3000 cm™ were assigned based on literature reports.?%-2% 3
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Specifically, the broad band at 2907 cm™ comes from the stretching vibration of methyl -
and methylene groups (~CH3s and ~CH>-). The strong band at 1584 cm™ is attributed to
the asymmetric stretching of -COO", N-H deformation. The peak at 1417 cm™, with a
strong intensity, belongs to the symmetric stretching of -COO", C-N stretching, and N-H
deformation. The peak at 1324 cm™ originates from the O—H deformation of -CH-OH.
The broad peak at 1057 cm™ originates from the -C—O— vibration and C—O stretching of

polysaccharides and its analogues.?% 3% !
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Figure 5.7. The DRIFT spectra of O-CMC, O-CMC treated chalcopyrite, and

chalcopyrite (chalcopyrite spectrum data from our previous work>®).
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Figure 5.8. The DRIFT spectra of O-CMC, O-CMC treated molybdenite, and

molybdenite (molybdenite spectrum data from our previous work>®).

Figure 5.6 illustrates that the spectrum of chalcopyrite treated with 150 ppm
O-CMC then washed with Milli-Q water is almost identical to that of untreated
chalcopyrite. It can be inferred that there were no detectable O-CMC molecules on
chalcopyrite surfaces after being washed three times with Milli-Q water, suggesting that
the adhered O-CMC on chalcopyrite surfaces, as indicated in the electrokinetic study, are
likely removed by rinsing, and the adsorption of O-CMC onto chalcopyrite surfaces are

likely to be weak and reversible.

168



However, the results in Figure 5.7 indicate that molybdenite, after treatment with
O-CMC, had several new DRIFT peaks appearing near 2907, 1584 and 1417 cm™ which
corresponded to the stretching vibration of —CH3 and —CH»—, asymmetric and symmetric
stretching of —COQO" etc. These spectra indicate that O-CMC has been strongly adsorbed
on molybdenite surfaces, and washing the O-CMC treated molybdenite particles with

Milli-Q water could not completely remove the adsorbed O-CMC.

5.3.4 AFM imaging

Constrained by the detection limits of DRIFT spectroscopy, the presence of trace
amounts of O-CMC on chalcopyrite surfaces may not be detectable. AFM imaging was
applied to further investigate the adsorption of O-CMC on freshly prepared mineral
surfaces after washing thoroughly with Milli-Q water, as well as support our hypothesis.
Compared to DRIFT spectroscopy, AFM is a much more surface sensitive technique with
much lower detection limits. The topographic AFM images of molybdenite surfaces
before and after conditioning with 150 ppm O-CMC in 0.001 M KCI solution at pH 9 are
presented in Figure 5.9. As a layer structure mineral, molybdenite can be readily
exfoliated using sticky tape along the van der Waals force linked basal planes to generate
atomically smooth surfaces, which shows a root-mean-square (rms) roughness of ~0.14

nm as indicated in Figures 5.9 A and B.
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Figure 5.9. AFM height, cross-section and phase images (2 x 2 um?) of molybdenite
basal planes before and after treatment with 150 ppm O-CMC in 0.001 M KCI solution at
pH 9. (A) freshly exfoliated molybdenite surface; (B) cross-section line profile of fresh
molybdenite surface; (C) phase image of fresh molybdenite surface; (D) molybdenite
surface treated with O-CMC; (E) cross-section line profile of molybdenite surface treated

with O-CMC; (F) phase image of molybdenite surface treated with O-CMC.

After treatment with 150 ppm O-CMC in 0.001 M KCI solution at pH 9, a
significant change of the surface morphology of molybdenite was observed in the height
image in Figure 5.9 D. The treated molybdenite surface exhibited randomly and sparsely
distributed aggregates with an average diameter of ~200 nm and height up to ~2 nm as

demonstrated in Figure 5.9 E. The aggregates are sparsely distributed rather than
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uniformly coating the molybdenite surface. This possible explanation is that the ionic
strength of the solution is relatively low (0.001 M KCI) and the O-CMC molecules are
strongly negatively charged at pH 9, making the O-CMC molecules more likely to form
isolated “islands” instead of uniform coatings on the molybdenite surface due to the
strong intermolecular electrostatic repulsion. The apparent phase difference between the
formed aggregates (dark spots in Figure 5.9 F) and the surrounding areas further
demonstrates that these aggregates are O-CMC adsorbed on the molybdenite surface,
while the surrounding areas are molybdenite surface that not covered by O-CMC.

Figure 5.10 shows the surface morphology of chalcopyrite before and after
conditioning with 150 ppm O-CMC in 0.001 M KCI at pH 9. The freshly polished
chalcopyrite surface shows a root-mean-square (rms) roughness of ~0.4 nm in the height
image of Figure 5.10 A and B. After treatment with O-CMC, no significant variations in
surface morphology of chalcopyrite was observed in Figure 5.10 D, and the
root-mean-square (rms) roughness of the chalcopyrite surface remains around 0.4 nm, as
indicated in Figure 5.10 D and Figure 5.10 E. The phase images in Figure 5.10 C and
Figure 9F also confirmed that no apparent adsorption of O-CMC was detected on the
chalcopyrite surface after rinsing. However, after conditioned in O-CMC solution, several
“white” particles appeared on the chalcopyrite surface, as shown in the height and phase
images in Figure 5.10 D and Figure 5.10 F, respectively. These particles are less likely to
be the residual O-CMC molecules and are more likely to be the surface oxidation

products (such as polysulfide, metal-deficient sulfide, elemental sulfur, and even metal
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oxides/hydroxides) of chalcopyrite,*!

as initially no or only a few white particles were
observed on the fresh chalcopyrite surface. After exposure to air, an increasing number of

particles appeared during the repeating AFM scan of the same region of chalcopyrite

surface.
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Figure 5.10. AFM height, cross-section and phase images (2 x 2 pm?) of chalcopyrite
surfaces before and after treatment with 150 ppm O-CMC in 0.001 M KCI solution at pH
9. (A) freshly polished chalcopyrite surface; (B) cross-section line profile of fresh
chalcopyrite surface; (C) phase image of fresh chalcopyrite surface; (D) chalcopyrite
surface treated with O-CMC; (E) cross-section line profile of chalcopyrite surface treated

with O-CMC; (F) phase image of chalcopyrite surface treated with O-CMC.
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The AFM images further revealed that the adsorption of O-CMC onto fresh
chalcopyrite surface is likely to be a reversible process, and the weakly attached O-CMC
on chalcopyrite surface (as indicated in the electrokinetic study) could be readily
removed by Milli-Q water washing. In comparison, the adsorption O-CMC onto
molybdenite basal plane is more irreversible and could not be easily washed away by
water, indicating that the adsorption may be dictated by stronger interaction such as

hydrophobic interaction.

5.3.5. XPS analyses
5.3.5.1 XPS spectra of O-CMC

The XPS spectra of as-received O-carboxymethyl chitosan (O-CMC) powder was
recorded first. The presence of carbon, oxygen, and nitrogen peaks was confirmed by the
XPS survey scan of O-CMC, in accordance with the molecular structure of O-CMC, and
no significant contamination was observed in the XPS survey spectrum of O-CMC. The
high-resolution C 1s, N 1s, and O 1s spectra of O-CMC were recorded and analyzed, and

the results are presented in Figure 5.11.
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Figure 5.11. High-resolution (a) C 1s (b) N Is (c) O 1s XPS spectrum of as-received

O-CMC.

As can be seen from Figure 5.11 (a), the high-resolution C 1s line could be
deconvoluted into three individual peaks. Specifically, the peak at 284.8 eV is originated
from the C—C and C—H. The peak at 286.2 eV with the strongest intensity comes from the
C-N and C-O in the O-CMC, and the peak at 287.9 eV is attributed to the carboxylic
groups (O—C=0) of O-CMC and the C=0 existed in the undeacetylated amide groups of
0-CMC.5?** In Figure 5.11 (b), two peaks can be resolved on the high-resolution N 1s
spectrum of O-CMC. The strong peak at 399.1 eV is attributed to the -NH> groups of
O-CMC,>" %36 while the peak with a relatively weak intensity at 400.6 eV comes from

the O=C-NH- groups, i.e., the undeacetylated amide groups of O-CMC.>% 3 It should be
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noted that the degree of deacetylation of O-CMC used in this study is 90.78%, which
correlate well with the XPS peak intensity.

The high-resolution O 1s spectrum of O-CMC is shown in Figure 5.11 (c), at least
three species can be resolved from the O 1s line. The broad peak at 535.4 eV is caused by
the photoemission from gas phase H>O’7 that vaporized from the polymer powder. The
peak at 532.6 eV with the highest intensity comes from the C—O, O—H and bound H>O in
O-CMC.** The peak at 530.9 eV is assigned to the carbonyl oxygen of the C=0, O—

C=0 groups in the O-CM(C.%% 338

5.3.5.2 XPS spectra of molybdenite

The high-resolution C 1s, N 1s, and O 1s spectra of molybdenite before and after
O-CMC treatment are shown in Figure 5.12. Before treatment by O-CMC, the
molybdenite surface exist a C Is peak at 284.8 eV, which is well known from the
adventitious carbon. In comparison, no significant amount of oxygen and nitrogen

species were detected on the freshly exfoliated molybdenite surface.
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Figure 5.12. High-resolution (a) C Is (b) N 1s (c) O 1s XPS spectra of molybdenite

before (bottom) and after O-CMC treatment (top).

After treatment with the O-CMC solution, two new peaks near 287.8 eV (O-C=0,
C=0) and 286.1 eV (C-O, C-N) arise in the C 1s spectrum of treated molybdenite, as a
result of the O-CMC adsorption. Besides, the peak intensities and the peak-to-peak ratio
are similar to that of O-CMC powder, indicating the O-CMC is the primary carbon
species on O-CMC treated molybdenite surface. In other words, the adventitious carbon
only accounts for a small percentage of carbon on the O-CMC treated molybdenite
surface. Otherwise, if adventitious carbon is the dominant carbon species, then the C 1s
peak at 284.8 eV should be the highest peak among all three C 1s peaks.

In addition, the N 1s and O 1s spectra of treated molybdenite also confirmed that

O-CMC had adsorbed onto molybdenite surface, and the peak positions, peak intensities,
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and peak-to-peak ratios correlate well with that of O-CMC powder. Since there were no

obvious binding energy shifts of C 1s, N 1s and O 1s peaks, the adsorption of O-CMC on

molybdenite basal planes could not be attributed to the chemical interactions. Herein, the

physical interactions, most likely the hydrophobic interaction, was suggested to be the

adsorption mechanisms of O-CMC onto molybdenite surface.
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Figure 5.13. High-resolution (a) Mo 3d (b) S 2p XPS spectra of Molybdenum disulfide

before (top) and after O-CMC treatment (bottom).

To further confirm the absence of chemical interactions between molybdenite and

O-CMC, the high-resolution Mo 3d and S 2p spectra of molybdenite before and after

O-CMC treatment were also recorded and the results are presented in Figure 5.13. As can

be seen, no binding energy shifts or new peaks were observed in the high-resolution Mo

177



3d and S 2p spectra of molybdenite before and after O-CMC treatment, which further
confirmed that no strong chemical interactions were involved during the adsorption
process of O-CMC onto molybdenite basal planes. Since both O-CMC molecules and
molybdenite surfaces are strongly negatively charged at pH > 4, as indicated in the zeta
potential measurements and literature,* the most likely strong interaction between
O-CMC and molybdenite surfaces that could overcome the electrostatic repulsion is the
hydrophobic interaction between the hydrophobic moieties of O-CMC and the

molybdenite basal planes.

5.3.5.3 XPS spectra of chalcopyrite

The high-resolution C 1s, N 1s, and O 1s spectra of chalcopyrite before and after
O-CMC treatment are presented in Figure 5.14. Before treatment by O-CMC, the
chalcopyrite surface exist several C 1s peaks at 288.5 eV (C=0, O—-C=0), 286.5 eV (C—
OH, C-0-C) and 284.8 ¢V (C-C, C—H), which is known from the adventitious carbon.
Meanwhile, no N 1s peaks were observed on the high-resolution N 1s line of chalcopyrite
before O-CMC treatment. The high-resolution O Is spectrum of chalcopyrite before
O-CMC treatment, of relatively weak intensity and very broad, consists at least three
components, which could be assigned to the adsorbed water and sulfate (532.9 eV),

hydroxides (531.4 eV) and oxides (529.7 eV).***
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Figure 5.14. High-resolution (a) C Is (b) N 1s (¢) O 1s XPS spectra of chalcopyrite

before (bottom) and after O-CMC treatment (top).

However, after immersion in O-CMC solution and dried without Milli-Q water
rinsing, the peak intensity of C=0/0-C=0 (288.5 eV) and C-O/C-N (286.3 eV)
increased significantly as compared with that of C—C/C—H. According to the C 1s
spectrum of O-CMC, the C 1s peak at 286.5 eV (C—O/C—N) is the highest among all
three C Is peaks. However, in the C 1s spectrum of O-CMC treated chalcopyrite, the C—
O/C—N peak is not the highest peak among all three peaks. Therefore, it can be concluded
that O-CMC is not the dominant carbon species on chalcopyrite surface, and the
adventitious carbon may contribute to a significant proportion of the carbon on the
chalcopyrite surface. The C 1s spectrum of O-CMC treated chalcopyrite and zeta

potential measurements revealed that a small quantity of O-CMC has attached to
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chalcopyrite surface before Milli-Q water rinsing; however, the attached O-CMC can be
mostly removed by washing with water, as indicated by AFM imaging.

The N 1s line of chalcopyrite before and after O-CMC treatment are shown in
Figure 5.14 (b). Before O-CMC treatment, no nitrogen species were observed on the
chalcopyrite surface. After conditioned in O-CMC solution, an N 1s peak with a
relatively low intensity appeared on chalcopyrite surface, suggesting that O-CMC has
been attached or deposited onto chalcopyrite surface before rinsing by water, and the
increase of C 1s peak intensity is not solely caused by the adventitious carbon. Besides,
the two peaks of N 1s line have shifted from 399.1 and 400.6 eV to 399.3 and 400.8 eV,
respectively; which is mostly like caused by the charging effect during the XPS
measurements or errors (fitting and measurements).

The O 1s line of chalcopyrite before and after O-CMC solution treatment is a much
more complicated due to the rapid oxidation of chalcopyrite surface. However, at least
four components can be resolved from the O 1s line. In addition to the three O Is peaks
already existed on chalcopyrite surface, a new peak at 536.0 eV appeared on the O 1s line
of treated chalcopyrite, which is attributed to the gas phase H>O (vaporized from the
polymer film on chalcopyrite surface) as mentioned in Figure 5.11. The two O 1s peaks
at 532.9 eV (H20, SO4>) and 531.4 eV (OH") on chalcopyrite surface merged with the C—
O/O—H peak (532.6 eV) and C=0 peak (530.9 eV) of the O-CMC, respectively; and
formed two strong and broad peaks around 533.0 eV and 531.3 eV. Again, the slight

binding energy shifts are most likely due to the charging effect during the XPS
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measurements or errors (fitting and measurements). Besides, the electrostatic attraction
between the carboxylic groups of O-CMC and the surface oxidation species of
chalcopyrite surface may also result in the slight binding energy shifts.

Since no significant binding energy shifts were observed on the C 1s, N Is and O 1s
electrons, the interactions between O-CMC and chalcopyrite are unlikely to be strong
chemical interactions. Considering the surface charge properties and self-induced
hydrophobicity in certain region of chalcopyrite surface, the interactions between
O-CMC and chalcopyrite should be relatively weak physical interactions such as

electrostatic interaction and hydrophobic interaction, as indicated in the zeta potential

measurements.
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Figure 5.15. High-resolution (a) Cu 2p (b) Fe 2p (c) S 2p XPS spectra of chalcopyrite

before (top) and after O-CMC treatment (bottom).
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The Cu 2p spectra of chalcopyrite are presented in Figure 5.15 (a), as can be seen,
no binding energy shift was observed for the Cu 2p peaks of chalcopyrite before and after
O-CMC treatment, which further confirmed the absence of chemical interactions between
O-CMC and chalcopyrite.

As indicated in Figure 5.15 (b), the broad Fe 2p line of chalcopyrite before O-CMC
treatment consists of at least two components. The broad band at about 711.0 eV comes
from the ferric and ferrous oxide/hydroxide species such as FeOOH, Fe(OH)2, Fe;Os,
Fe;04 on the chalcopyrite surface, while the Fe 2p peak at 708.2 eV is attributed to the
iron in the bulk mineral structure.*>%% 6!  After treatment with the O-CMC solution, the
peak intensity of iron oxide/hydroxide species increased significantly due to the rapid
oxidation of chalcopyrite surface, while the peak intensity of iron in the bulk chalcopyrite
decreased dramatically. The line shape and peak position etc. of Fe 2p spectrum after

42,6061 and indicate that

O-CMC treatment are highly consistent with the literature reports,
the change of Fe 2p line shape is irrelevant to the O-CMC adsorption, and is mainly
caused by the surface oxidation.

In addition, the S 2p spectra of chalcopyrite before and after O-CMC treatment were
also shown in Figure 5.15 (c), and three groups of S 2p doublets can be resolved from the
S 2p line. The strongest doublet at 161.2 and 162.3 eV comes from the metal sulfide (S%)
in the bulk of chalcopyrite. The doublet at 162.2 and 163.4 eV originated from the

metal-deficient disulfide (S>*") on the chalcopyrite surface, The weakest doublet at 163.1

and 164.3 eV is assigned to the polysulfide (Ss*", n>2) on chalcopyrite surface.>-%* The
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notable reduction of the bulk S intensity and the increasing of disulfides and polysulfides
intensity suggest that the chalcopyrite surface is more oxidized after immersion in the
O-CMC solution, while the lack of binding energy shifts of S 2p peaks reveals the

absence of chemical interactions.

5.3.6 ToF-SIMS analysis

To directly demonstrate the possible selective adsorption of O-CMC on the
molybdenite and chalcopyrite surfaces, ToF-SIMS measurement was employed to
determine metal ions and O-CMC distribution on the treated chalcopyrite-molybdenite
mixture. On the surface of the mixture, positive ion maps of Fe*, Cu’, Mo", and their
dominant isotopes were selected to outline the molybdenite and chalcopyrite surfaces in
the artificial chalcopyrite-molybdenite mixture treated with O-CMC, since molybdenite
and chalcopyrite are the only source of Mo", Cu” and Fe’, respectively. Similarly, the
CH4N" and NH4" ions, as fragments of O-CMC, were chosen to represent the distribution
of O-CMC on the surface of the mineral mixture. The distributions of O-CMC,
molybdenite, and chalcopyrite on a sample area of 86 x 86 um? are shown in Figure 5.16
A-H. It can be noticed that molybdenite and chalcopyrite complemented each other in the
scanned area. By comparing Figure 5.16 A-H, it can be seen that the distribution of
O-CMC overlapped the Mo" and Cu” distribution, and does not match well with the

distribution of Fe, indicating that the O-CMC has preferentially adsorbed on the
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molybdenite surfaces and the sulfur-rich areas of chalcopyrite surfaces after washing
thoroughly with Milli-Q water.

It should be noted that the typical sampling depth of ToF-SIMS measurements
(without continuous sputtering or itching) is about 1 to 2 nm. Hence, the ToF-SIMS only
reveals the surface chemistry of the topmost layers of minerals. As shown in Figure 5.16,
the stronger intensity of Fe' in certain region as compared with Cu” and its isotopes
further confirmed that the chalcopyrite surface is actually heterogeneous and consists of
patches of iron oxides/hydroxides with a typical thickness of few nanometers (depending
on oxidation degree), which is consistent with the literature reports.**** Upon oxidation,
the chalcopyrite surface would form patches of iron oxides/hydroxides as mentioned
earlier in Figure 5.6. The iron oxides/hydroxides are one of the possible adsorption sites
for O-CMC, due to electrostatic interaction, as mentioned in the zeta potential

measurements.
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Figure 5.16. Positive-ion images of 86 x 86 pm’ of the surface of chalcopyrite—
molybdenite mixture (weight ratio of 1:1) treated with 150 ppm O-CMC in 0.001 M KCl
solution at pH 9. (A) Image of °Fe’ distribution; (B) Image of 3Cu™ distribution; (C)
Image of %Cu" distribution; (D) Image of °Mo" distribution; (E) Image of *Mo"
distribution; (F) Image of *Mo" distribution; (G) Image of 2CH4N* distribution; (H)

Image of *NH4" distribution.
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However,

Figure 5.16 shows that O-CMC was not detected in the iron

oxides/hydroxides region of chalcopyrite after washing. The possible explanation is that

the thin layer of iron oxides/hydroxides (together with the adsorbed O-CMC) could be

easily peeled off or removed mechanically from the chalcopyrite surface,

42,43

as shown in

Figure 5.17. Hence, O-CMC was not observed in the iron oxides/hydroxides region of

chalcopyrite in the ToF-SIMS imaging in Figure 16. However, the interactions between

O-CMC and the sulfur-rich areas of chalcopyrite surface are likely to be hydrophobic

interaction, etc. As a result, the O-CMC could not be easily washed away from the

sulfur-enriched areas or CuFe;.,S; region of chalcopyrite, and was detected in the Cu”

site of the ToF-SIMS images.
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Figure 5.17. A simplified schematic diagram of the surface layer composition of

chalcopyrite after treatment with O-CMC and water rinsing.

5.4 Conclusions

In this work, O-Carboxymethyl chitosan (O-CMC), a nontoxic, biodegradable and
cost-effective derivative of the naturally occurring polysaccharide chitosan, was exploited
as an efficient and selective depressant for molybdenite in the Cu-Mo separation, to
replace the current toxic and hazardous depressants. In single mineral flotation tests,
O-CMC demonstrated good molybdenite depression ability over the entire pH range
tested (3-11), while the floatability of chalcopyrite was only slightly affected by O-CMC
under strong acidic condition (pH 3). In the mixed minerals flotation, O-CMC is selective
and efficient in depressing molybdenite flotation while not significantly affecting the
recovery of chalcopyrite over the entire pH range tested.

The flotation results were explained by the higher adsorption density of O-CMC on
molybdenite than chalcopyrite, and the adsorption characteristics of O-Carboxymethyl
chitosan (O-CMC) on chalcopyrite and molybdenite surfaces were analyzed by a range of
different techniques. The results showed that O-CMC strongly adsorbs on molybdenite
surfaces, while no apparent adsorption of O-CMC was identified on chalcopyrite surfaces
by AFM or DRIFT spectroscopy after rinsing thoroughly with Milli-Q water. The higher
adsorption density of O-CMC on molybdenite than chalcopyrite successfully explained

the selective separation of chalcopyrite and molybdenite during the flotation process.
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The results of electrokinetic studies and XPS measurements indicate that
interactions between O-CMC and chalcopyrite are mostly weak physical interactions
such as electrostatic interaction and hydrophobic interaction due to the absence of
significant binding energy shift. In addition, the adsorption of O-CMC on chalcopyrite is
reversible and most of the adsorbed O-CMC could be removed mechanically (e.g.,
washing), as indicated in DRIFT spectroscopy, AFM and ToF-SIMS imaging. In contrast,
the adsorption O-CMC onto molybdenite is more irreversible and should be dictated by
hydrophobic interaction, owing to the natural hydrophobicity of the molybdenite basal
planes. The bubble-molybdenite attachment and the dewetting process during the

flotation process was hindered by the adsorbed polymer layer,®* ¢4

thereby resulting in the
strong depression of molybdenite. In addition, the preferential adsorption of O-CMC onto
molybdenite over chalcopyrite from a mixture was verified by ToF-SIMS analysis, which
further demonstrated that O-CMC adsorbs strongly on molybdenite surface over
chalcopyrite surface, and also correlate well with AFM results and successfully explained
the selective separation of chalcopyrite and molybdenite from the mixture.

In conclusion, the adsorption characteristics of a biodegradable, non-toxic, and
cost-effective depressant O-CMC on molybdenite/chalcopyrite were systematically
studied, and the associated interaction mechanisms between O-CMC and two mineral
surfaces were successfully explained. Besides, it was observed the water solubility and

selectivity of O-CMC were significantly enhanced compared with the recently found

polymeric depressant—chitosan.!>??> Moreover, compared to the conventional polymer
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depressants such as carboxymethyl cellulose.®> O-CMC is stimulus or pH responsive and
becomes insoluble and precipitates at its iso-electric point around pH 3.5, which provides
a potential approach to remove, recycle and reuse it from the tailings water; and to our
knowledge, this approach has not been reported. The precipitation of O-CMC could also
facilitate the settling and removal of fine particles in the slurry and purify the tailings
water. However, it should be noted that the I[EP of O-CMC may not be a fixed value and
is likely affected by the degree of substitution and deacetylation of O-CMC. Additional
research is required to investigate how to efficiently remove or recycle the O-CMC from
the tailings water. This work also provides important implications and guidance for the
development of novel polymeric depressants or flocculants, and separation of many other

mineral systems and related engineering processes such as wastewater treatment.
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Chapter 6. Summary and Future Work

6.1 Conclusions
6.1.1 Conclusions about HA

Humic acids (HA), an organic fraction of soil and one of the most abundant natural
organic macromolecules in the earth’s crust, was exploited as a selective depressant for
molybdenite during the molybdenite-talc separation and molybdenite-chalcopyrite
separation. The adsorption characteristics and kinetics of HA on model
hydrophobic/hydrophilic surfaces under different solution conditions (e.g., pH and ionic

strength) were also studied by QCM-D measurements.

6.1.1.1. HA in molybdenite-talc separation

(1) Single mineral flotation tests revealed that the addition of HA strongly depresses
the molybdenite flotation even at a concentration of 5 ppm. However, the presence of HA
has no significant impact on the talc recovery, especially under alkaline conditions, the
recovery of talc stay above 97% over the entire HA concentration range (0-20 ppm)
tested. Mixed mineral flotation tests confirmed that HA could be utilized as a selective
and efficient depressant for molybdenite-talc separation under alkaline conditions.

(2) Contact angle measurements confirmed that the wettability of both talc and
molybdenite were enhanced after treated with HA. However, the addition of HA has less

influence on the hydrophobicity of talc than on molybdenite.
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(3) The adsorption isotherms revealed that the adsorption density of HA on
molybdenite is higher than that of talc. Zeta potential measurements and literature reports
imply the adsorption HA mostly occurred on talc edges, while the adsorption of HA on
molybdenite mainly took place on its basal planes.

(4) DRIFT spectroscopy and AFM imaging further confirmed that the adsorption
density of HA on molybdenite is much higher than that of talc, and the adsorption of HA
on talc can be easily influenced by the solution pH, while the adsorption of HA on
molybdenite was less sensitive to the variations of solution pH. The research results also
suggest that the interactions between HA and molybdenite/talc are dictated by
hydrophobic interaction and electrostatic interaction, and the hydrophobic attraction and
electrostatic repulsion determine whether or not the adsorption of HA will occur on

molybdenite/talc basal planes.

6.1.1.2. HA in molybdenite-chalcopyrite separation

(1) Single flotation tests indicate that the addition of HA had no significant influence
on the flotation of chalcopyrite, and the recovery of chalcopyrite remained above 97% in
the entire HA concentration range (0-40 ppm) tested. In contrast, the presence of HA
could drastically reduce molybdenite recovery. Flotation tests on the
chalcopyrite-molybdenite mixtures further demonstrated that HA selectively depresses

molybdenite flotation during the Cu-Mo sulfides separation from pH 3 to 11.
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(2) Adsorption study revealed that HA has a higher adsorption density on
chalcopyrite over molybdenite, which may seem contradictory to the flotation results.
However, it should be noted that the interaction mechanisms between HA and
molybdenite/chalcopyrite are different. DRIFT spectroscopy, XPS, and zeta potential
measurements demonstrated that the interactions between HA molybdenite are governed
by hydrophobic interaction. In comparison, the interactions between HA and chalcopyrite
are mainly electrostatic in nature, and the adsorbed HA on chalcopyrite are likely
replaced by xanthate. The above experimental results indicated that HA is a cost-efficient
depressant for molybdenite in the Cu-Mo sulfides separation over a broad range of pH,
and the stronger interaction between HA and molybdenite than that of chalcopyrite lead

to the selective separation.

6.1.1.3. Adsorption of HA on model hydrophobic/hydrophilic surfaces

(1) The adsorption of HA on the model hydrophobic surfaces and hydrophilic
surfaces was characterized by QCM-D experiments. The adsorption data reveal that the
surface hydrophobicity has a significant influence on the uptake of HA, and in general,
the adsorption of HA on thiol-coated gold surfaces increases with increasing surface
hydrophobicity under the same solution conditions, which signify the importance of

hydrophobic interaction during the HA adsorption process.
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(2) In addition, electrostatic interaction also plays a vital role during the adsorption
process, as the adsorption of HA on model substrates is faster and increased at lower pH
and/or higher ionic strength, attributed to the reduced electrostatic repulsion.

(3) Contact angle determination illustrates that the hydrophobicity of substrates was
reduced to different extents by HA under different solution conditions, and HA has a
more significant impact on the surface hydrophobicity of substrates when the adsorption

occurred at lower pH or at higher salinity conditions.

6.1.2 Conclusions about O-CMC

O-Carboxymethyl chitosan (O-CMC), a nontoxic and cost-effective derivative of the
natural polysaccharide—chitin, was also studied as a depressant for molybdenite during
the Cu-Mo sulfides separation, to replace the current toxic depressants.

(1) The flotation experiments on single minerals revealed that O-CMC strongly
depresses molybdenite from pH 3 to 11, while the floatability of chalcopyrite is not
affected by the addition of O-CMC except for pH 3. The flotation experiments on mineral
mixtures revealed O-CMC could effectively depress the molybdenite without
significantly reducing chalcopyrite recovery and selective Cu-Mo was achieved from pH
3to 11.

(2) The infrared spectroscopy and AFM imaging demonstrated the stronger
interaction between O-CMC and molybdenite compared with chalcopyrite lead to the

depression of molybdenite and selective separation of two minerals in mineral flotation.
203



(3) The electrokinetic study, XPS and ToF-SIMS results revealed that the
interactions between chalcopyrite and O-CMC are mostly weak physical interactions
such as electrostatic interaction. In comparison, the adsorption of O-CMC on
molybdenite is induced by hydrophobic interaction and partially hindered by electrostatic
repulsion. In addition, infrared spectroscopy and XPS analysis revealed that chemical

interactions are absent between O-CMC and molybdenite/chalcopyrite surfaces.

6.2 Original contributions

In this work, one of the most abundant natural macromolecules, humic acids or HA,
was discovered to be a promising depressant in the flotation separation of molybdenite,
chalcopyrite, and talc. It was observed that molybdenite flotation was depressed by HA
during molybdenite-talc separation and molybdenite-chalcopyrite separation, while
chalcopyrite and talc flotation was barely affected by HA.

The adsorption of HA on molybdenite basal planes was analyzed by AFM imaging,
XPS, and other related techniques. Besides, the adsorption of HA on model hydrophobic
surfaces (thiol-coated gold surfaces) was also studied by QCM-D measurements. The
experimental results indicated that the adsorption of HA on molybdenite basal planes is
governed by hydrophobic interaction, while electrostatic repulsion partially hindered the

adsorption of HA under alkaline conditions.
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In addition, O-Carboxymethyl chitosan (O-CMC), a nontoxic and biodegradable
derivative of the second most abundant naturally occurring polysaccharide—chitosan,
was also found to be a cost-efficient depressant for molybdenite in the Cu-Mo separation.

The adsorption characteristics and interaction mechanisms of O-CMC on
molybdenite were also investigated by AFM imaging, XPS analyses, and zeta potential
measurements, etc. The results revealed that the adsorption of O-CMC on molybdenite
basal planes was also induced by hydrophobic interaction while chemical interaction was
not involved. In comparison, the adsorption of O-CMC on chalcopyrite is mainly driven
by electrostatic interaction. In addition, it was observed that O-CMC becomes insoluble
and precipitates at its iso-electric point around pH 3.5, which provides a potential

approach to recycle and reuse it from the tailings water.

6.3 Future work

(1) The adsorption HA on molybdenite and talc surfaces were only investigated on
basal planes and under relatively simple solution conditions. The adsorption
characteristics of HA on molybdenite and talc edges/basal planes under complex aqueous
media (e.g., various ion species and concentration) need to be investigated.

(2) In this work, all minerals are “fresh” (untreated by collectors, etc.) before the
treatment of HA or O-CMC. It remains to be explored whether selective separation would
occur if the minerals are treated by collectors first and if molybdenite can restore its

floatability after depressed by HA or O-CMC. It is also worth mentioning that divalent
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ions and high salinity water such as seawater also have a significant impact on the
flotation process. Future research is required to study the influence of divalent ions and
oily collectors etc. presented in the practical flotation process.

(3) O-carboxymethyl chitosan (O-CMC) was found to be a selective depressant for
molybdenite during the copper-molybdenum sulfides separation. However, additional
work is required to verify if O-CMC is a viable depressant for the industrial flotation
process, which requires multifactorial experiments with real copper-molybdenum
concentrates.

(4) It was observed that O-CMC becomes insoluble and precipitates at its
iso-electric point (IEP) around pH 3.5. However, the IEP of O-CMC may not be a fixed
value and is likely affected by the degree of substitution and deacetylation of O-CMC.
Additional research is required to modify the IEP of O-CMC, and efficiently recycle and

reuse it from the tailings water.
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