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ABSTRACT

The role of the surfactants lignin sulfonic acid, cocoamido hydroxyl sulfobetaine (CAHSB),
tallowamido hydroxyl sulfobetaine (TAHSB), cocoamido betaine (CAB), naphthalene sul-
fonic acid-formaldehyde condensates and orthophenylene diamine (OPD) in the liquid
sulfur-aqueous zinc sulphate-zinc sulfide mineral system has been studied. The effect
of the various surfactants on the liquid sulfur-aqueous system interfacial tensions and
the liquid sulfur—mineral contact angle were measured in a high temperature-high pres-
sure apparatus. In the absence of any surfactant, the liquid-liquid interfacial tension
measured 54+1 mN/m, and the liquid sulfur-mineral contact angle was 80£5°. In the
presence of 0.3 g/L lignin sulfonic acid, the interfacial tension decreased to about 29+1
mN/m; the interfacial tension was not sensitive to any further increase in the surfactant
concentration. The contact angle measured 1451+5° in the presence of 0.07-0.3 g/L of
the surfactant. The presence of OPD in the solution did not have any effect on the lig-
uid sulfur-aqueous solution interfacial tension but increased the contact angle to about
130+5°. At a concentration of 0.1 g/L, naphthalene sulfonic acid-formaldehyde con-
densates decreased the interfacial tension to 2141 mN/m. Beyond this concentration,
the liquid-liquid interface was not sensitive to any further increase. The contact angle
increased to 1554+5° even at concentrations as low as 0.05 g/L. CAHSB exhibited just
about the same efficiency as lignin sulfonic acid. TAHSB and CAB required higher con-
centrations in order to effect any substantial changes in the liquid sulfur-aqueous solution
interfacial tension. They also effected a contact angle increase to 135+5°. With the ex-
ception of OPD, all the surfactants adsorbed at both the liquid-liquid and aqueous—solid

interfaces. OPD, on the other hand adsorbed at only the aqueous—solid interface.
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When introduced into leaching systems, the surfactants influenced the metal extrac-
tion to different extents. OPD and lignin sulfonic acid were the most efficient surfactants
(or dispersants for liquid sulfur). The extent of zinc extraction was enhanced to about
94 % for lignin sulfonic acid and over 99 % for OPD under both low or high pulp density
conditions. The other surfactants were unable to enhance zinc extraction even under
low pulp density conditions. Application of metaphenylene diamine as dispersant for
liquid sulfur under both low and high pulp density leaching conditions resulted in zinc
extractions in excess of 98 %. A combination of the interfacial studies and the leaching
experiments indicates that the most important characteristic for any effective surfac-
tant under pressure leaching conditions is for the surfactant to adsorb at the aqueous
phase-solid interface and increase the liquid sulfur-mineral contact angle.

Infrared spectral analysis of both sphalerite leach residue and pulped sphalerite in-
dicates that the lignin sulfonate ions are adsorbed both physically and chemically by
the mineral. The chemically adsorbed species form a Zn(II)-based complex that has an
organic portion similar to the bulk surfactant structure. OPD, on the other hand, is
adsorbed chemically through the interaction of the C-N functional group with the metal

ions forming a metal-amine complex.
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Chapter 1

INTRODUCTION

Sulfide minerals are the main source of most non-ferrous base metals, and can be an
important source for some precious metals as well. The most important source of zinc is
the mineral sphalerite (ZnS). Chalcopyrite (CuFeS;) is the predominant copper mineral,
although copper may be extracted from other sulfide minerals such as bornite (CusFeS,),
chalcocite (CuzS), and covellite (CuS). Until the last forty years or so, sulfide minerals
were treated mainly by roast-leach-electrowin (for Zn) and roast smelt-convert or flash-
smelt-convert (for Cu) technologies with the resultant production of large volumes of
sulfur dioxide that must be collected to minimize environmental damage. In most cases,
the collected sulfur dioxide is converted to sulfuric acid in acid plants located on site.
The cost of recovering SO, and converting it into acid, the SO, pollution problems
associated with incomplete SO, recovery, and the increasing demand for metals, along
with the progressive depletion of high grade ores require the development of new, clean
and eflicient metal extraction techniques for the treatment of sulfide minerals and low-
grade ores. Much time and money have been spent to understand hydrometallurgical
sulfide decomposition reactions in the last forty years and this work has had a great
impact on the research and development of hydrometallurgical processes for sulfide ores
and concentrates. The direct acid pressure leaching of sulfide minerals, notably ZnS and
copper sulfides - Cu,S, CuFeS; and FeS, has certain potential advantages over the roast-
leach and roast-smelt technologies. For example, in the Sherritt Gordon acid pressure

leach for zinc the process achieves high metal extraction (about 96-98 %) and good
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recovery of elemental sulfur (more than 85 %) without any sulfur dioxide production.
Pyrite, when present as an impurity can vary in reactivity under leaching conditions.
The oxidation of the impurity pyrite can influence the leaching kinetics as a source of
iron catalyst. Furthermore, pressure leaching of pyrite during zinc pressure leaching yields
only 10-50 % elemental sulfur (depending on leaching conditions) with the remainder of
the mineral sulfur being oxidized to the sulfate form.

The physical state of the elemental sulfur depends on the operating conditions. At
temperatures higher than 119°C, elemental sulfur exists as a liquid which tends to wet
and occlude any unoxidized sulfide mineral particles, thus slowing down the reaction
rate at higher extractions. At temperatures below 119°C, sulfur forms a porous solid
product layer on the reacted mineral surface. Complete reaction can be achieved but the
presence of the sulfur layer impedes the reaction and therefore lengthens the retention
time for acceptable metal extractions. This sulfur issue was one of the main obstacles!
to commercializing the zinc pressure leach process during the early days of its invention.
It continued to hamper the development of the process for at least 20 years until finally,
it was found that ligninsulphonic acid or its salts are effective surface active agents
(surfactant) for dispersing liquid sulfur in the process, thus preventing it from coating
the unreacted sulfide particles, and thereby enhancing the metal dissolution rate.

Surfactants are important reagents in the metal extraction industry. They are used
as wetting agents, dispersants, flotation reagents, etc. in mineral beneficiation processes.
However, the role of surfactants in leaching processes has not been widely studied. The
goal of increasing metal sulfide recovery and the desire to minimize cost and pollution,
and increase extraction efficiency require a thorough understanding of mineral-surfactant

interactions during pressure leaching. It is therefore imperative that surfactants with

1The problem of liquid sulfur prevented the early development of the commercial zinc pressure leach
on a commercial scale until about 1977; the process as currently practiced takes place at temperatures
between 135 and 155°C.



Chapter 1. INTRODUCTION 3

properties that can affect mineral decomposition in aqueous solutions should be studied,
and a data base needs to be accumulated on such surfactants that improve (or impede)
extractions, affect leaching kinetics, or play a role in separations between minerals and
their residual or precipitated leach products.

Unlike flotation systems which have been well documented, there has been no exten-
sive investigation of the nature of molecular interactions that take place between surfac-
tants and sulfide minerals in leaching reactors. It is the objective of this research to study
the effect of surfactants on mineral-solution-sulfur systems with a view to understanding

their behaviour during zinc pressure leaching.
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LITERATURE SURVEY

Leaching is basically the act of selectively dissolving metals from an ore or concentrate.
Generally, sulfide minerals are semi~conductors and thus, the oxidative or reductive leach-
ing of metal sulfides may be an clectrochemical process which involves the transfer of elec-
trons across phase boundaries. Since most sulfide minerals occur as impure materials, the
impurities may affect the electrochemical leaching kinetics of the process. The leaching
of metal sulfides such as ZnS, FeS, CuFeS,, FeS, under particular conditions results in
the generation of elemental sulfur which, depending on the operating temperature, can
be either liquid or solid.

The presence of liquid sulfur tends to slow or stop the metal dissolution process if
there is complete wetting of reacting mineral particles by the sulfur. This slow down
can be prevented by an interfacially active reagent that will create an unfavourable ther-
modynamic environment for wetting. The nature of the surfactant-mineral interactions
under leaching conditions has not been extensively studied (unlike flotation systems),
so this study seeks to focus on the basic mechanisms of the interactions in the leaching
systems. One of the direct methods of surface analysis of solids (eg. for adsorption of
surface active species) is by employing infrared spectral analysis and this approach is

adopted in this study.
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Table 2.1: Electronic properties of selected sulfide minerals

Mineral | Resistivity, Ohm-M | Conductor type
CugFeS, 1072 —-10-° p
Cu,S 4(107%) — 8(107°) p
CuFeS; | 2(107*) —9(1073) n
CuS 8(107%) — 7(1077) metallic
FeS, 3(107%) — 1(1073) n&p
ZnS 1 —1(10%) n

2.1

Metal sulfide minerals are good electronic conductors.

tronic properties of some sulfide minerals [1, 2].

and hence can be used as electrode materials in laboratory studies.

ELECTROCHEMICAL PROPERTIES OF METAL SULFIDES

Generally, they are semi-conducting?,

their dissolution are often controlled by electrochemical processes.

proceeds by the anodic dissolution of the sulfide mineral.

Table 2.1 summarizes the elec-

The kinetics of
Oxidative leaching

The electronic conductivity

of metal sulfide minerals can be attributed to the covalent character which results in

non-localization? of charge. Semi-conducting minerals possess "rest” potentials®. The
equilibrium potential of a mineral electrode depends on the solution composition as well
as on the exact composition of the mineral. This observation holds true for the dissolu-
tion of metals too as has been indicated by Jun Li et al. [3]. The electronic properties

of most metal sulfides and certain oxides readily lead to corrosion and galvanic couples

IThere is no reason for semi-conductors to behave differently from conductors unless the conductivity
is so low that cathodic and anodic reactions are polarized by electron or electron—hole transport through
the mineral grain.

2Motion of free—charge carriers which may be either electrons in the normally empty conduction
band or holes in the normally full valence band; conductivity may be referred to as a n-type or p-type
depending on whether electrons or holes dominate the-conduction.

3”Rest” potential is the potential at which there is no net anodic or cathodic current and can be a
mixed potential or an equilibrium potential.
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in aqueous systems. As a result of their electronic character, the kinetics of the leach-
ing of sulfides can be related to the potential of the solid in contact with an aqueous
electrolyte. Thermodynamically, dissolution reactions are strongly favoured so that the
effects of reverse reaction kinetics are usually ignored*. However, the build-up of product
ions in the solution may markedly affect the kinetics by influencing the potential at the
mineral-solution interface [1]. The reversible electrode potential, E4, of a sulfide mineral

in equilibrium with elemental sulfur can be written in a Nernst equation form, viz:

M™ (aq) + S° +ne = MS

By = Eo 4 Ly, Gt a0
nkF aprs

a; = activity of species 1.

2.2 LEACHING OF SULFIDE MINERALS

The leaching of metal sulfides is often considered electrochemical in nature and the
extensive work done by different investigators [1]-[19] has led to the advancement and
understanding of the theory. Under oxidative leaching conditions, a sulfide mineral is
presumed to give up electrons to an oxidant e. g. Fe3*, Cu?", dissolved oxygen, etc. The
reactions occurring during sulfide mineral decomposition in an aqueous environment can

be classified as follows [9]:

e molecular mechanism in which oxygen and sulfur transfer and where H;S is con-
sidered as an intermediate product in the leaching process. H,S is considered to be
immediately oxidized to elemental sulfur by ferric ions and dissolved oxygen during

the oxidation of sulfide minerals:

MS + 2% <> M** + HyS(4)

*This is not a general statement. Depending on the system under consideration, the reverse reaction
may or may not be ignored.
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The hydrogen sulfide is distributed between the aqueous and gaseous phases as
H25(5) =H3S5(ag)

then

H3S(aq) + 2F €l — 2HY, 4+ 2Felt 4+ 57

(ag)

and /or

HzAg(aq) -+ 1/202 — f[QO + S°

e electrochemical mechanisms promoted by high overvoltages as a result of high redox

potentials (in acidic ferric ion solution); the decomposition reaction would be:
M5 y— M™ + .5° + ne

and

nFe’t + ne—s nFe*t

with
MS + Fe®t—s M™ + S° + nFe?t

as the overall reaction
e and/or a mechanism that generates sulfate
MSy+4H,0 — M™ + SOF” +8HY + (n+6)e

and

(n+6)Fe*t + (n+6)e — (n+6)Fe*t

with

MS +4H,0+ (n+6)Fe*™ — M™ + SO +8HY + (n+6)Fe*t  (2.1)
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e a combination of the above

If the electrochemical process prevails during sulfide leaching, the leaching rate is
determined entirely by the physical and structural nature of the mineral surface and by
the electrochemical potential of the surface. The mineral surface may be clean (i.e. a
freshly fractured surface) or it may be coated with elemental sulfur and/or metal oxide
or hydroxide solids. These coatings may have varying degrees of porosity and electrical
conductivity. The electrode (mineral) potential would be determined in most cases by a
steady-state process involving the anodic and cathodic reactions.

The cathodic reaction of an oxidant operating on a sulfide mineral surface is governed
by the mass transfer rate of the species® and /or the activation polarization of the electrode
reaction (which can vary with the identity of the cathode surface). The most important
oxidants in hydrometallurgy are O, Fe** ions, Cl, (or C1O~) and HNOj3 acid and these

have very different reduction kinetics. Oxygen reacts cathodically as:
O, +4H* + 4e — 2H,0

but this process is very irreversible and slow unless overvoltages are large. Ferric ions are
very reactive on a conducting surface and so react almost reversibly. The consequence
is that in ferric ion leaching the limiting rate is either mass transfer of ferric ion to the
mineral surface (concentration polarization) or slow anodic dissolution of the mineral.
Aqueous chlorine is also a powerful oxidant which exhibits high Ej values, negligible
activation polarization, and high leaching rates. The disadvantage of using chlorine for
the leaching of metal sulfides is that chlorine will oxidize sulfur to sulfate®.

Thus, the potential of the mineral may be governed by the electrochemical kinetics

of both anodic and cathodic processes. Mixed potentials” are determined by balancing

5This can lead to concentration polarization.

®Not if Cl, oxidizes another species that in turn exerts a lower Ej.

"At the mixed potential the sum of the anodic current is counterbalanced by the sum of cathodic
current 1. e. ¥, = —XI,; different minerals have different mixed potentials unless in galvanic contact
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the current between separated anodic and cathodic processes. Potentials more positive
than the mineral rest potential drive the half-cell reaction in the net anodic direction and
potentials more negative than the rest potential drive the reaction in the net cathodic
direction®, Figure 2.1.

The anodic overvoltage is 5, = E — E.; and the cathodic overvoltage, n. = £ — E.,.

2.2.1 Leaching of Zinc Sulfide Minerals

Oxidative dissolution is an important part of the hydrometallurgical extraction of metals
from sulfide ores/concentrates and a lot of energy and time has been spent in order to
develop a process for the leaching of ZnS in C1~ and SO}~ media using an oxidizing agent

such as ferric ions or oxygen.

Ferric sulfate leaching of sphalerite

Ferric sulfate — sulfuric acid (0.3 M each) leaching of sphalerite was carried out by Perez
and Dutrizac [34]. Their data display an increase in the metal dissolution rate with tem-
perature (50-90°C). The kinetic data show that the rate determining factor in sphalerite
leaching is the surface chemical reaction (i.e. the data fit the shrinking core model). The
rate of leaching increases with increasing iron content of the sulfide mineral.

It has been suggested by Scott and Nicol [35] that during ferric sulfate leaching of
sphalerite, the first step in the series of reactions is the non-oxidative reaction which
produces H,S as an intermediate product which is then oxidized to elemental sulfur by
either dissolved oxygen or ferric ions in solution. The molecular mechanism may be

represented by [35, 9]:

Q]
o
~—

ZnS + 20t e= Zn*t + I,S,, (2.

with each other.
SFigure 2.1 depicts a hypothetical polarization curve for the dissolution of a metal sulfide in the
presence of a cationic oxidant N** eg. Fe3*.
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H3S(aq) + 2F e == 2H* 4 2Fe* + §° (2.3)

The H,S has to be dissolved before it can be oxidized. From reaction 2.2. the extent
of metal dissolution is sensitive to the acidity of the process but Peters and Doyle 9]
have reported that in spite of the fact that this mechanism is easy to understand, it is
inconsistent with practical oxidative acid leaching. In practice, there is no dependence
of the rate on acid concentration. Secondly, according to reaction 2.2, an increase in the
zinc ion concentration of the leach solution should lower the activity of H,S at the mineral
surface. This will put a constraint on reaction 2.3 particularly if it is the rate-determining
step. Thus Peters and Doyle [9] have indicated that the oxidative acid leaching of sulfides
is best described in terms of an electrochemical mechanism and this is consistent with
observations made by others, [1, 6, 7, 11, 19]. The presence of Fe®* and Fe*" in the leach
solution contributes to the kinetics through the ferric/ferrous redox couple [9, 19] and

the electrochemical dissolution of the metal is thus written as:

ZnS — Zn**t + 5° + 2 (2.4)
2F e 4 2e— 2Fe* (2.5)

The overall reaction is:
ZnS 4+ 2F et — Zn*t 4 2Fe*t 4+ §° (2.6)

These reactions are equivalent to the molecular version, i.e. reactions 2.2, and 2.3 and the
overall reaction are the same in both mechanisms. The presence of the ferric ions in the
leach solution enhances the metal dissolution rate by oxidizing H,S to elemental sulfur
and ferrous ions®. Verbaan and Crundwell [19] observed a linear relationship between the
initial metal dissolution rate and the redox couple’s potential and an activation energy

of 79 kJ/mol was obtained for their studies in the temperature range 25-85°C.

®This oxidation reaction is very fast even at room temperature.
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In a report on the oxidative dissolution of sphalerite concentrate in ferric sulfate me-
dia, Crundwell [36] indicated that in the early part of the process, the rate-limiting step
was the surface chemical reaction. The extent of leaching increased with increasing ferric
ion concentration and decreased with increasing ferrous concentration and an activation
energy of 46 kJ/mol was obtained for this rate control regime. As the sulfur product layer
grows in thickness, diffusion through the product layer becomes the rate-controlling step.
The initial metal dissolution (reaction) rate was insensitive to the presence of 0.05 and
0.01 M zinc sulfate in the leach solution. This is consistent with an earlier observation
made by Dutrizac and MacDonald [37] and the comment made by Peters and Doyle [9]
viz, that the electrochemical mechanism for the ferric ion leaching of sphalerite (involv-
ing an electron pair as the intermediate product) is more favoured over the molecular
pathway which involves H,S as the intermediate product!®.

The refractory nature of two sphalerite concentrates leached in 0.5 M ferric sulfate-0.1
M sulfuric acid media resulted in not more than 45 % zinc extraction [38] after 5 hours
of leaching at 78°C. This was assigned to the formation of insoluble lead sulfate and/or
plumbojarosite on the particles’ surface.

In an independent study into the influence of flocculants on the extent of metal extrac-
tion, Crundwell [39] reported that the addition of organic surfactants such as flocculants
lowers the rate of sphalerite dissolution. The decline was attributed to a decrease in the
surface area available for charge transfer processes (otherwise the chemical reaction) as

a result of the surfactant adsorption.

19The reason is that with an increase in zinc ion concentration in solution, equation 2.2 should shift
the equilibrium state in such a way as to re-establish equilibrium according to:

[2n**+] [H3Sa,]
[H*]?

K =

this will mean decreasing the rate of either metal dissolution or H4S generation either of which will result
in a decrease in the extent of metal extraction.
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Ferric chloride leaching of sphalerite

Despite the success and the apparent advantages of sphalerite leaching in either sulfate
or chloride media, most of the work has been in sulfate media, probably because of the
established commercial technology for electrowining zinc from purified sulfate solutions.
Numerous similarities exist in the reactions occurring in the ferric chloride and ferric
sulfate leaching of sphalerite [40] - identical free energies, enthalpies and entropies of
leaching. The reaction is electrochemical in nature and controlled by charge transfer
processes at the sphalerite surface (as has been reported by others [1, 7, 9, 11, 19]) with
the potential of the sphalerite being dependent on the ferric/ferrous couple at the surface.

The overall reaction for ferric chloride leaching of zinc sulfide is
ZnS + 2Fe* — Zn* 4+ 2Fe™ 4 5°

In ferric chloride leaching of complex sulfide ores containing pyrite, sphalerite, mi-
nor amounts of chalcopyrite, galena, etc., the abundant pyrite is relatively inert to the
lixiviant resulting in the preferential leaching of the sphalerite component. The most
important reactions taking place during ferric ion (chloride) leaching of complex sulfide
concentrates are the oxidation of CuFeS,, PbS, ZnS, FeS,, etc. generating elemental
sulfur and/or sulfate and ferrous ions. The kinetic data obtained by Ngoc et al. [41]
on the leaching of a complex sulfide ore suggested that the simultaneous dissolution of
chalcopyrite, sphalerite and galena in ferric chloride occurred as if each individual min-
eral was leached separately. The mechanism of Cu and Zn dissolution was reported to
be controlled by surface chemical reaction.

Majima et al. [15] have studied the non-oxidative leaching of sphalerite in aqueous
hydrochloric acid solutions at 75°C and reported activation energy values of about 83.4
kJ/mol, indicative of surface chemical reaction control kinetics. De Bruyn and his col-

leagues [42, 43] reached similar conclusions in their investigations into the non-oxidative
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sulfuric acid dissolution of zinc sulfide minerals. A similar study by Crundwell and Ver-
baan [44] in sulfuric acid media at 25-65°C had a similar conclusion. On the addition
of ferric ions to the leach solution, Crundwell and Verbaan observed an enhanced metal
dissolution rate as the ferric ions oxidized H,S to elemental sulfur and ferrous ions.

The addition of NaCl to the chloride leaching media has been observed to enhance the
leaching rate of sphalerite [15, 41] probably due to the formation of chlorocomplex species
on the sulfide mineral surface as a result of the increased chloride ion concentration or
activity. The non—oxidative acidic leaching of sphalerite is represented by reaction 2.2.

Evidence presented by Dutrizac and MacDonald [45] who carried out test work on
the leaching of sphalerite in 0.1 M FeCly - 0.3 M HCI solution at 85°C for a period of
0-500 hours indicate that most of the sulfide sulfur reported as porous elemental sulfur
in the leach residue. Both elemental sulfur and sulfate were produced. The elemental
sulfur was the predominant product — (85-95 % conversion of sulfide sulfur to elemental
sulfur). A similar study by Jin et al.[46] resulted in less than 5 % sulfide sulfur oxidation
to the sulfate. The rate-determining step for the process was found to be the chemical
reaction at the solid surface; this observation is consistent with that made by Ngoc
[41] and others [15, 34, 42, 43, 46]. Dutrizac and MacDonald indicated that: (a) the
leaching rate is enhanced by the presence of CuCl; in the system, the rate increasing
with increasing Cu concentration; (b) the build—up of FeCl; tends to slow the reaction
rate — Su [47] had made a similar observation''; (c) higher HCI concentrations increased
the rate of reaction because of increased direct acid attack of the sphalerite!?; at HCI
concentrations in excess of 1 M, H,S was generated, part of which was, however, oxidized

to elemental sulfur by the ferric ion.

UThis implies that in commercial practice, the continuous build—up of ferrous chloride in the sys-
temn will have an adverse effect on the process efficiency unless a way is sought to continuously elimi-
nate/reduce the ferrous chloride build—up.

12This observation should not be confused with comments by Peters and Doyle [9] who were referring
to industrial practice.
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Perez and Dutrizac [34] observed a shrinking core leaching behaviour (i.e. surface
chemical reaction being the rate-determining factor) and linear leaching kinetics in the
ferric chloride leaching of sphalerite. This observation is in agreement with that of others.
The rate of sphalerite dissolution was found to be related to the iron content of the sulfide
solid solution. They indicated that the magnitude of the increase in the metal extraction
rate was approximately the same as in the analogous ferric sulfate system.

The ferric chloride leaching of zinc sulfide (size range ~100+150 mesh size) has been
investigated by Bobeck and Su [47]. These workers observed a change in the kinetic
behaviour of the system with time — in the early stages of the process the rate-determining
regime was surface chemical reaction whilst in the latter stages when substantial surface
elemental sulfur had been formed, there was a shift in the rate-controlling mechanism to
product layer (elemental sulfur) diffusion control.

Venkataswamy and Khangaonkar [48] studied the kinetic behaviour of sphalerite
leaching in ferric chloride media in the presence of tetrachloroethylene as a solvent for
elemental sulfur. In the presence of about 100 mL solvent, approximately 95 % Zn ex-
traction was achieved in 3 M FeCly at 104-106°C after six hours of leaching as compared
to 68 % achieved under similar conditions but in the absence of the organic solvent. The
use of the solvent also permitted almost complete recovery of sulfide sulfur. The solvent
dissolves the sulfur from the mineral surface. A mixed rate-control regime (i.e. com-
bination of diffusion and chemical reaction) is proposed, i.e. their data fit both surface
chemical reaction and diffusion control models over the entire test time. This observation
1s in contrast to that made by others.

In contrast to the surface chemical reaction control regime proposed by most investi-
gators, Rath et al. [49] proposed a diffusion control kinetic regime (of either Fe**, Fe?*
or Zn%* through the product layer). However, the activation energy value of 90 kJ/mol

obtained by them is inconsistent with diffusion control kinetics.
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In their studies on the kinetics of ferric chloride leaching of iron-activated bulk sul-
fidle (Cu-Zn) concentrate (size range -104 + 53 microns) at 95°C, Neou-Singouna and
Fourlaris [50] made some observations which are in contrast to those reported by others.
These authors reported an increase in the Cu dissolution rate with increasing ferric ion
concentration between 0.5 and 2.5 M in a 0.6 M HCl solution. With regards to sphalerite
dissolution, there are some contradictions. They mentioned an increase in percent Zn
dissolution in 0.5 to 1 M ferric chloride, beyond which the rate decreases. This is in
sharp contrast to the observations made by Dutrizac [45] and others {41, 46, 48] who
observed increasing zinc dissolution for ferric ion concentrations as high as 4 M. The
metal extractions versus HCl concentration plots presented by the authors also indicate
an increasing rate with increasing HCI up to about 1 M concentration beyond which
the extent of extraction begins to decrease. This effect is more pronounced in the zinc
dissolution curve. Again this observation does not agree with the work of Dutrizac et
al. [45] and others [15] who indicated that a HCI concentration of unity or more in-
creases the sphalerite dissolution rate due to increased direct acid attack of the mineral.
On the rate-determining mechanism for the sphalerite dissolution, Neou-Singouna et al.
again disagreed with others with the exception of Rath et al. [49] — that the rate is
dependent on product layer diffusion. An activation energy of 32 kJ/mol computed for
the sphalerite dissolution over a period of one hour is too high to be consistent with a

diffusion—controlled mechanism!.

BMoreover, Majima et al. [15] and Ngoc et al. [41] have pointed out that increasing the CI~ ion
concentration or activity increases the rate of metal dissolution probably through the formation of
chlorocomplex species on the mineral surface. Since an increase in ferric ion concentration of the system is
accompanied by a simultaneous increase in the chloride ion concentration, a decrease in metal dissolution
rate is not expected.

140ne of the effects of temperature may be on the sulfur morphology. If at higher temperatures the
sulfur layer has larger pores, the diffusion rate will increase through this layer more than the effect
of temperature alone, yielding an apparently high activation energy when porosity is not adjusted for
temperature. 32 kJ is too high for diffusion, but only a bit too high (20 kJ is usually an upper limit).
When the diffusion is through a porous layer, the effect of temperature on porosity needs to be added to
the effect of temperature on the diffusion constant in aqueous media. Due to these effects, the reaction



Chapter 2. LITERATURE SURVEY 16

One consistent observation made by all authors is the formation of a surface layer of
elemental sulfur on leaching zinc sulfide particles. At temperatures below the melting
point of sulfur, the sulfur product layer is reported to be porous. At these temperatures,
Jin et al. [46] report that the elemental sulfur layer is porous enough that it provides no

resistance to the diffusion of reacting ionic species across the layer.

Oxygen pressure leaching of sphalerite

The pressure leéching of zinc has been reported as far back as 1954 by Bjorling [51].
Further work by later investigators [52] led to more understanding of the chemistry
involved in the zinc pressure leaching. Forward and Veltman [52] found that at a reaction
temperature of 140°C and above, the leaching process ceased almost completely in about
ten minutes giving 65-72 % zinc dissolution. Further leaching of concentrate for up
to six hours at 140°C resulted in only a minor increase in dissolved zinc. Jan et al.
[53] also observed an increase in the zinc extraction rate up to 120°C beyond which
the rate decreased and the leach residue appeared as several lumps. These were the
result of molten sulfur occluding unoxidized zinc sulfide particles. However, with the

t!® into the system (after 20 years of sporadic

introduction of lignin sulfonic acid or its sal
research) this problem no longer exists in the zinc pressure leach. There have been
many investigations and publications [54]-[65] on the successful use of this surfactant as
a dispersant for liquid sulfur in the oxidative pressure leaching of zinc sulfide minerals.
The agent dispersed the liquid sulfur that previously inhibited high zinc extraction and

so made it possible to commercialize the process!®. The process as currently practiced

takes place at temperatures between 135 and 155°C at a total pressure of about 14

mechanism is obscured by the activation energy values computed.
15This reagent is marketed with the trade name lignosol.
16Quebracho can also be added as a supplement to boost the effectiveness of the lignin sulfonate.
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atmospheres, with a chemical stoichiometry close to
ZnS+H2504+1/202 — ZTZSOL;-\LSIOJI'HQO (27)

as the overall reaction. The overall reaction as given by equation 2.7 is impractically slow
in the absence of dissolved iron, which acts as a catalyst. Bernal [65] tried to use other
metals such as Ni?t, Co?*, and Cu?* as catalysts only to find out that dissolved iron
(ferric/ferrous) was the most effective catalyst of all the dissolved metals investigated.
Jan et al. also observed that the presence of ferric ions in the leach solution increased the
leaching rate dramatically and that the rate-determining step was the chemical reaction
occurring on the mineral surface.
The sequence of reactions including iron catalysis can be represented as [64]:

a) gas-liquid mass transfer of oxygen
O2(gas) — O2(aq) (2.8)
b) homogeneous oxidation of ferrous ions
2Fe*t +1/20,(aq) + 2H*— 2Fe** + H,0 (2.9)
c) ferric ion leaching of zinc sulfide
2Fe® + ZnS— Zn*t 4+ S0 + 2Fe*t (2.10)

with cyclic regeneration of Fe** by reaction 2.9. Normally, there is sufficient acid-soluble
iron in the concentrate (in the form of marmatite(ZnFe)S, pyrite(FeS,), or pyrrhotite(FeS))
to satisfy the iron requirements for the catalysis. If copper and lead are present in the
concentrate (often in the form of chalcopyrite and galena), they may also dissolve ac-

cording to:

CUF@SQ + 2H2504 -+ 02 — CUSO4 + FGSO4 + ZHQO + 25° (211)
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PbS + Hy SO, + 1/20; — PbSO4(s) + H,O + S° (2.12)

Hydrolysis of iron may occur as the leaching reaction progresses (at low acidity), through

the formation of hydronium jarosite and plumbojarosite:
3F€2(SO4)3 + 14H20 - 2f[30F€3(SO4)2(Of1)6 + 5H2504 (213)

3F€2(SO4)3 + Pb504 + 12H2O _— PbF66(504)4(OH)12 + 6H2504 (214)

It has been reported by Dreisinger et al. [54] that under zinc pressure leaching
conditions, lignin sulfonic acid or its salt is degraded by ferric ions according to the

reaction:

Fe3t 4 lignosol — Fe** + degraded lignosol (2.15)

Bernal [65] has also reported that in the presence of cupric ions as catalyst (instead of
dissolved iron), zinc extraction in their study almost ceased after 40 % dissolution (in the
presence of lignin sulfonate). However, they did not assign any reason to this behaviour.
It is possible that the decreased metal dissolution rate was due to enhanced degradation
of lignin sulfonate by the cupric ions in solution. It is unclear at what point in the
degradation process the sulfur again occludes fhe mineral surface.

Scott and Dyson [66] investigated the catalytic role of different metal ions on the
pressure leaching of zinc sulfide in 0.1 N sulfuric acid, at 250 psi oxygen partial pressure
and 113°C (in the absence of a surfactant). After one hour of leaching in the presence of
0.6 mg Cu (as the catalyst) per gram of ZnS, 92 % zinc extraction was achieved whilst 14
mg Fe per gram of ZnS yielded only 51 % extraction under the same leach conditions as
compared to only 6 % (this value seems very low) in the absence of any catalyst. Jan et al.
[53] proposed a chemical reaction which involves H,S as an intermediate product which
is further oxidized indirectly by oxygen through the help of the metal catalyst such as

ferric ions to elemental sulfur with H,S oxidation by the catalyst as the rate—controlling
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step. The proposed mechanism is:

F62(504)3+H25—> F€2++H2504+SO (217)
FGSO4+1/202+HQSO4 — F62(504)3+H20 (218)

But, as has been pointed out by Peters and Doyle [9], the electrochemical mechanism is
more favoured as the above molecular mechanism is inconsistent with practical experi-
ence.

Previous work by Owusu [55, 56] has shown that lignosol acts on both the solution—
mineral and solution-liquid sulfur interfaces, to lower the work of adhesion between liquid
sulfur and zinc sulfide minerals.

De Nys and Terwinghe [67] have also reported that the oxidative pressure leaching
of zinc sulfide concentrate was successfully done at a temperature of about 150°C in the
presence of orthophenylene diamine (OPD) as surfactant. The authors report that the
reagent was used to enhance the transfer of reactants to the mineral surface. However,

they did not elaborate on the mechanisms involved.

Effect of solid solution iron content on sphalerite leaching behaviour

Investigations carried out by different workers [15, 18, 34, 68, 69], on different spha-
lerite concentrates and ores indicate that the leaching rate of sphalerite increases with
an increase in the solid-solution content of iron. The metallic impurity is believed to
increase the ionic character or the electrical conductivity of the mineral. This results in
an increase in charge transfer across the mineral-solution interface (i.e. electron transfer
from mineral to solution) and hence an increasing rate of dissolution. Iron increases the

mineral conductivity through the creation of holes in the crystal lattice [18].



Chapter 2. LITERATURE SURVEY 20

Majima et al. [15] reported the leaching of four different zinc sulfide concentrates
in 2 M HCI media at 55°C in the absence of ferric ions and observed a linear leaching
rate increase with increasing iron content of the solid; there was approximately a six
fold increase in the rate with the iron content varying from 0.28-2.15 %. There was no
noticeable effect of the iron content on the system’s activation energy.

A similar linear relationship between the metal (Zn) extraction rate and the iron
content of the mineral in 0.2 M FeCl; — 0.3 M HCI - 2 M NaCl at 45, 65, and 85°C has
been reported by Crundwell [68] in a study of five sphalerite minerals of different iron
contents ranging from 0.55 to 8.6 %. There was approximately a twenty—fold increase
in the rate over this iron content range. Activation energies obtained indicated a slight
decline with increasing iron content of the mineral.

Piao and Tozawa [69] studied the leaching of sphalerite samples of different iron
contents in oxygen-sulfuric acid media at a temperature of 150°C. They reported a
seven-fold linear increase in the leaching rate as the solid solution iron content increased
from 1.87-8.9 %.

A linear correlation between the sphalerite leaching rate and the solid solution iron
content had been reported by Kametani et al. [70] from the work done on the leaching of
six sphalerite concentrates of different iron contents. The study was conducted in 10 g/L
ferric sulfate-100 g/L sulfuric acid media at 90°C. There was a seventeen-fold increase
in the dissolution rate in moving from 0.79 to 13.4 % iron content. The rate of leaching
depended on the ferric ion concentration for [Fe**] < 10 g/L. No dependence on the ferric
ion concentration was found at [Fe’*] > 10 g/L.

Perez and Dutrizac [34] studied the leaching of fifteen sphalerite mineral samples at
temperatures of 20-90°C in ferric chloride and sulfate media. The increasing leaching rate
— increasing Fe content showed a linear correlation. A decrease in the apparent activation

energy for leaching with increasing iron content of the sulfide was noted. Bobeck and Su
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[47] also reported a decreasing activation energy with increasing iron content of sphalerite
mineral. Perez and Dutrizac observed similarities in the kinetics in both media, the
rate-determining factor being the transfer of charge at the sphalerite surface. A similar
mechanism has been mentioned by Crundwell [68] who postulated that ”the sphalerite
dissolution rate is directly dependent on the number of occupied sites in the d orbital
conduction band i.e. to the iron content in the absence of other impurities”.

Xia Guang-xiang et al. [62] have also reported that under the conditions of their
study on oxidative zinc pressure leaching, the rate of oxygen consumption is linearly

related to the iron content (percentage Fe) of the concentrate as:
Rozy. = 30 [Fe] mol/m® minute

The increased rate of oxygen consumption (with increasing iron content) is a direct
reflection of the increase in the rate of zinc dissolution.

In contrast to the linear correlations reported by most authors (as mentioned above),
Kammel et al. [71] reported that in the absence of Cu?*, there is a logarithmic relation-
ship between the extent of zinc extraction (from sphalerite) and the iron content in the
range tested (0.11 to 10.3 %). The test was dovne in 5 g/L ferric sulfate — 50 g/L sulfuric

acid at 70°C. The logarithmic correlation reported is
%Zn extraction = A+ B *log[%Fe)

. where A and B are constants.



Chapter 2. LITERATURE SURVEY 29

2.2.2 The Behaviour of Sulfur in Oxidative Leaching of Sulfide Ores

The behaviour of sulfur in the oxidative leaching of sulphidic minerals is not clearly

7

understood. The overall oxidation'” reaction is usually given by:

MS — M +8° + 2 (2.19)
The formation of sulfate occurs to a lesser extent:
MS +4H,0 —M?* + S0?~ + 8H™ + 8e (2.20)

Peters [7] has reported that under acidic conditions e.g. at 1 M sulfuric, perchloric or
hydrochloric acid, under oxygen pressure, minerals such as PbS, ZnS, CuS and CuFeS,
can yield nearly 100 % elemental sulfur. Under the same conditions, FeS, yields 30-50 %
elemental sulfur and MoS, leaching results in the complete conversion of sulfide sulfur to
the sulfate. The leaching of pyrite and molybdenite by ferric ions at temperatures below
120°C is extremely slow.

In their study on the oxidative pressure leaching of pyrite, McKay and Halpern [12]
reported that in the absence of initial sulfuric acid in the reactor, all sulfide sulfur was
oxidized to sulfate (with half appearing as sulfuric acid and the other half as ferric and
ferrous sulfates) with no elemental sulfur being present. However, when 0.15 M sulfuric
acid was initially added to the system, 50 % elemental sulfur was realized from the
oxidation of the pyrite, the rest occurring as ferric and ferrous sulfates. Thus, the yield
of elemental sulfur in pyrite leaching is influenced by the acidity of the leach liquor and
increases as the pH drops!® to below unity.

In a series of investigations carried out by Lotens and Wesker [20] on ZnS, PbS, and

FeS, in chloride media, at pH=2 (i.e. roughly 0.01 M H* concentration) and at 30-60°C

17The mechanisms involved in the sulfide sulfur oxidation process during the oxidative leaching process
are detailed in ref. [20].

18In virtually all reports of the oxidative acidic pressure leaching of ZnS and copper sulfides, the
acidity is very highi. e. pH < 1.0
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temperature, using chlorine as the primary oxidant, they reported that pyrite was the
only exception where virtually all sulfide sulfur was converted to sulfate. The sulfur
yield from ZnS leaching under similar conditions was 50 %. Lotens and Wesker [20]
have reported that in addition to elemental sulfur and sulfate, other intermediate sulfur
compounds are present in the leach liquors, eg. thiosulphates and sulphites during the
leaching of sulfide minerals. This has been confirmed by other investigators [22]-[25].

In a study on the ferric ion leaching of chalcopyrite (in 0.5 M sulfuric acid) Dutrizac
[26] reported that at temperatures below its melting point, elemental sulfur is hardly
oxidized, if at all. Similar sulfur behaviour was observed when the leaching was repeated
in acidic ferric chloride (0-2 M) media [27] where at temperatures less than 100°C,
elemental sulfur conversion in excess of 95 % (5 % sulfate) was consistently realized. This
is consistent with an earlier study done by Paynter [28] on the ferric chloride leaching of
chalcopyrite. Corriou and Kikindai [31] arrived at similar conclusions (for temperatures
below the melting point) when they tried to oxidize elemental sulfur in ferric ion-sulfuric
acid medium over a wide temperature range up to 230°C.

At temperatures greater than 159°C, polymeric Sg rings break down to polymeric
chains which are believed to exhibit higher oxidation rates than the Sg rings (in a given
aqueous environment). This statement is consistent with the activation energy numbers
reported by Corriou and Kikindai [31]: between 125 and 160°C, the activation energy
reported is 119.2 kJ/mol and between 175 and 230°C the number reported is 64.8 kJ/mol.
The authors also reported that an increase in the sulfuric acid concentration of the
aqueous phase slows down the rate of sulfur oxidation. These observations imply that
once the elemental sulfur is formed in the leaching process!? (below 160°C) it hardly
oxidizes. On the basis of this argument, the oxidation of sulfide sulfur to sulfates in

the oxidative leaching of pyrite and MoS; (at below 159°C) does not necessarily involve

19This is true for pyrite, sphalerite, or any other sulfide mineral.
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elemental sulfur as an intermediate product.

In ammoniacal systems (i.e. at high pH’s), mineral or elemental sulfur is oxidized to
oxy-sulfur products such as $,03~, SO?~, 5,0% or NH,S03 [9]. However, as has been
observed by Reilly [32], an elemental sulfur by-product in oxidative ammonia leaching can
be recovered as such in the presence of C,Clg, a non-aqueous solvent for sulfur. Valensi

[33] describes the most probable dissolution path for sulfur in this aqueous medium as:
45° + 60 H ™ (aq) — 5,02 (aq) +25*~

45° + §*7(aq) — S (aq)

equilibrium being attained at a pH of about 9. These species are oxidized slowly by

molecular oxygen in the absence of copper jons or at low temperatures [9].

2.2.3 Effect of Sulfur in Blocking Leaching Reactions

At temperatures less than 119°C, the morphology of the sulfur product formed during
acid leaching of sulfide minerals can have a marked influence on the extent of reaction.
Peters [7] reports that if the formation of sulfur is accompanied by a positive molar
volume change (eg. as with pyrite), the sulfur layer is protective at extremely small
thickness whereas those with negative molar volume changes (e. g. sphalerite, galena,
chalcopyrite, etc.) develop cracks and pores and the sulfur is not protective but only
acts to slow the transport processes through the sulfur layer. At temperatures greater
than the melting point of sulfur, liquid sulfur spreads over the unreacted mineral surface
and inhibits further reaction. Since sulfur is a non-conductor, both anodic and cathodic
processes in sulfide leaching should take place underneath any sulfur layer that is formed,
and its presence is bound to slow down both anodic and cathodic processes by limiting

mass transfer and possibly by decreasing the available solution-mineral interface area.
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2.2.4 Interfacial Phenomena

A recent study by Owusu et al. [54, 55, 56] shows that when lignin sulfonic acid or its salt
is introduced into a leaching reactor as a surfactant (or dispersant) during zinc pressure
leaching, it tends to adsorb at the liquid sulfur - aqueous solution and on the solid mineral
- aqueous solution interfaces. By so doing, the liquid sulfur - aqueous solution interfacial
tension decreases from 54-55 mN/m in the absence of the surfactant to 28-30 mN/m in
the presence of 0.3 g/L lignin sulfonate concentration, beyond which no further increase
in the surfactant dosage effects any change. The liquid sulfur - zinc sulfide mineral
contact angle also increases from about 8045° in the absence of the surfactant to 14545°
in the presence of the surfactant. These phenomena resulted in the reduction of the work
of adhesion?® from about 64 mJ/m? in the absence of any surfactant to about 5 mJ/m?
in the presence of 0.3 g/L lignin sulfonic acid. When 0.3 g/L quebracho was added as a
supplement to the lignosol, the work of adhesion as computed was about 2 mJ/m?. The
quebracho by itself effected only minor changes in the interfacial tension~it dropped from
54-55 mN/m to about 45 mN/m in the presence of 0.3 g/L quebracho; but the change
in the contact angle was quite significant under similar aqueous conditions. There was
an increase in the contact angle from about 80° in the absence of a surfactant to about
126° in the presence of surfactant. In the presence of equal amounts (0.3 g/L each) of
quebracho and lignosol, the contact angle increased to about 156° whereas the liquid
sulfur-aqueous solution interfacial tension obtained was no different from that obtained
in the presence of 0.3 g/L lignosol. The presence of ionic species such as ferric, ferrous
and hydrogen ions in solution did not influence either the contact angle nor the computed

work of adhesion in the presence of the surfactants.

20The work of adhesion is defined as the reversible work required to separate a unit area of liquid from
the solid substrate.
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The effect of tergitol®! was also reported. The presence of 0.5-1.0 g/L tergitol low-
ered the interfacial tensions to about 42-43 mN/m and increased the contact angle to
about 105°. However, the presence of 0.5 g/L each of tergitol and lignosol decreased the
interfacial tensions to about 27-28 mN/m but could not effect any further change in the
contact angle measured, the measured value being about 107°. This observation implies
a higher affinity of lignosol for the liquid sulfur-aqueous phase interface and a higher
affinity of tergitol for the aqueous phase-solid mineral interface when these two surfac-
tants compete for adsorption sites in a system. In the presence of these two surfactants,

the reported work of adhesion was about 19 mJ/m?.

2.3 PROPERTIES OF LIQUID SULFUR

The melting point of sulfur could be either 113 or 119°C depending on the crystalline
allotrope. Below 94°C, sulfur exhibits a rhombic structure and above 94°C, a monoclinic
structure is stable. However, the transition from rhombic to monoclinic is slow and if the
rhombic form is heated rapidly, it can easily reach its melting point of 113°C and spread
over any surface before recrystallizing to the monoclinic form (melting point 119°C).
Thus, it is easy for the sulfur produced in the pressure leaching process to be molten,
wetting the mineral and impeding the leaching reaction.

At the melting point, sulfur forms a light yellow, low viscosity liquid. On heating, the
liquid darkens, and becomes deep orange. Nickless [77] reports that viscosity increases
with temperature and passes through a maximum at 159°C, beyond which there is dis-
continuity in all physical properties??. This observation is in contradiction to that made

by Tuller and others [78]-[81] who have reported that the viscosity drops with increasing

H Tergitol is a non-ionic surfactant which has been reported to slow down the Zn extraction rate in
the zinc pressure leach [57].
22The viscosity behaviour reported by Nickless is undoubtedly a mistake.
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temperature up to about 159°C above which any further increase in temperature makes
the liquid more viscous up to about 200°C beyond which it begins to fall again with
increasing temperature up to its boiling point, (Figure 2.2). The increase in viscosity
at temperatures above 159°C is the result of the rupturing of the puckered sulfur rings
(Ss) to form chains of varying lengths. Above 200°C, the long chains begin to break up
resulting in decrease in viscosity with temperature.

The measurement of surface tension on highly purified sulfur (i.e. sulfur-air interface)
was carried out by Fanelli [82]. He concluded that the surface tension decreases linearly
with temperature, but that there is a sharp discontinuity at about 159°C, the rate of fall
being smaller above this temperature. Based on Fanelli’s results, Tuller [78] derived a

relationship between the surface tension of sulfur and temperature as: below 159°C
¥ =734 —0.105¢ (2.21)

above 159°C
v = 65.7 — 0.0566¢ (2.22)

where t is the temperature in degrees Celsius, and 4 is the surface tension in mN/m.

The density of liquid sulfur is reported [78] as decreasing with increasing temperature.

2.4 SURFACTANTS AND INTERFACIAL PROPERTIES

2.4.1 Characteristic Features of Surfactants

A surface-active agent (or a surfactant) is a substance that, when present at low con-
centration in a system, has the property of adsorbing onto the surfaces or interfaces of
the system resulting in a lowering of one or more of the surface or interfacial free ener-

gies. Surfactants always act to reduce interfacial free energy rather than to increase it
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although there are occasions when they are apparently used to increase it [83].23 Sur-
factants become significant (or applicable) when the interfacial phenomena occurring at
phase boundaries within a system are so unusual relative to the expected bulk phase in-
teractions that the entire system behaviour becomes dependent on the interfacial process
(eg. corrosion, detergency or flotation).

Surfactants have a characteristic molecular structure consisting of a structural group
that has very little attraction for the solvent, known as a lyophobic group, together with a
group that has strong attraction for the solvent, called a lyophilic group. This is known as
an amphipatic structure. In solution, the presence of the lyophobic group in the interior of
the solvent causes a distortion of the solvent-liquid structure, increasing the free energy
of the system. In an aqueous solution of a surfactant, this distortion of the water by
the lyophobic (hydrophobic) group of the suffactant and the resulting increase in the
free energy of the system when it is dissolved means that less work is needed to bring
a surfactant molecule than a water molecule to the surface. The surfactant therefore
concentrates at the surface. This decreases the surface/interfacial tension. On the other
hand, the presence of the lyophilic (hydrophilic) group prevents the surfactant from being
expelled completely from the aqueous phase. Thus, the amphipatic structure causes the
reduction of the surface or interfacial tension of the solvent as well as orientation of the
molecules at the surface or interface with its hydrophilic group in the aqueous phase and
its hydrophobic group oriented away from it.

The chemical structure of groupings suitable as the lyophobic and lyophilic portions
of the surfactant molecule vary with the nature of the solvent and the conditions of use.

As the temperature and use conditions (eg. presence of electrolyte or organic additives)

Z3Because surface tension is a free energy, a 'surfactant’ that raises the surface/interfacial tension
must necessarily interact with, and reduce the adsorption of a previously present (though not necessarily
detectable) surfactant. A surfactant that can displace another (by substitution) will always lower th.
surface tension. Only when a surfactant is destroyed (precipitated or oxidized) by a second reagent cai
the surface tension rise.
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vary, modifications in the structure of the surface-active agent become necessary. Thus,
for surface activity in a particular system the surfactant molecule must have a chemical
structure that is amphipatic in that solvent under conditions of use.

The hydrophobic group is usually a long chain hydrocarbon residue, less often a
halogenated. The hydrophilic group is an ionic or highly polar group. Depending on the

nature of the hydrophilic group, surfactants are grouped as:

1. anionic - the surface-active portion of the molecule has a negative charge e. g.

ligninsulphonates, xanthates, and carboxylates.

2. cationic - the surface-active portion bears a positive charge e. g. RN(CH3)ICl-

(quaternary ammonium chloride).

3. zwitterionic - both positive and negative charges may be present in the active

portion e. g. sulfobetaines.

4. nonionic - the active portion bears no apparent ionic charge e. g. tergitol ( a deriva-

tive of ethylene oxide ) but is polar enough to bind to aqueous solution.

The choice of a particular surfactant depends on availability, cost and efficiency. This
requires knowledge of : a) characteristic features of available surfactants (physical and
chemical properties and uses), b) interfacial phenomena involved in the job to be done
and the role of the surfactant and c) the surface chemical properties of various structural
types of surfactants and the relationship of the structure of a surfactant to its behaviour
in various interfacial phenomena [83, 84, 85].

In comparing the performance of different surfactants, it is necessary to distinguish
between the amount of surfactant required to produce a given amount of change in the

phenomenon under investigation and the mazimum change in the phenomenon that the
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surfactant can produce, regardless of the amount used. The former parameter is known

as the efficiency of the surfactant and the latter its effectiveness.

2.4.2 Surfactants Identified for Study

In this study the chemicals were chosen based on their chemical and physical properties
coupled with the conditions prevailing during the pressure leaching of zinc sulfide min-
erals and concentrates. In the zinc pressure leach process, any surfactant introduced in
the leaching stage should be neutralized by the time the slurry reaches the solution pu-
rification, sulfur recovery, and zinc electrowining stages. Thus, the degradation property
of the reagents selected is an advantage provided these reagents are effective during the
leaching. Their ability to degrade under oxidizing conditions implies that there will be
no residual surfactant to interfere with the subsequent extraction steps. This i1s one of

the factors considered in the selection of the reagents. The chemicals identified include:
1. Lignin sulfonate/lignin sulfonic acid
2. Orthophenylene diamine (OPD)
3. Water-soluble product of naphthalene sulfonic acid-formaldehyde condensates
4. Cocoamido hydroxyl sulfobetaine (CAHSB)
5. Tallowamido hydroxyl sulfobetaine (TAHSB)
6. Cocoamido betaine (CAB)

The only commercially important surfactant among these is lignin sulfonic acid, which

is currently being used in the pressure leaching of zinc sulfide minerals.
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2.4.3 Properties of Individual Surfactants
Lignin Sulfonates/Lignin Sulfonic Acids
Organic Chemistry

Lignin sulfonates are derivatives of lignin whose exact definition and structure still re-
mains a matter of debate. They are complicated condensation polymers, fig. 2.3, whose
exact structure is not completely known.

The most common lignin sulfonic acids have a molecular weight of about 4000. How-
ever, molecular weights can vary from 200 to 100,000. Sulfonate groups are attached
to the carbon chains but not to the benzene ring. The sulphonatable carbon atoms are
in alpha-positions to the benzene ring. Secondary and tertiary OH™ groups are present
in the side chains and these augment the hydrophilic properties of the lignin sulfonates
provided by the sulfonic group.

Lignin sulfonic acids are only soluble in water or in a solvent where hydrogen bonding
is very strong. They undergo hydrolysis or oxidation. Lignin sulfonates are anionic

polyelectrolytes [88].

Adsorption Characteristics

The surface activity of lignin sulfonates is affected by the number of hydrogen bonding
groups present in the molecule, such as side chain hydroxyl, phenolic and carboxyl groups.
The adsorption of lignin sulfonates is known to be determined by the nature of the
hydrogen bonding. Lignin sulfonates do not form micelles. Lignin sulfonates are not

capable of forming any oriented layer when adsorbed upon a liquid or solid surface [88].
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Uses and Applications of Lignin Sulfonates

The major quantity of purified lignin sulfonates is used in oil-well drilling mud formula-
tions. The lignin sulfonates are effective in controlling the fluidity of the drilling mud,
keeping mineral salt contaminants encountered in drilling suspended and preventing them
from flocculating the mud while, at the same time, performing a sequestering function
[88].

Lignin sulfonates play very important roles in the mining industry, functioning as ore-
flotation agents for a number of minerals. They are used as depressants. They are also
very good dispersing agents for slimes and are used for this purpose in both the flotation
and tabling of slimy ores. In tabling operations, lignin sulfonates disperse the slime and
prevent occlusion of ore particles. In flotation operations the dispersing action on slime
increases the degree of separation, which results in an increased recovery and better
grade of concentrate. Lignin sulfonates are used in the zinc industry as dispersants for
dispersing liquid sulfur from the surface of the unreacted mineral particles, thus enhancing
the extent of zinc extraction at temperatures above the melting point of elemental sulfur.
The surfactant degrades in the presence of oxidizing agents. It has been reported [54]
that at zinc pressure leaching temperatures {(and aqueous conditions), lignin sulfonic
acid has a half life of ten minutes. A study of the flocculating properties of lignin
sulfonates shows that low-molecular weight lignin sulfonates act as dispersants at all
concentrations. High-molecular weight lignin sulfonates, (as any other polyelectrolyte),
in contrast, act as flocculating agents at low concentrations and as dispersants at high
concentrations. The flocculating effect increases with the molecular weight of the lignin
sulfonate [88]. Reducing the pH enhances the dispersing action of the low molecular
weight lignin sulfonates. Other uses of lignin sulfonates as effective dispersants are in the

blending of carbon black into rubber, the distribution of vat dyes in the textile industry,
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the preparation of wettable agricultural powders and spravs, and the manufacture of
portland cement.

Lignin sulfonates are good sequestrants for heavy metal ions such as ferric, cupric, and
stannous, and (less effectively) for cobalt, manganese, nickel, silver, stannic, uranium,

and zinc.

Orthophenylene Diamine

Orthophenylene diamine is sometimes called orthamine or 1,2 benzenediamine. It has the
chemical formula Cg Hy(N H;), and the structure shown in Figure 2.4 and belongs to the
aromatic amine family. It is colourless, forms monoclinic crystals, and darkens in air. It
has a molecular weight of 108.1. The melting point is 102-104°C and the boiling point is
252-258°C. It is soluble in alcohol, ether, chloroform and water. The solubility in water is
reported to be about 3g/100g of water [91] but Dupont Chemicals [92] reports a solubility
of 17 % at 60°C. It is stable at normal temperatures and conditions of storage. Moist air
and excess heat cause product quality to degrade. It is incompatible with oxidizing agents
and decomposes at high temperatures. It can be used as an oxidation inhibitor. Morrison
and Boyd [93] report that any functional group attached to the aniline structure®* in the
ortho position imparts more acidic characteristics to the molecule irrespective of whether
it is electron donating e.g NH, or withdrawing, e.g NO,; however, the effect is more

intense if it is an electron withdrawing group.

Cocoamido Betaine (CAB)

CAB is a member of the surface-active betaines and is derived from coco-fatty acids.
Betaines are pH-sensitive zwitterionics (or amphoterics) which show the properties of

anionics at high pHs and those of cationics at low pHs. CAB has a chemical formula

24The aniline structure consists of an aromatic ring with one amino group.
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R—CONH —(CH,)3— N*(CH3),CH,— COO~. 1t is a clear vellow liquid with a faint
odour. The specific gravity is 1.05 and the boiling point > 100°C. It is highly soluble
in water. Slightly better wetting and foaming properties are reported at acidic pH’s. It
is stable under normal conditions but incompatible with strong oxidizing and reducing
agents [83, 94, 95] and degrades if overheated. Betaines are used in the textile industry
as assistants in vat dyeing and printing. They are also used as detergents, foaming and

wetting agents.

Cocoamido- & Tallowamido—Hydroxyl Sulfobetaines (CAHSB & TAHSB)

CAHSB and TAHSB belong to the amphoteric group of surface active agents called
sulfobetaines, with the general chemical formula®® RN*(CHj)(CH)(OH)(CH;).SO3,
where R is either a coco-fatty or tallow-fatty derived alkyl group. They are also referred
to as pH-insensitive zwitterionics, i.e. at no pH do they possess only cationic or anionic
characters. They are therefore ”ionic neutral”, stable and substantially non-reactive in
acid, neutral, and alkaline solutions and have strong surface activity. They adsorb onto
charged surfaces at all pH’s without forming a hydrophobic film [96]. Sulphobetaines
are very soluble in water and strong electrolyfe solutions and are not sensitive to hard
water. They are compatible with all other types of surfactants, but are insoluble in
most organic solvents. The effect of pH and added electrolytes on the surface active
properties of sulfobetaines is generally minimal. Sulphobetaines are partially degraded
in the presence of oxygen producing carbon dioxide. This leads to a loss of surface activity
(97].

Sulphobetaines form good wetting, foaming, flotation, dispersing, dyeing agents or as

emulsifiers, detergents and as a component of laundry and cleaning agents. They exhibit

*5Structurally, a sulfobetaine molecule has two different hydrophilic parts - one positive and the other
negative situated at different parts within the molecule.
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good complexing properties with respect to divalent ions. Sulphobetaines are gradually
replacing petroleum suifonate® in the petroleum industry for enhanced oil recovery?’.
Sulphobetaines, present in only very small concentrations, lower the interfacial tension
between mineral oil and water, especially salt—containing water. They are compatible
with anionics, cationics or nonionic surfactants as well as with organic thickening agents.

Hydroxylated sulfobetaines have improved solubility [96]-[102].

Naphthalene Sulfonic Acid - Formaldehyde Condensates

Naphthalene sulfonic acid-formaldehyde condensates have the chemical structure shown
in Figure 2.5 and the formula [Cio HeSO3NaC Hy},. The average molecular weight is ap-
proximately 2000. These products are used as wetting agents for powders (agricultural
wettables, powdered pesticides) and paint formulation. Their uses are similar to those of
ligninsulphonates [96]. They are completely soluble in water. They are suited for applica-
tions in highly concentrated aqueous solutions and dispersions and retain their dispersing
ability over a wide pH and temperature range. They can be used in combination with
anionic or nonionic surfactants when lower surface or interfacial tensions are required.
They degrade in the presence of oxidizing agents and undergo thermal degradation under
extremely high temperatures greater than 230°C. These reagents when used will stabilize
and reduce the viscosity of thick pastes and produce smooth, uniformly wet paste with-
out separation of the solid particles. They are used in the leather industry as dyeing and
levelling assistants. These surfactants can be used to produce very high strength concrete
by reducing the water-to-cement ratio and reducing the concrete’s water requirement by

about 20-30 %.

28This replacement is due to the high sensitivity of the petroleum sulfonates to divalent cations pro-
ducing precipitates during the progress of the surfactant solution in the reservoir.
*7Lignin sulfonate is also used in the petroleum industry for the same purpose.
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2.5 INFRARED SPECTROSCOPY

One of the most direct approaches to the study of adsorbed molecules on solid surfaces is
by infrared spectral analysis of the surface. The spectrum provides information about the
adsorbed molecules and the nature of surface bonding or interactions. As far as leaching
systems are concerned, no infrared investigations have been reported that characterize
the possible mechanisms of interactions between any commercially important surfactant?®
and the mineral (or adsorbent) on a molecular level. However, there have been many
infrared studies [103]-[120] to investigate reagent-mineral molecular interactions in flota-
tion systems. Several in—situ mineral-aqueous solution studies have been reported in the
last 10-15 years in the literature [107)-[120] and they have contributed to explaining
the mechanisms and the nature of interactions on a molecular scale between flotation
reagents and their mineral substrates. Some ex-situ work has been performed by others
[103]-[106]. Sulfide minerals are among the few which have been thoroughly investigated
under flotation conditions. With the exception of sphalerite (or ZnS), all other sulfide
minerals reported in the literature were readily rendered floatable on reagent adsorption;
on the other hand, sphalerite must be activated first with heavy metal ions eg. Cu?*,
and Fe**, before the mineral adsorbs the flotation reagent and is rendered hydrophobic
and floatable. The metal ions, eg. Cu?®*, transform the surface of the ZnS mineral into
a chalcocite-like surface before it can adsorb the reagent [105, 113, 118, 119, 120].
Termes and Richardson [113] have reported that natural sphalerite absorbs at 4800-
2500 cm~! and below 800 cm™! in the infrared region. This observation makes it easier to
characterise the mineral-surfactant interface since most of the characteristic absorptions

due to the surfactant occurs in the transparent region. Any infrared absorption band

280 far the only commercially important surfactants in the zinc pressure leaching systems are lignin-
sulphonic acid or its salt and quebracho.
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in the 2500-800 cm™! region would be either due to impurities in the mineral®® or to
molecules adsorbed on the surface of the mineral.

A significant portion of the present research was concerned with the study of the
adsorption mechanism of leaching reagents (surfactants, notably ligninsulphonic acid,
and OPD) on the surface of sphalerite. This objective was achieved by employing in-situ
attenuated total reflection®® (ATR) - Fourier transform infrared (FTIR) spectroscopy
technique.

The conventional transmission technique® was used in this work primarily to record

the reference spectra of sphalerite and the surfactants studied.

2.5.1 Theory of Infrared Spectroscopy

All spectra are the result of absorption or emission of electromagnetic radiation (by
atoms or molecules) that occurs between definitely quantized energy levels. The transfer

of energy between the molecule and the electromagnetic field is given by [121]:
AE = hy

where A is known as Planck’s constant and v is the frequency of incident radiation. A
positive AE implies absorption of radiation by a molecule resulting in an absorption
spectrum. A negative AFE implies that a molecule emits radiation and hence represents
an emission spectrum. This results in a spectrum being unique to the molecule under
investigation, and the spectrum is represented on a light intensity - frequency plot, with
peaks occurring wherever the above conditions are satisfied.

Both atoms and molecules give rise to spectra. The atomic spectrum consists of a

series of sharp lines, whereas a molecular spectrum consists of a series of bands. The

*Naturally occurring minerals will always contain some amount of impurities.
30This is sometimes referred to as internal reflection spectroscopy (IRS).
31This technique is the KBr pellet /wafer method.
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difference between atomic and molecular spectra depends on the different energy levels
involved in the transitions. Atomic spectra are the results of transitions between the
different allowed energy levels for the orbital electrons, whereas for molecular spectra.
the atoms within the molecule vibrate and the molecule as a whole rotates, and thus the

resultant energy contributions are given by [121]:
Etotal = Eelec + Evib. + Erotn. + Etransl.

The translational energy, Eians. 1s usually extremely small, and hence can be ignored.
The isolation of the electronic, vibrational and rotational energies is possible because
the separation between electronic energy bands is much greater than separation between
vibrational levels which in turn is larger than the separation between rotational levels,
see Figure 2.6.

Thus, a series of vibrational levels is associated with each electronic level and a series
of rotational levels is associated with each vibrational level. Electronic level transitions
result in electronic spectra which are observable in the visible or UV regions of the
spectrum; vibrational level transitions in the same electronic state give absorption in the
infrared region of the spectrum. These vibrational transitions are usually accompanied
by rotational transitions. At low frequencies, in the far infrared (below 500 cm™!), pure

rotational spectra are observed.

2.5.2 Molecular Force Constants

The vibration of atoms within a molecule can be equated to a simple harmonic oscillator.

whose frequency of vibration is given by classical mechanics as [121, 122, 123]:

1 K
v = —,—
27\ fim
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or
1 1 K
X T o
where
k = force constant or strength
pum = reduced mass of atoms
Y = wavenumber
v = frequency (?f vibration
A = wavelength
¢ = speed of light
The reduced mass is given by:
1 1 1
o

where m; and m, are the masses of the two atoms involved in the particular bonding in
the molecule. The force constant of the harmonic oscillator is considered to be analogous
to the strength of the chemical bond, and hence « is a measure of the strength of a
chemical bond. It is easy to conclude that larger force constants are indications of stronger
chemical bonds. Changes in the positions of the vibrational frequency upon adsorption
of a molecule on a surface can be directly attributed to changes in the strength of the
bond that gives rise to the particular vibration. Shifts to lower wavenumbers indicate
weakening of the bond (a lower force constant) and shifts to higher wavenumbers indicate
strengthening of the bond under consideration. Frequency is also dependent upon the
mass of atoms that constitute the molecule. Chemical bonds involving atoms of low mass
will have higher vibrational frequencies than those involving atoms of high mass for equal

force constants.
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Spectral Units

v = frequency, sec—1

A = wavelength (cm)

Av = ¢, the velocity of light = 3*10!° cm/sec
lp =107 cm = 10* A

¥ = wavenumber, cmm—1

d(em™) = 2 = 10

Hence,

hy = — = hed

&
I

E = ergs, joules or eV

h = Planck’s constant = 6.63*(1073*) J s.

2.5.3 Absorption of Infrared Radiation

Electrodynamically, a molecule can absorb radiation if: i) it possesses a vibrational or
rotational frequency the same as that of the incoming electromagnetic radiation; and ii)
a change in the magnitude and/or direction of the dipole moment occurs. [121)-[124].

When the electrical field of the molecule rotates or vibrates at the same frequency
as the incident electromagnetic radiation, transfer of energy takes place®’. The dipole
moment acts as a coupler, coupling the energy from the incident radiation to the molecule.

Absorption band intensities are related to the concentration of the absorbing species.
The intensity of light (I) transmitted through an absorbing medium at a wavenumber 9
is given by Beer’s law:

I=Le*

where

32This transfer of energy is usually absorption of radiation by the molecule.
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I, = intensity of incident radiation

¢ = concentration of absorbing species in the sample

| = path length of radiation in the sample

k = absorption coeflicient, which is characteristic of the absorbing species
The definitions of transmittance and absorbance are given as:

- transmittance, T = I/1, or percent transmittance, % T = 1001/1,

- absorbance, A = In 1/T = €l

where € = k¢, an "extinction coefficient” which has units of cm™" [121].

Adsorption Processes

There are two distinct types of adsorption processes: a) physical adsorption (or physisorp-
tion) - a process in which the bond between adsorbent and adsorbate is considered to
be due to Van der Waals or electrical forces and permanent dipoles; b) chemisorption
in which the adsorbate goes through chemical interaction with the adsorbent; it may be
dissociative, non-dissociative or reactive in nature [121].

A physically adsorbed species is usually considered to be an adsorbed material that
can be completely removed from the surface without decomposition.

The infrared spectrum of a molecule is the result of vibrations of the atoms within the
molecule; the number and frequency of vibrations being determined by the symmetry and
bond strength of the molecule as a whole. The infrared spectrum of physically adsorbed
species is only slightly altered and small frequency shifts are observed. In chemisorption,
a completely new infrared spectrum may be observed and band shifts and intensities
are far removed from those of the independent bulk species [121]. Both physical and
chemical adsorption processes can take place simultaneously on a surface, especially at

lower temperatures.
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The Fingerprint Region of an IR Spectra.

At frequencies greater than 1500 cm™!, assignment of absorption bands to functional
groups is easy. Below 1500 cm™', band assignment is possible (but not easy) and this
region is usually known as the "fingerprint region” of the spectrum [121]-[126]. The
vibrations of the molecule as a whole give rise to a series of absorption bands at low
energy, below 1500 cm™!, the positions of which are characteristic of the molecule under

study.

Vibrational Changes on Adsorption

The spectrum of any given molecule is unique and depends on the vibrations of the atoms
within the molecule and the rotation of the molecule as a whole. On adsorption of the
molecule on a surface, the rotational movement is severely restricted and if the process
of adsorption is chemisorption, the vibrational modes will be severely affected as well.
If the process of adsorption is physical adsorption, much of its rotational movement will
be lost but the vibrational movements will be little affected by the process. Thus, the

adsorption bands before and after adsorption should be similar.

2.5.4 Infrared Techniques
KBr Pellet/Wafer Transmission Technique

Before the advent of the attenuated total reflection - FTIR technique®, the KBr window
transmission method was the standard infrared practice. In the transmission measure-
ment or spectral recording, the radiation of wavelength A passes through a sample (e.g.
KBr pellet) and the absorption of the radiation by the sample causes its intensity to drop

from I, to I. The KBr window per se is transparent to infrared radiation. This method

33This technique is described in the next section.
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is applicable to solids and involves the use of KBr salt®™ to prepare sample pellets or
discs®®. The sample disc can then be scanned for infrared absorbance or transmittance.
The technique is based on the assumptions that the KBr does not interact with the sam-
ple. The KBr technique is a useful means of studying adsorbed reagents on minerals but
remains an "ex-situ” technique, so that any details about the adsorbate in an in-situ

situation are lost [116].

Attenuated Total Reflection (ATR) Technique

The ATR technique otherwise referred to as the Internal Reflection Spectroscopy (IRS),
presents an opportunity for an in-situ study of the mineral-aqueous solution interface®.
It is a technique for recording the optical spectrum of a sample material that is in contact
with an optically denser but transparent medium {116, 127]-[130]. The ATR technique,
has been successfully employed in in-situ studies of flotation systems. The principle of
this method is that an infrared beam should be internally reflected through a trapezoid
of an internal reflecting element (IRE)® . For total internal reflection to take place, the
incident beam should have an incident angle greater than the critical angle, 8., of the
crystal, so that (coupled with the high refractive index of the reflecting crystal), it can
be reflected by the flat faces of the IRE. The critical angle is given by:

.12
6, = sin”!1—=
n

where ny and n, are the refractive indexes of reflector and sample respectively.

34The salt should be of infrared grade.

35 Adequate precautions should be taken to avoid contamination of the pellet.

381t is important to note that all techniques (eg. KBr) which deal with the adsorbent being transferre:]
from an aqueous (or liquid) medium to a gaseous environment are liable either to pick up species adsorbed
at the liquid-gas interface, or to shed some of the adsorbate onto the liquid-gas interface. This mean-~
that the interpretation of adsorption at the solid-liquid interface cannot be ascertained unless done by
an in-situ method and only the ATR method is capable of handling that situation [116].

37This can be any crystal that is transparent to infrared rays and has a higher refractive index thar
the sample under investigation.
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Theoretically, during the course of the beam being reflected by the IRE, it appears
to penetrate slightly beyond the reflecting surface and into the rarer medium®, Figure
2.7.

A material (or sample) placed in contact with the IRE will selectively absorb radiation
corresponding to its vibrational frequencies owing to interactions with the beam. The
outgoing beam will have an absorption spectrum characteristic of whatever is next to
the crystal face e.g. surface coating. As a result, only the layer situated very close to
the surface ma& be examined spectroscopicaliy. The thickness of the layer may be a
fraction of wavelength or several wavelengths. Increasing the number of reflections (i.e.
multiple reflections) is equivalent to increasing the path length in transmission studies®.
This increases the amount of the beam absorbed by the sample. The depth of beam
penetration is a function of a) beam wavelength, b) refractive index of both sample and
reflector (IRE), and c) angle of incidence.

The advent of Fourier Transform Infrared (FTIR) spectrometers coupled with com-
puters has made the application of the ATR technique in surface chemistry easier. FTIR
spectroscopy can give an average infrared spectrum of the compounds present on the sur-
face of minerals, even in very low concentrations. FTIR spectrometers have high energy
throughput, high signal-to-noise ratio, high sensitivity, high data aquisition speeds and
flexibility to manipulate the data.

Internal reflection spectroscopy can take three different approaches: in one method the
mineral (or sample) is deposited by vacuum evaporation as a thin layer on the reflecting
element and then used as the adsorbent. The second approach uses finely ground sam-

ple/mineral particles conditioned externally and introduced into the ATR cell. The third

33The rarer medium mentioned here represents the working sample material or any other surface
coating on the IRE.

3°The ATR technique as practiced nowadays makes use of multiple internal reflections and this results
in better sensitivity.
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approach involves direct adsorption of surfactants from solution onto reactive mineral—
reflecting element substrate. The use of vacuum evaporation/deposition of mineral sam-
ple has its own problems. The vapour deposited mineral will certainly be different from
a natural mineral. The second approach permits spectral measurement of a natural min-
eral surface in the presence of an aqueous solution. Direct adsorption onto a reactive
mineral IRE provides more quantitative information regarding the nature, structure and

orientation of adsorbed species than the other two methods.

SUMMARY

It can be seen from the literature that much work has been done in the area of sphalerite
leaching in ferric sulfate and ferric chloride media and in the presence of oxygen. All
of these studies are related to the kinetics of the leaching process and the role of liquid
sulfur in the process both at temperatures lower and greater than the melting point
of elemental sulfur (i.e. 119°C). The leaching mechanism is usually electrochemical in
nature. It is noted that the presence of ferric ions in the leach solution and the solid
solution iron content tend to speed up the metal dissolution rate. The leaching of ZnS
in an acidic medium at temperatures less than 159°C converts almost all of the sulfide
sulfur to the elemental state with minor oxidation to the sulfate form. Depending on the
temperature, the elemental sulfur can slow down the reaction rate or have a negligible
effect. At temperatures greater than 119°C, liquid sulfur slows the rate down by complete
wetting of the particles and the only way to avoid this wetting is by the introduction of
a surface active agent (e.g. lignin sulfonic acid) which plays a very important interfacial
role by creating unfavourable thermodynamic conditions for the wetting by liquid sulfur
to continue.

The mechanisms of the surfactant adsorption process on a molecular scale in the

leaching system are not well understood. Unlike flotation systems which have been well
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studied spectroscopically, infrared studies of surfactant adsorption in leaching systems
are not reported in the literature.

Thus, it is the objective of this study to further our knowledge of mineral-surfactant
interactions in zinc pressure leaching systems. High temperature surface tension and con-
tact angle measurements in the liquid sulfur-mineral-aqueous system will be employed
to determine the macro effects of a range of surfactants. Laboratory scale zinc pressure
leach experiments will be performed to measure surfactant performance in relation to
measured interfacial activity. On a molecular scale, ATR-FTIR methods will be em-
ployed to further our understanding of mineral-surfactant interactions in an aqueous

environment.
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Figure 2.2: Viscosity of liquid sulfur; after Tuller {78].
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Figure 2.3: Possible structure of lignin sulfonate; after Pearl [86].
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Figure 2.4: Structure of OPD; after reference [92].
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Figure 2.5: Structure of naphthalene sulfonic acid—formaldehyde condensates; after Rosen
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Figure 2.7: Internal reflection effect; after references [121].
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OBJECTIVES AND EXPERIMENTAL APPROACH

3.1 OBJECTIVES

In-situ investigations of solid—aqueous solution interactions are becoming very important
in the development of novel technological and scientific applications. Until recently, not
very much was known about the nature and structure of adsorbed species formed on
the surfaces of solids fully immersed in liquids. Recent studies on in-situ solid-solution
interactions have contributed tremendously to the understanding of the mechanisms and
the nature of interactions occurring between flotation reagents and their substrates. It
is evident from the literature that, unlike ﬂot‘a‘tion systems, not much is known about
mineral-surfactant solution interactions in leaching systems on a molecular level. A crit-
ical review of the literature has shown that very little work has been done on the leaching
behaviour of sulfide minerals (particularly ZnS) with commercially important surfactants
or dispersants, in spite of the fact that many studies have been carried out in terms of
process kinetics and chemistry in the different leaching media. It is time that the fun-
damental mechanisms governing surfactant-mineral interactions in leaching systems be
looked into as has been done in the past decade or more for flotation systems. Practical
leaching processes are complex phenomena in which numerous variables come into play,
and where possible, these variables need to be studied. The growing importance of pres-
sure leach processes at temperatures greater than the melting point of elemental sulfur

creates opportunities for research and development of other surfactants as substitutes for
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lignin sulfonic acid. This objective can be achieved only when the fundamental chemistry
involving surfactant-mineral interactions is well understood.

The present study builds on an earlier investigation of mineral-surfactant interactions
[54, 56].

It is the objective of this study to investigate the molecular interactions that occur
between zinc sulfide (or sphalerite) minerals and surface active agents during oxidative
pressure leaching and to understand the basic principles governing the adsorption and

effectiveness of surfactants or dispersants in the zinc pressure leach process.

3.1.1 Scope of Study and Approach

The scope of the study involved identifying some selected surfactants' and applying them

in the following areas of study:

e interfacial tension and contact angle measurements: the measurements made in-
clude liquid sulfur-aqueous solution interfacial tensions and liquid sulfur-solid min-
eral contact angles both in the absence and presence of surfactants employing the

pendant drop and sessile drop techniques respectively.

e leaching studies: these involve the use of the selected surface active agents as

dispersants for the oxidative pressure leaching of the ores or concentrates.

e infrared studies: these involve the study of the nature of bonding or interactions
between the surface of the mineral and any added surfactant in the solution. The

in-situ ATR-FTIR technique was employed in this study.

1
These were selected based on their physical and chemical properties.
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EXPERIMENTAL TECHNIQUES

The experimental study was divided into three distinct phases:

1. Interfacial phenomena investigations in the aqueous - mineral - liquid sulfur - sur-

factant system.
2. Pressure leaching experiments designed to evaluate surfactant performance.

3. Infrared spectroscopy of mineral - surfactant systems.

4.1 INTERFACIAL PHENOMENA

The purpose of this study was to investigate the interfacial behaviour exhibited by the
liquid sulfur - aqueous zinc sulfate - zinc sulfide mineral system under simulated zinc
pressure leaching conditions in the absence and the presence of different surfactants. This
requires the measurement of the liquid sulfur - aqueous solution interfacial tensions and
liquid sulfur - zinc sulfide - aqueous solution contact angles in the absence and presence
of the different surfactants mentioned. There are numerous techniques for determining
these quantities; however, each of these has its own limitations. A thorough review of the
literature [132]-[151] shows that for the purpose of this study, the pendant drop technique
has a number of outstanding advantages over other methods for measuring the interfacial
tension. Advancing contact angles were measured using the sessile drop approach. The
pendant drop technique involves taking a photograph of liquid sulfur suspended in an

aqueous solution of zinc sulfate while in the sessile drop method, a photograph is taken

53
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of a drop of liquid sulfur droplet resting on a flat mineral surface fully immersed in a
zinc sulfate solution. The interfacial tension and the advancing contact angle can be
determined by measuring the shape and position of the sulfur droplet. The aqueous
solution may contain other solutes which are typical of zinc pressure leach solutions.
Such measurements require the use of a pressurized apparatus capable of raising the
boiling point of the solution to temperatures above the melting point of elemental sulfur.
These methods are static: once the surface of the drop is formed, equilibrated, and
photographed, the data for surface tension measurement are complete and not affected
by any outside influence prior to or during the measurement.

The pendant drop technique is suitable for measuring the interfacial tensions between
two liquids. In brief, the pendant drop method consists of suspending a small drop of one
liquid (the denser liquid) from the end of a vertical cylindrical tube in a second liquid
(the lighter liquid). The shape and size of the drop can be determined by measurements
made on a photograph. The drop formed is influenced by two opposing forces, namely
surface/interfacial tension and gravitational forces. The effect of the presence of the
force of gravity is to elongate the drop so that its length exceeds its width. Without the
presence of a gravitational force, the drop assumes a shape of minimum surface area or
energy (i.e. a sphere). Figure 4.8 shows the profile of a pendant drop.

Advancing contact angles were measured using the same experimental setup as that
for the interfacial tension determinations. However, instead of a suspended drop as in
the interfacial tension determinations. the liquid sulfur drop was made to rest on the flat
surface of a zinc sulfide mineral specimen that was fully immersed in an aqueous solution
and a picture taken of the drop. Once in contact with the sulfide mineral, the sulfur
droplet begins to spread and the pictures were taken when this lateral movement ceased.

Figure 4.9 shows the profile of the drop shape under different aqueous environmental

conditions.
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Apparatus

Figure 4.10 shows the details of the equipment used for the interfacial tension and co;ltact
angle measurements. The bomb was heated externally by wrapping it with a heating
tape followed by an insulating blanket. The inner chamber of the bomb was totally
enclosed to prevent loss of liquid by evaporation. The tip was made from tubing having a
circular cross-section. The end was cut off perpendicular to the vertical axis. Microscopic

perfection was not essential since the liquid tends to bridge over any minor irregularities.

Chemicals

The chemicals used were: reagent grade zinc sulfate, sulfuric acid, sulfur flowers, fer-
ric sulfate, ferrous sulfate, sodium silicate, zinc sulfide mineral (marmatite) specimens

(obtained from Cominco Ltd). The surfactants and the sources of supply were:

o Calcium-based lignin sulfonic acid obtained through the courtesy of Cominco Met-

als Ltd, Trail, British Columbia (supplied by Reed Inc., Quebec).

e Orthophenylene diamine (often referred to as OPD in this work) obtained through

the courtesy of Dupont Chemicals, Wilmington, Delaware, U.S.

e Sodium salt of naphthalene sulfonic acid - formaldehyde condensates supplied by

Handy Chemicals Ltd., Laprairie, Quebec
o Cocoamido hydroxyl sulfobetaine (CAHSB)
¢ Tallowamido hydroxyl sulfobetaine (TAHSB)

¢ Cocoamido betaine (CAB)

The last three surfactants were obtained through the courtesy of Alkaril Chemicals Ltd.,

Mississauga, Ontario.



Chapter 4. EXPERIMENTAL TECHNIQUES 56

EXPERIMENTAL METHODS

The bomb and its accompanying accessories were carefully cleaned' and dried to get
rid of any unwanted material or dirt. A thermocouple was constructed from type E
(chromel-constantan) wire and calibrated. After the cleaning process, the equipment
was assembled and calibrated by measuring the interfacial tension of water and benzene
at rToom temperature?. After this test, the equipment was thoroughly cleaned again and
dried to make sure there was no residual benzene in the system to affect the subsequent
determinations. The focus of the study was on the interfacial role of different surfactants
in the liquid sulfur - aqueous zinc sulfate - zinc sulfide system under conditions similar to
those prevailing in the zinc pressure leaching process. This involves the measurement of
liquid sulfur - aqueous solution interfacial tensions and liquid sulfur - zinc sulfide mineral

- aqueous solution contact angles.

4.1.1 Interfacial Tension

All experiments were carried out at a pressure of 620 kPa and a temperature of 130£5°C
using 1.2 mol/L zinc sulfate solution®. The conditions of the aqueous solution environ-
ment (due to the presence of added solutes) were varied in accordance with the experi-

mental objectives. These included:
o the effect of different surfactants and dosages

e the presence of ferric and ferrous ions

1The cleaning was performed using acetone and distilled water.

2The purpose of this test was to determine how the measurement deviates from the theoretically
listed interfacial tension for water-benzene systems.

3The choice of these conditions was based on results obtained from earlier work {55, 56] in which
it was observed that above a zinc sulfate solution concentration of 1.0 mol/L, there was no change in
the liquid sulfur-aqueous solution interfacial tensions (in the absence of any Surfactant) and within a
pressure range of 276-620 kPa the effect of pressure on the interfacial tensions was negligible.
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e the presence of acid

In each test, the syringe was partially filled with sulfur. The rectangular optical cell
was carefully mounted on the adjustable seat, K, in the bomb such that the sapphire
windows of the pressure vessel were parallel to the optical sides of the cell. The cell
was then carefully filled with the aqueous solution. The syringe was then mounted and
the thermocouple inserted into the thermowell to record the temperatures as the bomb
was being heated. The heating rate was controlled using a powerstat. The chamber
was closed and sealed and then subjected to nitrogen pressure at 620 kPa. Since the
operating temperature was higher than the melting point of elemental sulfur (~ 119°C),
the sulfur melted in the syringe. At the operating temperature, the drive-screw of the
syringe was moved in a downward direction until the sulfur formed pendant drops at the
tip immersed in the aqueous solution. The design and construction of the syringe was
such that it allowed the position (i. e. height) of the tip to be adjusted. This enabled
the drop to be positioned appropriately to be photographed. Several drops were formed
and photographed for each experimental condition after which one of the controlling
variables was changed and the sequence of operations was repeated. All experiments
were done in duplicate and some in triplicate to ensure that any data obtained were
reproducible. The results of repeated experiments were within £2 %. The measurements
were made from the photographs of drop profiles and interfacial tensions were calculated
using these profile measurements. The measurements were made at points on the drop
which were remote from the end of the tip and where the influence of imperfections in
the shape of the tip was normally negligible. Adequate precautions were taken to ensure
attainment of interfacial equilibrium. The required dimensions were measured with a rule
graduated to 0.5mm. These dimensions were estimated to the nearest 0.1mm. Repeated

measurements of the same drop were reproducible to within #0.1mm. Some of the
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dimensions were remeasured using a computer scan to determine the accuracy of the
manual measurements. The variation was within +2 %.
The magnification of the pendant drop was determined from a knowledge of the

enlarged diameter of the capillary tip (actual diameter was known to within +0.002mm).

4.1.2 Contact Angle Measurements

After the surface tensions experiments, a series of experiments was carried out to deter-
mine the zinc sulfide mineral - liquid sulfur - aqueous solution advancing contact angles
in the absence and presence of the different surfactants. Determinations were carried out

in the following environments:

¢ zinc sulfate (1.2 M) solution

e 1.2 M zinc sulfate, 0.05 M Fe?*, and 0.12 M Fe3* in 0.2 M sulfuric acid solution

The technique used was similar to that employed in the previous work. The difference
was that a picture was taken of liquid sulfur resting on a solid mineral surface (instead
of being suspended) in an aqueous environment.

The marmatite mineral specimen was carefully cut into a rectangular shape. The
surface was carefully polished using a 600 grit sand paper. The specimen was then rinsed
several times with distilled water. The mineral was carefully mounted horizontally in the
optical cell. The cell was filled with the aqueous solution and the set up completed as
described above. The drops were carefully controlled in order to determine the advancing
contact angles by gradually increasing the droplet size. Once in contact with the sulfide
mineral, the sulfur droplet begins to spread and the pictures were taken when this lateral
movement ceased. As has been pointed out by Good and Oss [152], the system does not
need to attain thermodynamic equilibrium before taking the pictures for the necessary

measurements. After each run, the mineral was carefully cleaned (as described above)
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to remove any residue that might have been deposited on the surface during the course
of the experiment and the series of measurements repeated. The contact angles were

measured directly from the photographs.

Quantifying Interfacial Parameters

Interfacial Tensions

Unlike contact angles which can be measured directly from the photographs, the in-
terfacial tensions have to be computed [133]-[150]. There are three techniques for the
mathematical treatment of the pendant drop profile: a) the method of the plane of inflec-
tion b) the equation of state approach [153] ¢) the method of a selected plane. However,
the method of the plane of inflection has two severe limitations which make its applica-
tion. very tedious and inaccurate. These are i) the true plane of inflection of the drop
must be accurately located (which is graphically difficult) since a slight deviation from
the true plane might introduce a large error and ii) the volume of the drop must be
computed from its profile. These difficulties limit the precision of the method [134, 137].
The second method involves rigorous mathematical formulation but this is simplified by
being incorporated into a computer software. It involves direct digitizing of the profile of
the liquid droplet resting on a solid surface. This method measures the interfacial ten-
sion and the contact angle simultaneously. The drop is considered to be at equilibrium
with its surroundings. It results in a precise solution. The third treatment is an indirect
approach and also leads to a more rapid and precise solution. In this method, the drop
profile, (Fig. 4.8), is considered to be at equilibrium with its surroundings, symmetrical
and to possess two radii of curvature, Ry and R, (as with any curved surface). At the
apex (or bottom of the drop). O, the two are the same. The mathematical treatment is
based on the assumption that the pressure difference developed at any curved surface due

to the surface or interfacial tensions is proportional to the sum of the principal curvatures
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of the surface, i. e.

11
p (R1 t Rg) (4.23)
or
11
o= = 424
p=7 (Rl + RQ) (4.24)

where v is the interfacial tension in mN/m. This equation is known as the Laplace
equation.

If y is the vertical height of the liquid measured from the apex of the drop profile
where the two radii of curvatures are equal to each other i. e. Ry = Ry = h, then the

hydrostatic pressure due to the curvature of the hanging drop at any point is given by:

2y
P= T hgy (4.25)

Combining equations (4.24) and (4.25)

1 1 2y
—_— ) =2l 4.2
7 (Rl R?,) R P9 (4:26)

where p is the density difference between the liquids in question. From geometry? [133,

160, 161]
dy\213/2
R = UFl&)) (4.27)
£y
dzx?
and
dy\23\1/2
R, = & — 2+ G (4.28)
sin ¢ j_i
Therefore

4The geometrical derivation is described in appendix A
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42y dy
ETE s 2 -2 (4.29)
do\2 3/2 i\ 2 1/2 A 7
[1+ di;)] x[1+(g§)}
hence,
3/2

dy & dy\” 2 pgy dy\”

St i i S (i I R ey LA T P e 4 43

dx? t + dx h A * dr (4.30)

This second-order, second-degree differential equation cannot be easily integrated; how-

ever it can be simplified by transforming it into a non-dimensional form such that:

}/’ !

VO 077 = 2 BYIN 4 Y (431)
where
7,2
5 =9 (4.32)
Y
and

X =z/h Y =y/h, Y' =dY/dX, and Y = &*Y/dX?

From equation (4.32),

]2
y = 9;0 (4.33)

The dimensionless parameter 4 and the radius of curvature h cannot be precisely deter-
mined for a pendant drop from a picture of the drop.

In order to solve for the interfacial tension, values must be assigned to 3 and h in
equation 4.32): consider the drop profile in figure 4.8 - the size is dependent on its
equatorial diameter, d,, and the shape is also dependent on the ratio of the diameters

measured at two different horizontal planes [134). The line CD is at a distance d. from
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the apex of the drop, where d, is the equatorial (or maximum) diameter of the drop®.

From the measured values of d. and d;, the shape ratio,
S =d,/d. (4.34)

is computed for each drop profile. The value of the shape ratio is dependent on the drop.

Another parameter, H, can also be defined as a function of the drop shape such that:

d?

H = ﬂ(f) (435)
de

= P97 (4.36)

H is considered to be a function of 5. Tables of values of H as a function of S are
available [132, 133] from which v can be quantified from the photograph. Rewriting
equation (4.36)

v = (4.37)

where
p = density difference between the two liquids in question;
g = acceleration due to gravity;

d. =equitorial diameter of the drop and is obtained from:

d. = (w")d;” (4.38)

W
w, = original diameter of the tip

w,, is the magnified diameter of the tip as measured from the photograph
d* is the magnified diameter of drop as measured from the picture.

The density of the liquid sulfur with temperature was obtained from the literature[78].

. 5The diamet.er d is first measured, then by constructing the base line AOB, a parallel line CD, (ds).
is drawn at a distance d, from AOB.
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The density of the aqueous solutions were determined at room temperature and cor-
rected for high temperatures (i. e. at the operating temperature) on the assumption that
the solutions have about the same coeflicient of expansion as water (though this might

introduce a slight error).

Contact Angle

Contact angles were measured directly from the photographs with a fair degree of ac-
curacy. The contact angle between a liquid and any other phase(s) in contact with it
at equilibrium® is related to the interfacial tension or free energy per unit area of those
phases. In the case of sulfur in contact with a marmatite mineral surface and the aqueous

phase these can be related as:

YMA = Yrs + Ysacos (4.39)

and

YArA — TMs = Ysacosl (4.40)

where a4 is the mineral - aqueous solution interfacial tension, yars is the mineral -
liquid sulfur interfacial tension, vs4 is the liquid sulfur - aqueous solution interfacial
tension, and @ is the contact angle measured in the liquid. The above equation is known
as Young's equation {134]-[150}, [162].

Yar4—"7s can be computed for the different systems. This will help in identifying the
interface(s) at which surfactant adsorption takes place in the system. For no adsorption

at the mineral surface, 9474 — 7ass has to be constant for all systems irrespective of the

aqueous environment.,

. ; ;

The contac‘t .an.g]es measured in this study are not really thermodynamic equilibrium values. They
are pseuFlo equilibrium or steady state values. However, for the purpose of computation, the contact
angles will be assumed to be equilibrium values
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4.1.3 Work of Adhesion

In the initial stages of a batch zinc pressure leach. liquid sulfur is non-existent. However,
it immediately begins to form in the system due to the reaction. In a continuous process,
there is a steady state of liquid sulfur present at all times. The sulfur tends to displace
the aqueous phase from the solid surface by adhesional wetting (i. e. liquid sulfur forms
on the surface, or makes contact and adheres to the surface). The surface free energy

change associated with this wetting by liquid sulfur is:

— AGy, = a(yma + Y54 — Tums) (4.41)

where a is the surface area of the solid substrate (i. e. mineral) in contact with an equal

surface of the liquid (sulfur) after adhesion. The driving force of this phenomenon is

YMA + YSA — YMS-

The work of adhesion, W,, is the reversible work required to separate a unit area of

liquid from the solid substrate:
Wa =4+ 754 — yus = —AG/a (4.42)

This is known as Dupre’s equation [83, 133, 149, 151]. In this process, any reduction
of the mineral - sulfur interfacial tension results in an increased tendency for adhesion
to occur, but reduction of either the liquid-liquid or mineral-aqueous interfacial tensions
decreases the adhesive tendencies.

Substituting for yar4 — yars from equation 4.40 into equation 4.42,

IVG = ’\,'SAcosﬂ -+- ~SA (443)

= y54(1 + cos 0) (4.44)
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W, can be computed from a knowledge of v54 and cos#. The driving force in adhe-
sional wetting can never be negative and is equal to zero only when the contact angle is

180°, which is never attainable in practice.

4.2 PRESSURE LEACHING OF SPHALERITE, (ZnS)

A series of leaching experiments was performed in the absence and presence of the dif-
ferent surfactants as dispersants for liquid sulfur. The objective of this study was to
investigate the performance of each of these surfactants in leaching systems in relation to
their interfacial activities and compare the findings to those obtained with lignin sulfonic

acid.

Chemical Reagents and Surfactants used

The following chemicals were used in the preparation of the leaching solution: reagent
grade zinc oxide, sulfuric acid, ferrous sulfate and hydrogen peroxide. The concentrate
used for these studies was obtained through the courtesy of Snow Lake Mines - a sub-
sidiary of Hudson Bay Mining and Smelting Co., Manitoba, Canada. The surfactants
used were the same as mentioned earlier.

Chemical analysis of the concentrate gave the following elemental compostion:

e 49.2 % zinc

11.4 % iron

0.6 % copper
e 0.6 % lead and

31.6 % sulfur
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X-ray diffraction analysis of the concentrate indicated that the bulk of the concentrate
was present as ZnS, the rest being mainly pyrite and copper sulfide minerals.

Two sets of leaching experiments were performed - low pulp density tests in which the
amount of concentrate used was between 1-12 grams and high pulp density leaching tests
in which the amount of concentrate used was 100£5 grams for each test. The leaching
tests were performed in a 2-L Parr titanium autoclave. The operating temperature for

each test was 140+1°C.

4.2.1 Low Pulp Density Leaching

The size range of the concentrate used for these tests was -2704325 mesh. The variables
which were investigated were: type and concentration of surfactant in question, time of
leaching, and the mode of introduction of surfactant (either batch or continuous) into the
system. For those surfactants available in only the liquid state, the tests were done with
continuous addition of the surfactant. All batch additions were injected into the autoclave
together with the concentrate sample. Prior to the introduction of the concentrate into
the autoclave, about 1 or 1.5 L of the pre-prepared leaching solution (or lixiviant) was
heated to the operating temperature of about 140+1°C in the autoclave. The leaching

solution was made up of:
e ~ 2 mol/L zinc ions (or zinc sulfate)
e ~ 0.15 mol/L ferric ions
e ~ 0.15 mol/L ferrous ions
o ~ 0.5 mol/L sulfuric acid

Once the operating temperature was reached, the concentrate was injected into the

solution under oxygen or nitrogen pressure of about 1100 kPa using a specially designed
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injection unit attached to the autoclave. The experiments lasted for a predetermined
time of up to 30 minutes after which the autoclave was quickly quenched in an ice water
bath until cooled to 75-80°C after which it was de-pressurised. The pulp was quickly
filtered using a pressure filtration unit. Samples of the filtrate were collected for chemical
analysis. After each run, care was taken to ensure that all of the leach residue was
recovered for subsequent chemical analysis. The residue was dried in a vacuum drier for
about 3-4 days, chemically digested”, and analysed for metal content. The extent of zinc
extraction was determined from the residue analysis. The change in zinc concentration
in solution was too small to determine the zinc extraction values accurately enough. The
other forms of phenylene diamine: meta- and para- phenylene diamines were also tested

under low pulp density conditions.

4.2.2 High Pulp Density Leaching

High pulp density leaching was carried out in the presence and absence of a surfactant.
The principal surfactants used as dispersants were lignin sulfonic acid and orthopheny-
lene diamine, although some experiments were performed using metaphenylene diamine
(MPD) as the surfactant. The decision to use these surfactants was based on the results
of the low pulp density tests®. The leaching time was 35-60 minutes. The particle size

distribution of the concentrate sample used was:
e 3.4 % +170 mesh
o 43 % -170+230 mesh

o 23.8 % -230+4+325 mesh and

"The digestion was performed with concentrated sulfuric acid and dropwise nitric acid additions to
a beaker on a hot plate.

611“ the low pulp density leaching experiments only lignin sulfonic acid, OPD and MPD gave favourable
results.
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e 29.8 % -325 mesh

Equipment

The details of the equipment and the setup used for the high pulp density pressure

leaching are shown in Figure 4.11.

Experimental Approach

Chemical analysis of the stock (or leach) solution for the oxidative pressure leaching was:
e 0.14 mole/L Fe?*
e 1.27 moles/L Zn?** (in the form of sulfate)
e 1.12 moles/L (or 109 g/1) sulfuric acid which dissociated incompletely to give
e 1.95 moles/L total acidity® (H*).

The recipe was designed so that enough sulfuric acid would be left in the system at the
end of the process even if all of the soluble zinc and iron in the concentrate were dissolved
in order to prevent or minimize the oxidation of elemental sulfur to sulfate, and also to

prevent the hydrolysis of ferric ions.
A standard leaching procedure was followed throughout the course of the study.
About 100£5 grams of concentrate was weighed into an autoclave and 1.5 L of leach
0

solution was added. The autoclave was sealed air-tight and flushed with nitrogen gas'®.

The autoclave was connected to the computer and the gas mass flow meter (as shown

®The method of determination of total acidity is described in the appendix B.

19This was to make sure there was no residual oxygen present in the space above the solution in the
autoclave before the introduction of commercial grade oxygen. This was to ensure that at least within
the limits of the experimental technique there was no reaction taking place during the heating period.
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in Fig. 4.11) via the gas tubing to measure the oxygen flow rate at 1 second time inter-
vals. Since any leakages in the system were registered on the computer, adequate steps
were taken to eliminate leaks. The autoclave was heated to the working temperature
of 140+1°C. In the runs with surfactants, a predetermined amount of the surfactant!!
under study was weighed into the injection unit. A brief sketch of the injection unit
and its operation is shown in Fig. 4.12. At the working temperature, the agitator was
started and oxygen was admitted into the autoclave via valve A and through the injection
unit to pressurize it initially (valve C should be closed when performing this operation,
B was opened all the time). Immediately after this operation, valve A was closed and
C opened to allow oxygen to flow through the flow meter and into the autoclave as it
is being consumed in the leaching reaction. The computer then began to register the
oxygen flow rate. All these operations were completed within a time window of less than
8 seconds and it was assumed that the errors introduced into the data as a result of
some reactions occurring in this time frame were very minimal as compared to the total
extent of reaction in the predetermined time of 60 minutes or 35 minutes for the process
(from the data obtained, it was in fact, estimated to be within £0.4 %). The oxygen
was delivered at a pressure of 1100 kPa. The use of the injection device ensured that the
surfactant was introduced into the autoclave at the same time as the oxygen (when the
reaction was assumed to begin).

At the end of the pre-determined time (for leaching), the oxygen flow was stopped and
the autoclave was quickly quenched in an ice water bath to about 75-80°C and filtered.
The filtrate was analysed chemically for metal, sulfur and total acid content. The leach
residue was washed and dried in a vacuum oven for about 4 days and samples were taken

for chemical analysis.

11 : -
Surfactants were added in batch form for all the tests carried out under high pulp density conditions.
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4.3 INFRARED STUDIES

Infrared studies were performed using the attenuated total reflection-Fourier transform
infrared technique (ATR-FTIR). The application of this technique permitted the study
of the surfactant adsorption ”in-situ”. The transmission KBr disc/wafer technique was
also employed to record the infrared spectra of the concentrate and the surfactants used

before they were introduced into the solution.

Chemicals

The chemicals used were potassium bromide of infrared quality, sphalerite concentrate!?,

lignin sulfonic acid and OPD. All other chemicals were of reagent grade.

Equipment

The ATR accessory had a germanium crystal internal reflection element (of 45° angle of
incidence). The FTIR equipment used was a Bomem MB 100 series spectrophotometer
with a frequency range of 6000-200 cm™?.

The accessory was a model 11086 Specaclamp ATR. It had a micrometer controlled
clamp-down facility. The sample material in the form of a paste/film or fine powder was
evenly spread on the reflecting crystal and then sandwiched between the crystal and a
top pressure plate to which an even pressure was applied via a micrometer thumb screw

and a leaf spring. The applied pressure could be set with the micrometer.

12The concentrate was subjected to 35-40 minutes of fine (dry) grinding to expose fresh mineral surface.
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4.3.1 KBr Technique

The FTIR equipment was first calibrated using polystyrene disc’® prior to any sample
analysis. Regular calibration of the equipment was adopted since any change in atmo-
spheric conditions could influence the spectra.

The absorption spectra of the organic surfactant and the sphalerite concentrate were
recorded by both KBr transmission and ATR-FTIR technique.

About 3 mg of the reference material’* and 300 mg of KBr were thoroughly mixed
and ground in an agate mortar and pressed into a disc at a pressure of about 28000-34000
kPa. Two pellets/discs were made for each material to ensure reproducibility.

Infrared spectra were recorded from the discs with the spectrophotometer, the samples
being mounted in a holder in the path of the radiation beam, (figure 4.13). The inability
of the KBr to absorb any infrared radiation between 4000-400 cm™! wavenumber means
that any absorption band within this region was due to the sample. Prior to the recording
of any sample spectrum, the reference spectrum (of the sample chamber) was taken.
The sample spectrum obtained was then plotted using a plotter connected to the FTIR

computer.

4.3.2 Attenuated Total Reflection Technique

The ATR-FTIR technique was employed to investigate the nature of the surfactant
adsorption at the solid-liquid interface in-situ. It permitted the recording of the spectra
of the sphalerite conditioned in different aqueous phases. This technique was used for
the spectral recording of both surfactant solutions and the conditioned (wet) sphalerite

mineral. Figure 4.14 shows the set-up of the ATR accessory used.

13 Thie d: - . .
This disc was supplied, together with its spectrum by the manufacturers of the equipment

14 . i
The reference materials referred to here are the lignin sulfonic acid, OPD and the dry sphalerite
concentrate. '
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A spectral record was first taken of the solvent (distilled water containing 0.036 mol/L
acid) by spreading a thin film of the solvent on the germanium reflecting crystal and
mounting the accessory in the infrared beam path.

A 3-4 gram sample of the concentrate was conditioned'® in the solvent (acidified
distilled water) for about 20 minutes. This time window was selected based on the effect
of time on the extent of zinc extraction from the leaching studies. A paste of the wet

1'® and mounted in the beam

sample was then uniformly spread on the germanium crysta
path to record the spectrum of the wet sample. These spectra served as the blank or
reference spectra of the solvent and natural sphalerite when wet.

1 and 100 scans were done for each

The scanning was done at a resolution of 4 cm™
sample. After each test, the reflecting crystal was thoroughly cleaned using warm chromic
acid followed by cold dilute nitric acid and distilled water in order to remove any residual

chromate ions.

Lignin sulfonic acid tests

Two solutions, each containing 5.0 g/L of lignin sulfonic acid, and 0.036 mol/L sulfuric
acid were prepared. One solution contained 0.025 mol/L ferric ions (added in the form
of sulfate). The other solution did not contain ferric ions. The spectra for the surfac-
tant solutions were recorded'” by spreading a thin film of the solutions on the internal
reflection element. Spectra of 3-4 grams of concentrate conditioned in the appropriate
surfactant solution for about 20 minutes were then recorded. After each conditioning in
the surfactant solution, the sample was cold washed 3-4 times with the solvent (distilled
water) and then subjected to a more drastic washing with boiling distilled water followed

by cold washing again with the solvent. The infrared spectra of the washed samples were

T
1;The con.centrate was suspended for about 15 minutes and then allowed to settle.
1~Samp]e 1s sandwiched between the reflecting crystal and the pressure plate.
"These were used for the appropriate spectral subtraction.
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also recorded. Prior to each scanning, the background spectrum of the solvent had to be

recorded.

Below is the list of the different conditions studied:

e KBr analysis of lignin sulfonic acid

e ATR analysis of 5.0 g/L surfactant and ferric solution

o ATR analysis of sphalerite conditioned in surfactant/ferric solution

e ATR analysis of washed sphalerite after conditioning in surfactant/ferric solution

e ATR analysis of sphalerite conditioned in surfactant solution in the absence of ferric

1ons

e ATR analysis of washed sphalerite after contact with surfactant solution in the

absence of ferric ions

e KBr analysis of leached sphalerite residue

Orthophenylene diamine tests

A surfactant solution containing 5.0 g/L of OPD, and 0.036 mol/L sulfuric acid was
prepared. A 0.025 mol/L ferric solution (in the form of sulfate) was also prepared.
The spectrum for the surfactant solution was recorded!® by spreading a thin film of
the solution on the internal reflection element as described earlier. About 3-4 grams
of concentrate was conditioned in the surfactant solution (with and without ferric ion

pre-treatment’®) for about 20 minutes. The spectra for the conditioned samples were

18These were used for the appropriate spectral substraction.
9 . . . .
In some of the tests carried out, the mineral concentrate was first preconditioned in a solution

containing 0.025 .mol./L ferric ions and 0.036 mol/L acid for 15-20 minutes, washed 3 times with the
solvent before being introduced into the surfactant solution.
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then recorded. After contact with the surfactant solution, the sample was subjected to
the washing procedure described above and scanned as well. The background spectrum
(of the solvent) had to be taken prior to each test.

Listed below are the different conditions studied:

KBr analysis of orthophenylene diamine. This was compared with available spectra

in the literature.
e ATR analysis of 5.0 g/L surfactant.
o ATR analysis of sphalerite conditioned in surfactant solution (no ferric pre-treatment).
¢ ATR analysis of washed sphalerite after conditioning in surfactant.

ATR analysis of sphalerite conditioned in surfactant solution after pre-treatment

with ferric ions.

ATR analysis of washed sphalerite after contact with ferric/surfactant solution.
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Figure 4.8: Profile of pendant drop.
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Figure 4.9: Contact angle between a liquid and solid surface: a) in the absence of any
surfactant; b) in the presence of a surfactant.
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!
1 T XF/ | LS = liquid sulphur
<<O [S Y S] Ej ZM = marmatite
(o)
K

P: converging lens ; I: gas inlet A: drive-screw syringe with plunger D
L: light source for backlighting V: replaceable pyrex glass tubing tip
B: stainless-steel bomb, (7.6 x 20.3 cm) (for creating liquid sulphur drops)

T: thermowell (for thermocouple) S: sapphire windows (1.3 cm diameter)
C: camera for taking pictures K: adjustable height seat

O: rectangular optical glass cell H: pressure gauge

Figure 4.10: Cross—section of high temperature and pressure stainless-steel bomb.
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Figure 4.11: Experimental set-up for monitoring oxygen flow rate.
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Figure 4.12: Injection Unit.
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Figure 4.13: KBr Transmission.
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Figure 4.14: ATR Accessory.



Chapter 5

RESULTS AND DISCUSSION

The results and complete discussion of each area of study are presented here and attempts

are made to correlate the results.

5.1 INTERFACIAL PHENOMENA

5.1.1 Results
Interfacial Tension

Figure 5.15 shows the results obtained using the different additives as surfactants in the
interfacial tension measurements. Included in the figure are the data obtained (from an
earlier work) using lignin sulfonic acid [54, 55].

In the absence of any surfactant, the liquid sulfur-aqueous solution interfacial tension
measured 54-55 mN/m. It can be observed that irrespective of how much OPD is added
to the solution, there was no significant change in the interfacial tension. However, the
other surfactants influenced the interfacial tension to different degrees, depending on the
surfactant. The most efficient surfactant in terms of interfacial tension reduction was
naphthalene sulfonic acid-formaldehyde condensate. It reduced the interfacial tensions
to values lower than those achieved with equal concentrations of lignin sulfonic acid
(about 20-22 mN/m as compared to 28-30 mN/m for lignosol). It required only a
minimum dosage of about 0.1 g/L to effect the maximum influence whereas lignin sulfonic

acid required a concentration of 0.3 g/L to effect its maximum influence. Cocoamido

80



Chapter 5. RESULTS AND DISCUSSION 81

Table 5.2: Surface activity of OPD at a concentration of 0.3g/L in the presence of [Fe?*]
= 0.05 M, [Fe**] = 0.12 M, [H;S04] = 0.2 M, and [ZnSO4] = 1.2 M, Temp.= 135+5°C

Expt. 1 2 3 4 5 6 | Mean value | Std. Deviation
v, mN/m | 52.7 | 54.4 | 54.2 | 54.9 | 55.5 | 54.7 54.4 0.86

Table 5.3: Effect of silicate ions (0.15g/L) on the surface activity of OPD (0.3 g/L) in
the presence of [H,SO4] = 0.2 M and [ZnSO4] = 1.2 M, Temp.= 135+5°C

Expt. 1 2 3 | Mean value | Std. Deviation
v, mN/m | 53.6 | 52.4 | 52.5 52.8 0.54

hydroxyl sulfobetaine (CAHSB) has about the same effect as lignin sulfonic acid up to a
concentration of about 0.3 g/L beyond which it further reduces® the interfacial tension
until it attains a maximum effect at about 0.5.g/L.

Table 5.2 shows the surface activity of OPD in the presence of acid, ferrous and
ferric ions. The data show that the presence of these ionic species did not change the
behaviour of OPD at the liquid sulfur - aqueous solution interface. Table 5.3 shows the
effect of silicate ions on the surface activity of OPD?. Again, it was observed that under
the conditions of the experiment, these species do not have any effect on the liquid-liquid
interfacial tensions. In the absence of a surfactant but in the presence of ferric, ferrous
and hydrogen ions (i.e. an acid), the liquid-liquid interfacial tension measured 53-54
mN/m.

The effect of ferric/ferrous jons on the efficiency of naphthalene sulfonic acid-formaldehyde
condensates as a surfactant was significant. Figure 5.16 shows how the surfactant de-

grades with time (in terms of an increase in the liquid-liquid interfacial tensions) in the

At surfactant concentrations greater than 0.3 g/L, lignin sulfonic acid does not exert any noticeable
influence on the liquid sulfur-aqueous solution mterfacial tension.

“These tests were performed in order to find out if the enhanced leaching rate observed with OPD
was due to the presence of these species (or not) which are typical of zinc pressure leaching conditions.
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Table 5.4: Contact angle measurements in the presence of the various surfactants: con-

ditions - [ZnSOy4] = 1.2 M, Temp.= 135+5°C

Surfactant Surfactant concentration, g/L
type 0.05 | 007 | 015 | 03 [ 033 | 0.6 |
Naphth. | 15445 | 14845 | 150+4 | 1555 - -
CAHSB - - 14314 | 14845 | 15244 | 14845
OPD - 12445 | 12546 | 12745 | 12544 -
TAHSB - - 133£5 | 138+5 | 135+4 -
CAB - - - 135+5 | 136+6 | 13446
Lignin. - 14445 | 14645 | 143+5 - -

presence of ferric and ferrous ions in the solution in one of the measurements made, where
the time in minutes includes the time taken to heat the system from room temperature to
the working temperature® of 13045°C, and the period over which the photographs were
taken of the pendant drops. The data indicate that this surfactant has a fairly high rate
of degradation. The degradation could be due to the surfactant reacting with either the
ferrous or the ferric ions in solution?. As one of its chemical properties, this surfactant is
known to degrade rapidly in the presence of an oxidizing agent [83, 163]. This property

probably indicates a ferric reaction degradation mechanism.

Contact Angle Measurement

Advancing contact angles have been measured in the liquid sulfur - aqueous zinc sulfate -
marmatite system both in the absence and presence of the various additives or surfactants.
Tables 5.4 and 5.5 show the negligible changes effected in the liquid sulfur - aqueous
zinc sulfate - marmatite mineral contact angle in the presence of a given surfactant

(at varying concentrations) and ionic species. All measurements made had a spread of

jlt takes roughly 13-15 minutes of heating to reach this temperature.
No attempt was made to determine which of the iron species was involved in the degradation process.
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Table 5.5: Contact angle measurements in the presence of different surfactants and ionic
species; conditions: [ZnSO4] = 1.2 M, [Fe?*] = 0.05 M, [Fe**] = 0.12 M and [H,S0,] =
0.2 M, Temperature = 135°C

Surfactant | Surfactant concentration, g/L

type 0.15 [ 0.3 ]

Naphth. | 14945 14845

CAHSB | 14544 14745
OPD 13645 13543

TAHSB | 116+5 11346
CAB 11945 12245

Lignin. 14645 148+5

within £6°. In the absence of any of the surfactants, the contact angles measured were
about 80+5° and 98+5° respectively in the absence and presence of ionic species such
as H*, ferric and ferrous, Figure 5.17. Again, it was observed that the largest increase
in contact angle was achieved with naphthalene sulfonic acid—formaldehyde condensates
and CAHSB with orthophenylene diamine effecting the least increase (Table 5.4). In
the presence of other ionic species (Table 5.5), the contact angles remained almost the
same for the naphthalene sulfonic acid—formaldehyde condensates, lignin sulfonic acid
and CAHSB. However, there was a small increase with respect to OPD while there
was a decrease in the case of TAHSB. Considering these increases in the contact angle
coupled with the interfacial tension reductions it is very easy to conclude that naphthalene
sulfonic acid and CAHSB should be more efficient as surfactants in the zinc pressure
leach process than lignin sulfonic acid and OPD should be the least efficient surfactant.
Tables 5.6 and 5.7 summarize the work of adhesion values for the liquid sulfur-aqueous
solution-marmatite system in the presence of the different surfactants and ionic species®.

These tables show that under pressure leaching conditions®, it is much easier to displace

5 . . . . . 1
‘ The pl]neral.ls con@dored as a two-dimensional plane. The figures shown in the tables will be
different if the mineral is treated as a three-dimensional object.
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Table 5.6: Work of adhesion, W,, in the presence of 0.3g/L of different surfactants;
conditions: [ZnSO4] = 1.2 M, Temperature = 135°C; no other ionic species present in
solution

Surfactant | None [ Lignin. | Naphth. | OPD | CAHSB | TAHSB | CAB
W,(mJ/m?) | 64.0 5.3 2.3 25.4 4.0 9.0 10.7

Table 5.7: Work of adhesion, W,, in the presence of 0.3g/L surfactants; conditions:
[ZnSO4] = 1.2 M, [HoSO4] = 0.2 M, [Fe**] = 0.05 M and [Fe**+] = 0.12 M, Temperature
= 135°C.

Surfactant | None | Lignin. | Naphth. | OPD | CAHSB | TAHSB | CAB
Wo(mi/m?) | 462 | 4.6 36 | 160 | 45 250 | 18.8

liquid sulfur from the particle surface in the presence of naphthalene sulfonic acid, lignin
sulfonic acid, CAHSB, TAHSB than it is with OPD and CAB and thus effect high zinc
dissolution rates. Figures 5.17-5.19 show photographs of liquid sulfur resting on the

marmatite mineral surface in different aqueous environments.

5.1.2 Discussion

Surface tension is the boundary tension between a liquid and a gas or vapour, and in-
terfacial tension is the boundary tension at a phase boundary between two immiscible
condensed phases. Surface/interfacial tension is a measure of the free energy of the
fluid interface and at equilibrium it is the same at every point in all directions along
the surface/interface. It is defined as the work required to increase the area of a surface
isothermally and reversibly by a unit amount. For solid systems, it is defined as the restor-
ing force necessary to bring freshly exposed surface molecules to equilibrium position. It

has units of dynes/cm (cgs units) or milli-Newton/m (SI units). Any substance which

6

Le. if these data are projected into the zinc pressure leaching conditions.
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lowers the surface/interfacial tension of a system tends to accumulate at the interface
such that its concentration at the interface is higher than the bulk concentration.

The measurements reported here indicate the roles of the individual surfactants at
the interfaces present in the liquid sulfur-aqueous solution-sulfide mineral system (which
can be projected into the industrial zinc pressure leach process). With the exception
of orthophenylene diamine, all surfactants used here reduced the liquid sulfur-aqueous
solution interfacial tension from a maximum’ of 54-55 mN/m in the absence of any sur-
factant and at a zinc sulfate concentration of 1.2 mol/L to their respective minimum
values: lignin sulfonic acid effects a maximum decrease to 28-30 mN/m in the presence
of 0.3 g/L of surfactant; naphthalene sulfonic acid-formaldehyde condensates effected a
maximum drop to 20-22 mN/m at a concentration of 0.1 g/L. Beyond these surfactant
dosages, the interfacial tensions were insensitive to any further increase. Among the am-
photeric surfactants, cocoamido hydroxyl sulfobetaine (CAHSB) was the most effective.
It has about the same effect as lignin sulfonic acid up to a concentration of about 0.3
g/L beyond which it further decreases the interfacial tension to about 19-21 mN/m at
about 0.5 g/L; additional increase of concentration beyond this point did not introduce
any further change in the liquid sulfur-aqueous solution interfacial tension. In spite of
the fact that cocoamido betaine (CAB) and tallowamido hydroxyl sulfobetaine (TAHSB)
were effective in reducing the interfacial tension, their working efficiencies are lower than
either lignin sulfonic acid or CAHSB or naphthalene sulfonic acid, Figure 5.15.

With an increase in the surfactant concentration, the amount of the additive adsorbed
at the liquid-liquid interface increases (accompanied by a corresponding decrease in the
interfacial tension) until a state is reached (i.e. the limiting state) when the interface

is virtually completely covered with a layer (or layers) of the surfactant molecules. It

‘Fanelli [82] has reported that liquid sulfur has a surface tension of 57-61 mN/m in the temperature
.o . S .
range 1.201—100 C. decreasing with increasing temperature. Interfacial tension values usually lie between
the individual surface tension values for the individual condensed phases.
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is at this point that increasing the surfactant concentration further does not effect any
additional influence on the interface. This limiting point corresponds to about 0.3 g/L
for lignosol, 0.5 g/L for CAHSB, 0.1 g/L for naphthalene sulfonic acid-formaldehyde
condensates, etc.

The interfacial activity of OPD (at the liquid-liquid interface) is insensitive to the
presence and absence of solutes such as ferric, ferrous, hydrogen and silicate ions.

The adsorption of a surfactant at the solid-liquid interface is probably the most
versatile phenomenon involved in surfactant applications. The adsorption of a surfactant
by a solid can transform the solid surface from a hydrophobic to a hydrophilic one and
vice versa. Adsorption can cause finely divided solids to be readily dispersible in a liquid
or make the solid particles flocculate. Surfactant adsorption is important in the flotation
separation of mineral particles.. It can also cause the solid to be easily wetted by a given
liquid or very difficult to wet by sulfur. It is the last of these properties that allows for
the development of an eflicient leaching process for metal sulphides in the presence of
liquid elemental sulfur.

Ideally, the ability of these surfactants to reduce the liquid sulfur-aqueous solution
interfacial tension (with the exception of OPD) to the lowest value possible coupled with
the ease of increasing the liquid sulfur-mineral contact angle (all surfactants increased the
contact angle from about 8045° in the absence of any additive), Figures 5.17-5.19, creates
a favourable environment for the liquid sulfur to be dispersed from the mineral surface.
This phenomenon ’rolls’ the liquid sulfur film (on the surface of the sulfide mineral)
into droplets which are easily removed from the solid surface by vigorous agitation and
dispersed in the liquid. This is the basic theoretical principle underlying the removal of a
liquid from the surface of a solid substrate. The process of wetting of the mineral particles
by the liquid sulfur is the result of the relatively high degree of attraction between the

solid and the liquid molecules. A high contact angle value indicates that the liquid sulfur
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has a low affinity for the mineral surface whereas a low value for the contact angle is an
indication of the liquid sulfur’s ability to spread over the mineral surface and hence make
the mineral less accessible to the leaching solution. Complete wetting of the solid by the
liquid sulfur implies a contact angle of 0° and absolutely no wetting corresponds to an
angle of 180°.

When this phenomenon is projected into the zinc pressure leach process, a surfac-
tant that increases the contact angles tends to lower the work of adhesion® which is the
reversible work required to separate a unit area of the liquid from the solid substrate.
Tables 5.6 and 5.7 show the work of adhesion calculated for the different aqueous envi-
ronmental conditions. The work of adhesion, W,, between the two dissimilar phases can
also be expressed as the sum of the different intermolecular forces acting between the

liquid and the solid mineral {149, 152] such that
W, = wPhiw?t (5.45)

where WP is due to the dispersion force component of the intermolecular forces which
is always present in all systems and W7 is due to the polar component of the interact-
ing forces depending on the polar nature of the phases and occurs to different degrees

depending on the system and is given by
WP =WH+WPP L WP L W7+ 4 ... (5.46)

WF = hydrogen bonding force component
WPPL = bonding force component due to dipole-dipole interactions
W% = bonding force component due to electrostatic interactions

W, = 7 bonding component of the adhesional work, etc.

For non-polar systems. only dispersive forces are present and hence such a phase interacts

= - . oo
The contact angles give us an idea about how much energy is necessary to remove a drop of liquid
sulfur of unit area from the surface of the mincral substrate.
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with polar systems only through WP e. g. zinc sulfide mineral (polar) and liquid sulfur
(non-polar).
If the zinc sulfide particles are treated as hypothetical three-dimensional objects, e.g.

as cubes of unit volume or dimensions [154], a similar pattern in the work of adhesion

values are obtained. Consider Figures 4.9 and 5.22. From equation 4.40

Yrra — YMS = Ysa cosl (5.47)

neglecting the vertical force component® of y54. Assume the particle in Figure 5.22 is
completely wetted by the aqueous solution (stage 1) and that stages II, III, and IV are
the different stages that each particle goes through in order to completely spread liquid
sulfur all over the surface. By moving from I to I, adhesional wetting of the particle by

liquid sulfur takes place such that the work of adhesion W; is given by:
Wi = (57ma + Yms) — (67a1a + 754) (5.48)

= YMS — YMA — VSA (5.49)

which coupled with equation 5.47 gives
Wi = —y54(1 + cos ) (5.50)

This implies that in order to prevent wetting of the surface (stage II) by the liquid
sulfur, an amount of work (positive work) equal to or greater than ys4(1 + cos f) must

be done!®

. The expression in equation 5.48 indicates that there is a change in the net
surface energy when the system consisting of mineral-aqueous solution and liquid sulfur-
aqueous solution interface changes to one consisting of a liquid sulfur-mineral interface

(stage II). If

YMA T+ 54 > Yars (5.51)

p . o
C!lattora_) and Birdi [149] have reported that on a rigid solid surface, the vertical component is
negligible but on soft surfaces is not negligible.

"9This work had been compiled in Table 5.6.
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adhesional wetting of the solid will occur. Thus, in order to prevent adhesional wetting
from taking place (in physical terms), an applied surfactant must be able to increase yass
and/or decrease either yar4 or ys4 or both.

During stage lI, the process is said to be immersion wetting where the particle is

wetted on all sides but one by liquid sulfur. The accompanying work of immersion is:

Wi = (5vas +vaa) — (5vama + yms) (5.52)
which is equivalent to
Wir = 4(vms — vaa) (5.53)
or
VVH = —4’75,4 cos @ (554)

from equation 5.47 above. This implies that if qass is less than yar4, the second stage
sulfur wetting will occur. To prevent this immersional wetting from taking place, an
equivalent amount of work must be done on the system.

During the third and final stage of the sulfur wetting process, the particle is completely
covered by the sulfur and the process is referred to as spreading wetting. Under zinc
pressure leaching conditions, this is the stage when the leaching of the sulfide particle
by the leaching solution is almost stopped because the aqueous solution has negligible

access to the mineral surface. The accompanying work of spreading is given by:
Wir = (69ars + vs4) — (5yas + vm4) (5.55)
From equation 5.47, this simplifies to
Wrir = —7sa(cos0 —1) (5.56)
Thus. for complete wetting of the particle by liquid sulfur, the resultant work is

W =W, + W, + W, (5.

Ut

Ut

=]
~—
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Table 5.8: Resultant work, W, for complete sulfur wetting (a hypothetical situation) in
the presence of 0.3 g/L of surfactant and [ZnSO4] = 1.2 M '

Work Surfactant type
(mJ/m?) | None | Lignin. | Naphth. | OPD | CAHSB | TAHSB | CAB |
W, | 64 | 53 23 | -234 40 9.0 |-107
Wi | 375 9% 745 1253 | 916 104 | 1032
Wir 44.9 52.8 40.0 85.9 49.9 61.0 61.5
W -56.6 | 142.5 112.2 187.8 1 137.5 156 154

This implies that in order to prevent complete wetting of the zinc sulfide particles in
the zinc pressure leaching process (assuming the particles are hypothetically of cubic
shape and unit dimensions), an amount of work equivalent to W must be performed
on the system. The presence of stable and efficient surface active agents in the system
drastically reduces the required work to a lower value, Table 5.8, due to the ability of
the surfactant to reduce the liquid-liquid interfacial tension and/or increase the contact
angle. A negative W value implies spontaneous wetting of particles by the sulfur. This
is most likely the condition present in the pressure leaching system in the absence of
a suitable surfactant where the particles become completely occluded with liquid sulfur
(with time) after enough sulfur has been formed in the system. This leads to the formation
of agglomerates and large lumps of unreacted sulfide particles, Figure 3.35.

When W is positive (Table 5.8), sulfur wetting can only take place after performing
an equivalent amount of work on the system i.e. there is a spontaneous and voluntary
dispersion of liquid sulfur from the surface of the particles. This is what actually takes
place in the presence of a suitable (and stable) surfactant under leaching conditions.

Considering the results (interfacial tensions and contact angles) obtained in these
studies, it is very easy to conclude from the adhesional work data that surfactants with

high interfacial tension reductions and high contact angle increases, e.g. naphthalene
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Table 5.9: Variation of yara4 — yms with respect to aqueous condition; [ZnSO4] = 1.2 M;
other ionic species absent '

Aqueous No Surfactant (0.3 g/L)
Condition Surfactant | Lignin. | Naphth. | OPD [ CAHSB | TAHSB | CAB
M4 —yms, mN/m | 168 | -185 | -160 [-208] -192 | -19.7 [-19.3]

sulfonic acid—formaldehyde condensates, will be the most effective dispersant for liquid
sulfur. In contrast, a reagent such as OPD which increases the contact angle but has no
effect on the interfacial tension should be the least effective dispersant in the pressure
leach process. The reason is that (from the tables), less effort and energy should be
required to displace liquid sulfur of unit surface area from a solid substrate of an equal
area in the presence of surfactants such as lignin sulfonic acid, naphthalene sulfonic acid-
formaldehyde condensates, CAHSB, CAB, and TAHSB than in the presence of OPD. This
should translate to higher zinc extractions in the presence of these surfactants than in
the presence of OPD in the zinc pressure leach process.

It is concluded from the interfacial tensions and contact angle measurements that with
the exception of OPD, all other surfactants applied are adsorbed at both mineral-aqueous
and aqueous—sulfur interfaces. OPD on the other hand adsorbs at only the solid-liquid
interface thus increasing the contact angle from 80+5° in the absence of the surfactant
to 125-135£5°. From equation 5.47 above, it is realised that if the respective surfactants
(with the exception of OPD) are adsorbed only at the liquid-liquid interface, then a4
and yps must remain unchanged and ya74 — yars should also be constant!! irrespective
of the aqueous conditions (for a given surfactant). It so happens that this is not the
case, (Table 5.9). The interfacial tension is dependent on the solution composition,

confirming that the respective surfactants are adsorbed at both solid-aqueous and liquid

1

1; . : ;
Le. the value of this parameter in the absence and presence of a surfactant should be the same.
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sulfur-aqueous interfaces.

Generally, the adsorption of surfactants onto solids proceed through two steps:

o the adsorption of the surfactant species through interactions such as electrostatic

and/or van der Waals etc., between surfactant species and solid surface

e the adsorption of a surfactant through interactions (polar, hydrophobic, hydro-
gen bonding etc.) between the already adsorbed surfactant and the approaching

molecules.

In the first step, the surface active species are individually adsorbed (as ions or molecules)
in the first adsorbed layer on the solid surface through electrostatic ( present in only ionic
surfactants where the surface active ions are adsorbed on the oppositely charged solid
surface) and/or specific (i.e. van der Waals) attraction. In the second step, the adsorption
increases dramatically as hemimicelles!? form.on the adsorbent through association or
hydrophobic interaction between the hydrocarbon chains of the surface active species,
and each of the ions or molecules adsorbed in the first steps provide a possible active

center for aggregation.

Surface Excess at the Liquid Sulphur—A queous solution Interface

The Gibb’s general thermodynamic expression for adsorption of a solute from dilute

binary solutions at liquid-liquid interfaces at constant temperature and pressure is given

by [149, 150]:
—dy =T5.dy, (5.58)
or
. d 1 d
n=-2d_ 1 4
2 RT "dc, RT dinc, (5:59)

12 . . .
Hemimicelles refer to the formation of surfactant aggregates on the surface of the adsorbent.
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where
¢, = concentration of solute in the bulk solution
I'} = relative surface/interface excess of solute at the interface per unit area of interface;
it is an estimate of the concentration of the adsorbed species at the interface in excess of
the bulk concentration of the solute; component 1 is considered to be the solvent whose
interfacial concentration is assumed to be the same as in the bulk.
T = operating temperature and R = universal gas constant, 8.32 Joules/(mole-K).

For a multicomponent solution, e.g. solution containing an organic electrolyte (sur-

factant) and inorganic electrolyte (such as zinc sulfate)
— d’)’ = RTEiFifi.dlnci (560)

where §; is a parameter for the activity coeflicient of component : and is given by

dinf;
dinc;

& =1+ (5.61)

fi = the activity coefficient of component 7 of concentration ¢;. For the adsorption of an
electrolyte (i.e. an ionic surfactant) at a liquid-liquid interface, equation 5.60 is modified

to take into account the ionic speciation of the surfactant such that:
~dy = mRTT gy, .dlncgx, (5.62)

where RX, represents the ionic surfactant. The details of the derivation of equation
5.62 are available in appendix C. For dilute solutions of surfactants, the value of m is
estimated from either Helmholtz or Gouy’s model of the electrical double layer in relation

to Gibb’s adsorption equations [149]. Gouy estimates that

22

=1 5.63
™ * z 4 (1 + eswo/20T) ' (5:63)

where

Z is the ratio of molar concentrations of the inorganic to organic salts (surfactant) present
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in the medium

z is the valency of the organic surface active anion

¢, = surface/interfacial potential

o = Boltzman’s constant.

In the absence of any inorganic electrolyte e.g. zinc sulfate in our situation, z = 0 and m
=1 + z. When the concentration of the organic surfactant ( electrolyte) is very small as
opposed to the inorganic component e.g. 0.3 g/L surfactant versus 345 g/L zinc sulfate

salt, Z tends to infinity and m is equal to unity, resulting in

crx, dy
Try, = ——=. .64
RX: RT dCRXz (5 6 )
or
1 d
Try, = 7 (5.65)

" 2.303RT dlogcgyx,

at constant temperature. The valency of the organic electrolyte disappears since m is
equal to unity under the conditions of this study. Thus, the interfacial surfactant excess,
I'rx,, can be computed for each concentration of surfactant provided the molecular weight
of the surfactant is known.

To compute interfacial excess for lignin sulfonic acid used in this study, a molecular
weight of 4,000 was assigned!®. The interfacial excess was computed for the naphthalene
sulfonic acid—formaldehyde condensates adsorption as well; it has a molecular weight of
about 2000. The interfacial excess plots are shown in Figures 5.23 and 5.24. These data
show the concentration of the surfactant at the liquid sulfur-aqueous solution interface in
excess of the bulk concentrations. Similar computations could be made for the amphoteric

surfactants if information on their molecular weights was available!®.

**Lignin sulfonic acid has no definite molecular weight: it varies from 4000 for the lower series to as

high as 100,000 for the high molecular weight groups; however, the most common species are reported
to have molecular weights of about 4,000.

14
The R component of the structure can have between 12 and 24 or more carbon atoms.
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The critical micelle concentrations for the lignosol and the naphthalene sulfonic acid—

15> The critical micelle concentration

formaldehyde condensates are shown on the plots
(cmc) is the limiting concentration point at which the interfacial concentration of the

surfactant reaches saturation. The cmc is about: 0.5-0.6 g/L for CAHSB; 0.1 g/L for

naphthalene sulfonic acid—formaldehyde condensates, and 0.3 g/L for lignin sulfonic acid.

Summary

The results of the interfacial studies have shown that of all the surfactants used, OPD
was the least effective in terms of interfacial tension reduction and contact angle effects,
both in the presence and absence of other ionic species which are typical of zinc pressure
leaching conditions. Both naphthalene sulfonic acid formaldehyde condensates and co-
coamido hydroxyl sulfobetaine were quite effective in terms of interfacial activity. Their
interfacial activities compete very well with that of lignin sulfonic acid. These observa-
tions can easily lead one to conclude that they can be effective as dispersants for liquid
sulfur in the zinc pressure leach process. Again, OPD could be expected to be least
effective of all the reagents studied. However, as has been observed with naphthalene
sulfonic acid formaldehyde condensates, the efficiency of a given surfactant is related to

the stability of the surfactant under the operating conditions, (Figure 5.16).

15 i in Fie 515 - ; ; i i i 1
These points occgr in Figure 5.15 at the pomts where maximum effect is attained irrespective of
surfactant concentration.
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Figure 5.15: Liquid sulfur-aqueous solution interfacial tensions in the presence of different

surfactants; [ZnSOy4] = 1.2 M; Temperature = 135+5°C; Py, = 620 kPa.
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Figure 5.16: Liquid sulfur-aqueous solution interfacial tensions in the presence [Fe3*]

= 0.12 M, [Fe**] = 0.05 M and 0.3 g/L naphthalene sulfonic acid; [H;SO,4] = 0.2 M.

Temperature = 13545°C: Py, = 620 kPa.
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Figure 5.17: Liquid sulfur-zinc sulfide mineral contact angle in surfactant-free system;
[ZnSO4] = 1.2 M, Temperature = 135°C; Py, = 620 kPa.

Figure 5.18: Liquid sulfur-zinc sulfide mineral contact angle in the presence of 0.3g/L

naphthalene sulfonic acid-formaldehyde condensates, [ZnSO4] = 1.2 M, Temperature =
135°C; Pn, = 620 kPa.
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Figure 5.19: Liquid sulfur-zinc sulfide mineral contact angle in the presence of 0.15g/L
OPD; conditions: [Fe?*] = 0.05 M, [Fe**] = 0.12 M, [H,SO4] = 0.2 M, Temperature =
135°C; Py, = 620 kPa.

Figure 5.20: Photograph of liquid sulfur suspended in surfactant-free zinc sulfate solution:
conditions; [ZnSO4) = 1.2 M, Temperature = 135+5°C; Py, = 620 kPa.
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Figure 5.21: Photograph of liquid sulfur suspended in aqueous solution in the presence

of 0.3g/L naphthalene sulfonic acid-formaldehyde condensates; conditions: [ZnSOy]

1.2 M, Temperature = 135°C; Py, = 620 kPa.
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Liquid sulphur

Aqueous phase

Figure 5.22: Different stages of wetting
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Figure 5.23: Interfacial excess of naphthalene sulfonic acid—formaldehyde condensates at
the liquid sulfur-aqueous solution interface; conditions: [ZnSO4] = 1.2 M, Temperature

= 13545°C; Py, = 620 kPa.
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Figure 5.24: Interfacial excess of lignin sulfonic acid at the liquid sulfur-aqueous solution
interface; conditions: [ZnSO,] = 1.2 M, Temperature = 135+5°C: Py, = 620 kPa.
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5.2 PRESSURE LEACHING OF SPHALERITE CONCENTRATE

5.2.1 Results

Three sets of leaching tests were performed.
e Low pulp density leaching under a nitrogen atmosphere
e Low pulp density leaching using oxvgen overpressure

o High pulp density leaching in the presence of oxygen overpressure

Low Pulp Density Leaching Under Nitrogen Pressure

The primary aim of the low pulp density tests was to investigate the extent of zinc ex-
traction in the presence of the different surfactants, relate the extraction data to the
interfacial behaviour of the surfactants and then compare the results with the data ob-
tained using lignin sulfonic acid under similar conditions. The amount of concentrate
used for these tests was 1-3 grams in 1 L of leach solution. The variables investigated
were: time of leaching. type and concentration of surfactant and the mode of introduc-
tion of the surfactant into the system, either batch (B) or continuous (C). The average
surfactant solution flow rate was 1.5 ml/minute.

Results for the experiments using the different additives are shown in Tables 5.10-
5.12.

The reason for the high leaching rates in the absence of any surfactant is that the
liquid sulfur generated as a result of the zinc dissolution reaction is being dispersed from
the mineral surface by the continuous agitation as a result of the low solid percentage
in the system. The low zinc extraction values obtained in the presence of the other
surfactants (apart >f1'om lignin sulfonic acid and the phenylene diamine) suggest that

these surfactants may he chemically unstable under the leaching conditions. as shown
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Table 5.10: Extent of zinc extraction using different surfactants under low pulp den-
sity conditions and nitrogen atmosphere; initial conditions: [ZnSO4} = 2 M; [H,SO4] =
0.5 M; [Fe’t]=[Fe?*]=0.15 M; Temp.= 140£1°C; Py, = 1100 kPa; B-batch addition;
C—-continuous addition

| Surf. | Surf.conc. (g/L) | Addition method | Time (min) | Zn extraction (%) |

None - - 20 70+0.4
None - - 30 7241.0
CAHSB 10.0 C 30 754+0.5
Lignin. 5.0 C 30 94+41.0
Lignin. 0.05 B 20 8640.8
Lignin. 0.1 B 30 9040.5
Queb. 0.05 B 20 90+£0.4
Queb. 0.05 B 30 96+0.5
CAB 10.0 C 30 51+0.6
CAB 6.0 C 20 45+0.3
TAHSB 10.0 C 20 40+0.3

[able 5.11: Effect of naphthalene sulfonic acid on the extent of zinc extraction un-
der low pulp density conditions; initial conditions: [ZnSO4] = 2 M; [H,SO,) = 0.5
M; [Fe3t]=[Fe?*}=0.15 M; Temp.= 140£1°C; Pp, = 1100 kPa; B-batch addition;

C-continuous addition

| Surfactant conc.(g/L) | Addition method | Time (min.) | Zn extraction (%) 1

1.0 C 30 70+0.3
2.0 C 30 7240.5
5.0 C 30 67+0.8
0.05 B 30 6440.3
0.1 B 20 53+0.3
0.1 B 30 64+0.4
0.3 B 20 51£1.0
0.3 B 30 6540.5
0.5 B 20 4840.4
0.5 B 30 63+0.3
0.7 B 20 18+40.3
0.7 B 30 61+0.2
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Table 5.12: Extent of zinc leaching using OPD as surfactant under low pulp density
conditions; initial conditions: [ZnSO4) = 2 M; [H,SO,4] = 0.5 M; [Fe**]=[Fe**]=0.15 M;
Temp.= 140+1°C; Py, = 1100 kPa; B-batch addition; C-continuous addition

[ Surfactant conc.(g/L) | Addition method | Time (min) | Zn extraction (%) ||

0.05 B 30 95+0.2
0.1 B 20 75£0.4
0.1 B 30 94+0.3
5.0 C 20 78+0.3
5.0 C 30 8§7+£0.4

Table 5.13: Extent of zinc extraction using MPD and PPD as surfactants (batch addi-
tions) under low pulp density conditions; initial conditions: [ZnSO,] = 2 M; [H,SO,] =
0.5 M; [Fe*t]=[Fe’*]=0.15 M; Temp.= 140+1°C; Py, = 1100 kPa.

[ Surfactant | Conc. (g/L) | Time (min.) | Zn extraction (%) |

MPD 0.1 30 95£0.5
MPD 0.3 30 97+0.2
PPD 0.1 30 96+0.2
PPD 0.3 30 97+0.6

in Figure 5.16. This could be due to these surfactants reacting with or sequestering the
ferric ion oxidizing agent thus depriving the mineral of the oxidant.

Based on the results obtained from leaching in the presence of OPD, the other forms
of phenylene diamine i.e. the meta- and para-plenylene diamines (MPD & PPD) were
applied as surfactants in some low pulp density leaching tests, (they were not part of
the primary list). The purpose of these experiments was to determine if the position of
the amine functional group on the aromatic ring influences the extent of zinc extraction.
Under the low pulp density conditions, the data obtained in the presence of these addi-
tives were quite comparable to those of lignin sulfonic acid and orthophenylene diamine.

Table 5.13 shows the results obtained in the tests where these reagents were used as the
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surfactants.

Low Pulp Density Leaching under Oxygen Pressure

Based on the results obtained from leaching under a nitrogen pressure, some of the
surfactants were not used under oxygen pressure. The reason was that they did not give
rise to zinc extractions greater than those obtained in the absence of any surfactant.
These surfactants were CAHSB, CAB, and TAHSB. It was presumed that these degrade
in the presence of oxidizing agents such as ferric ions and that the presence of oxygen
will also catalyse the degradation process rendering the surfactants ineffective. These
surfactants are reported to decompose in the presence of oxidizing agents. All surfactants
used in oxygen pressure leaching were batch additions. The amount of concentrate used
for each of these tests was 6-12 grams in 1.5 L leach solution. Table 5.14 shows the results
of some of the experiments. The leaching data presented in this table were obtained after
30 minutes of leaching. As Table 5.14 shows, pressure leaching with oxygen resulted in
higher zinc extractions than leaching with ferric ions under a nitrogen atmosphere, though
the differences are not large. The differences may be due to either one or both of the

following reasons:

e the continuous oxidation of ferrous to ferric ions in the system (due to the presence
of oxygen) ensures that ferric jons are available throughout the leaching period and

are never depleted

o the presence of oxygen in the system enhances the surface/interfacial activity of

the surfactants in the system!®.

The extent of zinc extraction achieved in the presence of the phenylene diamines compares

very well with that of lignin sulfonic acid which have been well documented. Figure 5.25

6 Thie | . i i
This is only a speculation which has not been confirmed in any of our studies.
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Table 5.14: Extent of zinc extraction after 30 minutes of low pulp density leaching under
oxygen pressure; concentrate sample size: 8-10 g; initial conditions: [ZnSO4] = 2 M;

H;S04] = 0.5 M; [Fe®t]=[Fe?*]=0.15 M; Temp.= 140+1°C; Po, = 1100 kPa; Batch
|

addition of surfactants

[ Surfactant | Conc. (g/L) | Zn extraction (%) |

None - 83+0.7
Lignin. 0.1 98+0.4
Naphth. 0.1 80+0.3

0.05 97+0.5

OPD 0.1 97+0.3

0.3 98+0.2
0.05 99+0.2
MPD 0.1 99+0.2
0.3 99+0.4
0.05 91+0.3
PPD 0.1 93+£0.3
0.3 99+40.2

shows that 99 % zinc extraction can be achieved within 20 minutes of leaching in the

presence of the amine additives (under low pulp density conditions'”). The plot shows

also the extent of zinc extraction at different leaching times in the presence of naphthalene

sulfonic acid-formaldehyde condensates.

It should be noted that, at low pulp densities, the oxygen mass transfer rate in the

process (and subsequent oxidation of ferrous ions to ferric ions by oxygen) is almost never

rate determining, while at high enough pulp density, oxygen transfer may be sufficiently

limited to result in a substantial lowering of the ferric:ferrous ratio.

"Until MPD and PPD have been extensively studied, much cannot be said about their performance

under high pulp density conditions.
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High Pulp Density Leaching under Oxygen Pressure

The results obtained from the chemical analysis of both the filtrate and the leach residues!®

for the different conditions of leaching are shown in Tables 5.15-5.20. The extent of zinc
extraction in the presence of OPD was not sensitive to the OPD concentrations used
or the time of leaching (i.e. 35 and 60 minutes). However, the same cannot be said
of lignin sulfonic acid. MPD was also quite effective as a surfactant under the leaching
conditions adopted in this work. In contrast, the extent of iron extraction was dependent
on surfactant concentration and time of leaching. The extent of iron extraction from the
concentrate during leaching is shown in Table 5.17. It can be seen from the tables that
leaching in the presence of OPD effects higher metal extractions than in the presence of
the other surfactants used in these tests.

Shown in Figure 5.26 is the extent of zinc leaching with respect to time in the presence
of OPD. The figure shows that within about 35 minutes, over 99 % zinc extraction was
achieved in presence of either 0.06 or 0.1 g/L surfactant.

During the high pulp density tests, the instantaneous oxygen consumptions rates
were monitored during the course of the leaching period. Figures 5.27-5.30 show the
instantaneous oxygen flow rate for the leaching of sphalerite in the absence and presence
of lignin sulfonic acid, OPD and MPD®. These figures show that in the absence of any
surfactant, the flow of oxygen into the system comes to almost a complete stop after
about 30-35 minutes of leaching whereas in the presence of a surfactant oxygen is still
flowing at a low rate after the 35-minute mark. This indicates that in the absence of any
surfactant, all reactions requiring oxygen cease almost completely after about 35 minutes
of leaching.

Figures 5.31-5.34 show the cumulative oxygen consumed (in moles) under the diflerent

EThe details of the chemical analysis procedure are given in appendix B.
These were the only surfactants used in the high pulp density leaching tests
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test conditions. These figures show that the gas mass flow rate is independent of OPD
concentration (between 0.06 and 0.1 g/L) used while the rate is influenced to some extent
by the lignin sulfonic acid concentration (also between 0.06 and 0.1 g/L).

It can be assumed that the reactions taking place during the leaching period are the
following:
1) the homogeneous oxidation of ferrous ions present in the stock solution® to the ferric

state:

Fe*t + H +1/40, — Fe3* +1/2H,0 (5.66)

2) the oxidative dissolution of the metal sulphides such as:

Zn(S)+2H* +1/20 — Zn*t + (S) + H,0 (5.67)
Fe(Sx)+3H" +3/40, — Fe®* 4+ (Sx) + 3/2H,0 (5.68)
Cu(S) + 2H +1/20, — Cu*t + (S)+ H,0 (5.69)
Pb(S)+2H% +1/20; — Pb** +(S) + H,0 (5.70)

and

(3) the oxidation of elemental sulfur to sulfate
2(S)+ 210 + 32/20; — 20HT + 2503 (5.71)

where z is the number of moles of elemental sulfur oxidized to sulfate. Based on these
reactions. equations can be written for the theoretical acid and oxygen consumptions for
a sample size of 100 grams. Table 5.18. Ideally. the theoretical acid to oxygen (consumed)

ratio should be equal to the experimentally measured values. Thus, from Table 5.18

+ .
]](am.) _ 2.351 - 2z (5.72)
Ofexpr) 0.5876 + 1.5z

2 - : - - .
I the 1.5 L solution used for each leaching test, the total ferrous concentration was 0.21 mole.



Chapter 5. RESULTS AND DISCUSSION 108

Thus, using this relationship, the extent of elemental sulfur oxidation through reaction
5.71 can be computed for each experiment.

Table 5.19 shows the experimental results for oxygen and acid consumption. Table
5.20 shows the experimental results for the elemental sulfur analysis of the leach residue,
and a comparison between the experimental {using the barium sulfate method for the
analysis of the filtrate?!) and calculated extent of elemental sulfur oxidation to the sulfate
through reaction 5.71 for the measured extent of metal extractions. The calculated data
were computed using the following approach: for each experiment, assuming complete
metal dissolution (for a 100—gram sample), equation 5.72 can be used to calculate the
extent of sulfur oxidation, z, under the prevailing conditions (given the Ht/O, ratio).
Using this value of 2 and the elemental sulfur content from the residue analysis, the
extent of elemental sulfur oxidation, y, can be obtained for each experiment using the

following equation?®2:

0.986 — = B
_ 5.7
0.956 B+y (5:73)

where B (moles) is the quantity of elemental sulfur in the residue for a given experiment
and is shown in table 5.20 as S°. The experimental data are almost equal to or dif-
fer slightly from the computed values. The differences between the calculated (through
reaction 5.71 and equation 5.73) and the experimental values can be attributed to inde-
terminate analytical errors.

Also shown in the same table is the extent of total sulfide sulfur (in the concentrate)
oxidation to sulfate (% S%2'% .} based on the barium sulfate figures. The extent of sulfur

oxidation in the presence of OPD is about one and half to two times that observed with

lignin sulfonic acid. The extent of elemental sulfur formation due to the metal extractions

21 : : ,
ihe purpose of this filtrate analysis was to determine the total change in the sulfur content of the
solution after the experiment.

99 - L
T'he total % sulfur oxidation in terms of z and y should be equal for each set of conditions.
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23, Tt can be seen that the presence of OPD speeds up the formation of

is also shown
sulfate due to the formation of sulfur particles of very fine sizes®!, (Figures 5.35-5.38).

These finely-sized sulfur particles have a high specific surface area.

5.2.2 Discussion
Low Pulp Density Leaching

It has been observed that of all of the surfactants studied, the phenylene diamines and
lignin sulfonic acid seem to be the most efficient surfactants (or dispersants) under the
conditions of leaching. The amphoterics and naphthalene sulfonic acid—formaldehyde
condensates were very poor dispersants.

A close look at the interfacial activities of the different surfactants suggests that
naphthalene sulfonic acid and CAHSB should be very efficient in the leach and OPD
the least efficient. However, this was not the case. The data collected show that the
diamines and lignin sulfonic acid were the most efficient. This observation could lead to
the conclusion that there may be other mechanisms operating during the zinc pressure
leaching process (involving surfactants) that influence the interfacial phenomena either
directly or indirectly. Thus, the interfacial property of the surfactant may deviate from
the ideal situation, e.g., a surfactant may be very effective in reducing the liquid sulfur-
aqueous solution interfacial tension and increasing the contact angle (a process which,
theoretically favours high leaching rates), but the chemical may not be very eflicient
in enhancing the leaching process. One explanation is that the surfactant in question

may not be stable under the oxidative pressure leaching conditions. From Table 5.11. it

23Ide.al]y, the extent of total sulfide sulfur oxidation to sulfate and the extent of elemental sulfur
for;;}atl.on'shou.ld add up to 100 %: however. due to analytical descrepancies, they differ by 1-2 %.

“"This is quite unexpected since it is believed that the inability of OPD to reduce the interfacial
tension should result in the coalescence of sulfur and hence large pa:,rticle sizes.
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appears that even with an increase in naphthalene sulfonic acid formaldehyde conden-
sates concentration, relatively low zinc extractions were still achieved. This suggests that
the surfactant probably depletes ferric ions that directly attack the zinc sulfide mineral.
This phenomenon is displayed graphically in Figure 5.16 for naphthalene sulfonic acid-
formaldehyde condensates under simulated zinc pressure leach conditions. It can be seen
from the plot that as the residence time increases, the interfacial tension also increases.
This suggests that the naphthalene sulfonic acid is going through some form of degra-
dation process in the presence of ferrous and ferric ions. Within a residence time of 15
minutes®®, in the presence of 0.05 M Fe?*, 0.12 M Fe®**, 0.2 M sulfuric acid and 0.3 g/L
naphthalene sulfonic acid-formaldehyde condensates, the liquid sulfur-aqueous solution
interfacial tension rises to about 27-28 mN/m from the 20-22 mN/m value recorded in
the absence of the ferric and ferrous ionic ions. This implies that the surface activity
of 0.3 g/L surfactant had been reduced to the equivalent of 0.05 g/L in a matter of 15
minutes by heating the solution from 25°C to 130°C in the presence of ferrous and ferric
ions. A series of similar experiments was performed to confirm the above observation. In
these tests, once the operating temperatures had been reached (after 13-15 minutes of
heating), the system was heated for an additional 2-5 minutes at the same temperature
before the pendant drop pictures were taken for the interfacial tension measurements.
Additional increments of 4 and 5 minutes of maintaining the temperature resulted in
interfacial tensions of 36-38 and 40-42 mN/m respectively. In the absence of ferric and
ferrous ions, a surfactant concentration of 0.01 g/L gave an interfacial tension of 42.5
mN/m. This implies that the surfactant (of starting concentration 0.3 g/L) had been

reduced to the equivalent of 0.05 g/L in about 15 minutes and shortly after, (about 4-5

%7t takes roughly 13-15 minutes to heat the pressure vessel from room temperature to the operating
temperature of about 130°C.
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minutes later), further degraded to the equivalent of 0.01 g/L. At the leaching tempera-
ture of 140°C. the degradation rate in the presence of Fe** and/or Fe?* would probably
be faster and hence render the naphthalene sulfonic acid ineffective as a sulfur dispersant
within a short period of time. The tendency for a surfactant to degrade under leaching
conditions could explain why this surfactant is such a poor dispersant (for liquid sulfur)
for the leaching process. Similar observations have been made on lignin sulfonic acid
degradation [55).

Dreisinger et al. [54] have reported that lignin sulfonic acid has a half-life of ten
minutes under oxidative pressure leaching conditions. This means that after every ten
minutes, the capability of the surfactant is degraded to a level equivalent to half its pre-
vious strength. Unlike naphthalene sulfonic acid—formaldehyde condensate which seems
to degrade within a short time at high enough temperatures, it seems to take a relatively
longer time for lignin sulfonic acid to be entirely degraded, and so it can still enhance
the leaching rate.

All the amphoteric or zwitterionic surfactants performed very poorly in the leaching
tests. Though they are all used as dispersants, detergents and wetting agents (like lignin
sulphonates) in the laundry detergent industry, these reagents did not fare well in the
leaching studies. It is believed that these surfactants undergo similar degradation process
under oxidative leaching conditions, hence their inability to enhance the leaching rates.
These three examples indicate that amphoteric surfactants might not do well in leaching
unless the chemical stability of these materials can be enhanced.

A brief study was made to investigate the stability of OPD during use. In this study,
the leach (or pregnant) solution from a previous experiment (12 grams concentrate n
low pulp density conditions) was recyeled. The solution already contained 0.1 g/L OPD
fromi the previous experiment, and no surfactant was injected with the concentrate. After

30 minutes of leaching (amount of concentrate used was about 12 grams). about 98.4 %
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zinc extraction was achieved. This indicates that OPD seems to survive a batch leaching
experiment and so might survive in the full zinc circuit that includes electrowinning.
Normally, it is desirable for the surfactants to be degraded before the leach solutions
are passed to the very sensitive zinc electrowinning process. If OPD is to be introduced
commercially, it is important to study further the degradation kinetics of OPD as well
as the impact (if any) of OPD on zinc electrowinning.

Orthophenylene diamine was the only surfactant which had no effect on the liquid-
liquid interfacial tension, yet managed to enhance the leaching rate to levels comparable
to those obtained with lignin sulfonic acid. However, it increased the contact angle
from 80 to 125-135°. These observations suggest that the most important criteria for a

surfactant to be able to disperse liquid sulfur from the mineral surface are:
1. its ability to increase the sulfur-mineral contact angle and
2. remain kinetically stable under the conditions of zinc leaching

with the liquid sulfur-aqueous interfacial tension reductions being of secondary impor-
tance. The relative stability of the surfactant should be such that it does not interfere
with the subsequent metal extraction stage. The interfacial tension reduction disperses
the liquid sulfur into small droplets and the increase in contact angle 'rolls’ the liquid
into a spherical shape, which when combined with the continuous agitation of the pulp
detaches the liquid from the solid surface. There remains another explanation for the
high rates of zinc leaching in the presence of OPD: that the surfactant may form an
intermediate product during the leaching process and this intermediate product has the
ability to decrease the liquid sulfur-aqueous solution interfacial tension and disperse the

liquid sulfur as well as to increase the contact angle resulting in an enhanced leaching

rate?®.

26T hie | : ' i i
This 1s only a speculation since there is no experimental proof.
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High Pulp Density Leaching

From Table 5.16, OPD was the most efficient surfactant in the tests carried out under
high pulp density conditions. About 99 % zinc extraction was achieved at a surfactant
concentration of 0.06 g/L within 35 minutes, whereas, with lignin sulfonic acid (which is
the commercially accepted surfactant for the process), a concentration of 0.1 g/L gave
about 91 and 94 % zinc extractions after 35 and 60 minutes respectively. With MPD as a
surfactant, 95 and 98 % zinc extractions were achieved at 35 and 60 minutes respectively
at a surfactant concentration of 0.1 g/L.

Figure 5.26 shows that with OPD as a dispersant for liquid sulfur, it is possible to
achieve about 95-96 % zinc extraction in about 25 minutes in the high pulp density
leaching, which is higher than the extent of extraction achieved with lignin sulfonic acid
even after 60 minutes of leaching. This is comparable to the 20 minutes the process takes
to achieve 99 % zinc dissolution under the low pulp density conditions, Figures 5.25.

From Table 5.17 OPD may be expected to be more effective as a surfactant in the
leaching of iron sulfide minerals, though the effectiveness may not be the same as that
for zinc sulfide minerals. Tests conducted with OPD resulted in about 79-80 % iron
extraction after 60 minutes as compared to 70 % iron extraction with 0.1 g/L lignin
sulfonic acid for the same time period. The bresult.s obtained as to the extent of iron
leaching are not strictly comparable with those that may be obtained with regard to the
dissolution of individual iron sulfide minerals?”. This argument may be supported by
the observation made by Ngoc et al. [41] in the leaching of complex sulfide concentrate
containing CuFeS,, ZnS. PbS. and FeS, in which they observed that the leaching of
CuFeS,, ZnS and PbS out of the complex ore was as if each individual mineral was being

leached separately. FeS,, however, did not follow that pattern.

DT Y . .
Galvanic effects between minerals may be important.
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With OPD the extent of metal extraction was not sensitive to the surfactant concen-
tration used. However, the same cannot be said for lignin sulfonic acid. The literature
indicates that lignin sulfonic acid concentrations in excess of 0.3 g/L have no further
influence on the zinc dissolution rate.

The extent of zinc and iron extraction (and hence the rate of reaction) for the different
conditions are accurately correlated to the cumulative oxygen plots, Figure 5.34 and
Table 5.19; the higher the extent of metal extraction, the higher the cumulative amount
of oxygen consumed.

The instantaneous oxygen consumption plots show that in the absence of any sur-
factant (Figure 5.27), the oxygen flow into the reactor comes to almost a complete halt
after about 35 minutes of leaching. This is believed to be due to liquid sulfur stability
and to the encapsulation of the sulfide mineral particles. This implies that no further
reaction (that requires oxygen) occurs beyond 35 minutes. On this basis the total sulfur
oxidized to sulfate (Table 5.20) is partly due to pyrite oxidation and/or sulfur oxida-
tion by molecular oxygen, (reaction 5.71). It is well accepted that under equal oxidative
acidic conditions of leaching, pyrite is more likely to generate sulfate than sphalerite or
pyrrhotite.

Figure 5.28 shows the typical behaviour of the system (in terms of instantaneous
oxygen consumption) for the tests conducted with lignin sulfonic acid as the surfactant
for dispersing liquid sulfur. The continuing flow of oxygen after 35 minutes shows that
the zinc and iron dissolution reactions (and any other side reaction) were still in progress
and hence the need for the continuous supply of oxygen. Data shown in Tables 5.16,
5.17,5.19 and 5.20 are self-explanatory. The extent of zinc and iron extraction increases
from 86 to 93 and 59 to 70 % respectively between 35 and 60 minutes of leaching. There
Is an Increase in the acid consumption as well as the sulfur oxidation.

The continuing flow of oxygen for OPD and MPD leaching (Figures 5.29 and 5.30)
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even after achieving 99 % zinc extraction (after 35 minutes) is due to the oxidation of
impurity minerals such as pyrite taking over from the main zinc dissolution reaction.
Table 5.17 shows that the percent iron dissolution increased from about 71 (after 35
minutes of leaching) to 81 % (after 60 minutes of leaching with OPD) and 63 to 70
% (for MPD leaching). It is also possible that there is some elemental sulfur oxidation
occurring which usually takes place in a low acid medium and at high temperature. Thus,
besides the main zinc dissolution reaction taking place in the system, other minor side
reactions due to the presence of other minerals or sulphides contribute to the consumption
of the reactants.

The cumulative oxygen consumptions for the different leaching conditions are shown
in Figures 5.31-5.34. The plots shown are in agreement with the data in Tables 5.16
and 5.17. As mentioned earlier, approximately 0.0525 mole of these cumulative oxygen
consumptions is used up in the oxidation of 0;21 mole ferrous ions present in the 1.5 L
starting solution to the ferric state. From Figure 5.34. it can be observed that for leach
times under ten minutes, the cumulative oxygen consumption is about the same for the
different conditions. After the ten minute mark, the curves begin to diverge. It is proper
to assume that at this point, enough liquid sulfur has been formed in the system such
that, in the absence of surfactant in the system, the liquid sulfur has taken over the
control of the reacting particles surfaces resulting in a slowing down of the reaction.

The acid:oxygen ratio shows that the lower the ratio, generally, the higher the sulfur
oxidation to sulfuric acid to supplement the acid concentration in the starting solution.

I it is assumed that there is no elemental sulfur oxidation taking place during the
leaching of the concentrate, the acid:oxygen ratio for the extent of metal (iron and zinc)
dissolutions is equivalent to 4. Table 5.21 shows the theoretical oxvgen and acid require-

ments as well as the acid to oxygen ratios for the extent of metal dissolution observed in
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the absence of any sulfur oxidation. A comparison of the ratios in Table 5.21 to those ex-
perimentally measured, (Table 5.19), suggests about 10-20 % elemental sulfur oxidation.
However, due to factors such as analytical discrepancies and the effect of side reactions
(which have been ignored) the extent of the determined sulfur oxidation is less.

Physical examination of the leach residues (after the filtration) showed that the el-
emental sulfur by-product from the leaching experiment with OPD addition formed a
filter cake with very fine particle sizes, whereas the residue produced with lignin sulfonic
acid addition was of a coarse texture, (Figures 5.35-5.38); the residue produced in the
MPD leaching experiment had an intermediate particle size. Fine particles sizes have
large specific surface areas and high specific rates of reaction, hence the elemental sulfur
produced in the OPD experiment will be more prone to oxidation. This explains the
higher sulfur oxidation observed in the OPD leachings, Table 5.20.

Ideally, the inability of OPD to reduce the interfacial tension should enhance coa-
lescence of sulfur and produce larger final drop sizes. On the other hand, if the OPD
removes the sulfur from the solid surface faster than does the lignin sulfonic acid, this
should result in the finer particles. However, then the sulfur particles should coalesce to
form larger globules since they cannot be dispersed in the aqueous phase by the surfac-
tant. The production of fine particles indicates the presence of other interfacial effects.
There is a possibility that because OPD f{ails to degrade substantially during leaching,
this could cause the decrease in the final drop sizes. For example, the lignin sulfonate
degradation products may affect the coalescence of sulfur drops favourably (though we
do not have any physical evidence of this). It is also possible that the interaction between
surfactants and precipitated solids (or materials) such as jarosite, silica, lead sulfate, etc.

during leaching could influence the coalescence of liquid sulfur in the system?®.

267° e . ) .
U nfortunateb. this effect had not heen considered in our interfacial studies and this is one area that
needs to be studied.
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Table 5.22 shows the comparison between the theoretical (calculated based on the ex-
tent of metal extraction and sulfur oxidation, y.q.;. and experimental oxygen requirements.
The theoretically calculated oxygen consumptions and the experimentally measured data
are within 2 % of each other. This is a very good agreement. The theoretical oxygen
consumptions were calculated based on reactions 5.66, 5.67, and 5.68 and 5.71, neglecting
reactions 5.69 and 5.70 which might occur to a very minor extent. Without considering
any sulfur oxidation in the process (in the runs without any surfactant) the calculated
oxygen requirements for the extent of metal extractions is about 0.288 mole, Table 5.21.
When the calculated oxidized sulfur is taken into consideration through reaction 5.71,
the total theoretical oxygen requirements for the reactions is about 0.308 mole. This
value compares quite well with 0.306 mole, the experimental value, 5.22. Again, a close
look at Tables 5.19 and 5.21 shows that the theoretical acid (as H* ions) requirements
for the extent of reaction (based on reactions 5.66, 5.67, 5.68) are slightly higher than
the experimentally measured data. The shortfall is caused by the oxidation of sulfur.

Shown in Table 5.23 is the total leaching efficiency as well as the Fe:Zn ratios in the

presence of the different surfactants. The total leaching efficiency is given by:

(Zn + Fe)leached
(Zn + Fe)concentrate

Total leaching ef ficiency, % = 100 (5.74)

As expected, the highest efficiencies were obtained in the presence of orthophenylene
diamine and the lowest occurred in the absence of any surfactant. The Fe:Zn ratios
show the extent of iron extraction for each mole of zinc dissolved in the process. In the
concentrate, the Fe:Zn ratio is 0.272. If these two metals dissolve at the same rate, the
ratio should be constant throughout. The lower numbers shown in Table 5.23 suggest
the zinc dissolves faster than the iron. This is not unexpected since pyrite (the impurity
mineral and the major source of iron in the concentrate) is known to dissolve at a slower

rate than sphalerite under the same conditions. It is also possible that dissolved iron
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may be precipitated in the form of jarosite and this will also result in low Fe:Zn ratios.
The information gathered from the above study makes OPD a potential supplement

or substitute for lignin sulfonic and quebracho in the zinc pressure leaching systems.

Summary

The information gathered so far indicates that in spite of the fact that OPD was not
very effective in terms of interfacial tension reduction as compared to the other surfac-
tants, (though it increased the liquid sulfur-mineral contact angle from about 80+5° to
1354£5° in the presence of ionic species), OPD proved to be a very effective surface active
agent (dispersant for liquid sulfur) in the pressure leaching experiments. Naphthalene
sulfonic acid-formaldehyde condensates and CAHSB which were very efficient in terms
of interfacial tension reductions and contact angle increases, did not perform well in the
leaching experiments, even in the low pulp density runs, due to high degradation rates
under the leaching conditions. The metal dissolution rates obtained in the presence of
OPD are very comparable to those obtained with lignin sulfonic acid. Thus, it is proper
to conclude that the most important criterion for a surfactant to be a good dispersant is
its ability to increase the solid-liquid sulfur contact angle, provided the said surfactant
is stable under the operating conditions. This is achieved by adsorption of the surfactant
onto the mineral. The increase in contact angle does not necessarily need to be very
high provided the increase is enough to exceed a critical contact angle which is the angle
above which sulfur dispersion can be achieved and below which the liquid sulfur is not
dispersed from the mineral surface. Beyond that critical contact angle, the tendency for
liquid sulfur to adhere to the solid surface will be very low and thus a high zinc extraction

can be achieved. Metaphenylene diamine was also quite effective in the high pulp density
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experiments and needs to be studied further?®. Despite the fact that both OPD and
MPD proved to be very efficient in the pressure leaching experiments, nothing is known
about their effects on the electrowinning of zinc from the leach solution. This is one
area that needs to be investigated before any commercial application of these surfactants
can be made. Lignin sulfonic acid is known to go through a degradation process by the
time the zinc sulfate leach solution gets to the tank house and hence does not interfere
with the electrowinning process. Thus, there is a need to investigate the effect of resid-
ual OPD on the electrowinning process. Nothing can be said about the effectiveness of
paraphenylene diamine under the high pulp density conditions since this aspect was not
investigated. However, it did prove to be very efficient on a low pulp density scale, with

very reproducible results.

20N : ] . ..
No s.tudles‘vsere performgd to determine MPD's interfacial activity at the liquid sulfur-aqueous
phase-mineral interfaces, but it is believed it might fall into the same category as OPD since the -NI»

groups attached are act‘ivat_ing groups and hence tend to activate the benzene ring, though the activation
effect 1s more pronounced in the ortho positions.
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Table 5.15: Weight loss due to leaching in the absence and presence of different surfactants
under high pulp density conditions; initial conditions: [ZnSO4} = 1.27 M; [H,S04] = 1.12
M; [Fe?*]=0.14 M; Temp.= 140£1°C; Pp, = 1100 kPa; Batch addition of surfactants

| Surfactant | Conc. wt.(g/L) | Time(min) | Weight loss (%) |

None - 60 31+0.3
35 53+0.2

0.06 60 58+0.4

Lignin. 35 571+0.4
0.10 60 59+0.3

35 611+0.5

0.06 60 63+0.6

OPD 35 611+0.5
0.10 60 63+0.3

MPD 35 58+0.3
0.10 60 61+0.5

Table 5.16: Extent of zinc extractions (computed from residue analysis) and the changes
in Zn** (aq) concentration of the filtrate in the presence of different surfactants and
under high pulp density conditions; initial conditions: [ZnSO,] = 1.27 M; [H,SO,] = 1.12
M; [Fe?*]=0.14 M; Temp.= 140+1°C; Po, = 1100 kPa; batch addition of surfactants. *

Residue analysis

Surfactant | Conc. | Time | Zn leached* | AZn filtrate % Zn
(g/L) | (min) (moles) (moles) extraction

None - 60 0.353 0.335 49+0.5

35 0.616 0.599 86+0.5

0.06 60 0.675 0.654 92+0.3

Lignin. 35 0.653 0.637 91+0.6

0.10 60 0.688 0.672 9340.2

35 0.733 0.730 99+40.5

0.06 60 0.741 0.735 99+-0.2

OPD 35 0.740 0.703 99+0.2

0.10 60 0.743 0.740 9940.4

35 0.707 0.679 954+0.3

NMPD 0.10 60 0.731 0.732 9840.4
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Table 5.17: Iron extractions (based on residue analysis) in the presence of different
surfactants and under high pulp leaching conditions; initial conditions: [ZnSO,] = 1.27

M; [H;SO4] = 1.12 M; [Fe?*)=0.14 M; Temp.= 140£1°C; Pp, = 1100 kPa.

| Surf. | Conc.(g/L) | Time(min) | Fe extraction (%) |

None - 60 40+0.2
35 59+0.3

0.06 60 64+0.3

Lignin. 35 59+0.2
0.10 60 6940.3

35 70+0.7

0.06 60 78+0.4

OPD 35 7240.5
0.10 60 7940.5

35 62+0.5

MPD 0.10 60 69+0.5

Table 5.18: Oxygen and acid (as HY ions) requirements per 100 gram sphalerite con-
centrate and 1.5 L leach solution assuming complete oxidation of concentrate after test
period. "z” represents the fractional conversion of sulfur to sulfate

” Element l Source [ Conc’n. (moles) [ O, (moles) I H* (moles) ”

Fe (as Fe?*) | 1.5 L sol'n. 0.21 0.0525 0.21
Zn concentrate 0.751 0.3755 1.503
Fe " 0.204 0.153 0.612
Cu ” 0.01 0.005 0.020
Pb v 0.003 0.0015 0.006
S 7 0.986 1.5z -21

Total - 2.164 0.5876 + 1.5 | 2.351 —2x
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Table 5.19: Experimental data for oxygen and acid (measured as H*) consumptions in
the presence of different surfactants; initial conditions: [ZnSO4] = 1.27 M; [H,SO,4] =
1.12 M; [Fe?*]}=0.14 M; Temp.= 140£1°C; Po, = 1100 kPa.

| Surf. |Conc (g/L) | Time(min) | Oz(Moles)

] H* (Moles) ‘ H* /0, H

None 60 0.306+0.003 | 1.10+0.01 3.61
35 0.480+0.005 | 1.708+£0.03 | 3.56

0.06 60 0.517£0.003 | 1.867+£0.01 | 3.62

Lignin. 35 0.503£0.003 | 1.832+0.02 | 3.64
0.10 60 0.557+0.005 | 1.898+0.03 | 3.41

35 0.571£0.004 | 2.000+0.03 | 3.50

0.06 60 0.620£0.007 | 2.020£0.02 | 3.26

OPD 35 0.57440.006 | 2.030+0.03 | 3.54
0.10 60 0.619+0.003 | 2.040+0.02 | 3.30

MPD 35 0.5384+0.005 | 1.960+0.02 | 3.64
0.10 60 0.577+0.005 | 2.030+0.01 | 3.52

Table 5.20: Elemental sulfur analysis of leach residue and filtrate and the extent of total
sulfide sulfur oxidation to sulfate (as %); initial conditions: {ZnSO4) = 1.27 M; [H,S0,]
= 1.12 M; [Fe?*]=0.14 M; Temp.= 140£1°C; Po, = 1100 kPa.

O

Surf. Time residue Yeale ASfirate | % Sttiation 5o d":i&;mml}
Cone.(g/L) | (min) (Moles) (Moles) (Moles) 0

None 60 | 0.381£0.008 | 0.013 | 0.013%+0.001 1.4 97.0
Lignin. 35 0.563+0.01 0.021 | 0.022+0.001 2.3 96.0
0.06 60 | 0.722+0.008 | 0.024 | 0.03440.001 3.6 96.0
Lignin 35 0.658+0.01 0.020 | 0.025+£0.002 2.3 97.0
0.10 60 0.75540.01 0.041 | 0.03740.001 3.8 95.0
OPD 35 0.7361£0.01 0.032 | 0.05640.002 5.7 93.0
0.06 60 0.786+0.02 0.054 | 0.06440.002 6.6 93.0
OPD 35 0.769+0.01 0.030 | 0.0514:0.001 5.2 91.0
0.10 60 | 0.807X0.01 | 0.052 | 0.064+0.002 6.5 93.0
MPD 35 [0.690£0.008 | 0.020 | 0.03420.001 35 95.0
L 0.10 60 [ 0.735£0.006 | 0.030 [ 0.047£0.001 43 91.0
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Table 5.21: Calculated oxygen and acid (as H') requirements for the different experi-
mental conditions, assuming NO elemental sulfur oxidation

Surfactant | Conc.(g/L) | Time(min) | Oz(Moles) | H* (Moles) | H*/O,
L | ) | | ) | ) [H*/0, |

None - 60 0.288 1.153 4.00
0.06 35 0.447 1.788 4.00

60 0.486 1.944 4.00

Lignin. 0.10 35 0.475 1.900 4.00
60 0.501 2.002 4.00

0.06 35 0.526 2.102 4.00

60 0.541 2.164 4.00

OPD 0.10 35 0.532 2.130 4.00
60 0.544 2.176 4.00

0.10 35 0.501 2.004 4.00

MPD 60 0.523 2.092 4.00

Table 5.22: Comparison between experimental and calculated oxygen requirements for
the different experimental conditions; Temp.= 140+1°C; Py, = 1100kPa

| Surfactant | Conc.(g/L) | Time(min) | 05***(Moles) ! 05" (Moles) ||

None — 60 0.308 0.306
0.06 35 0.478 0.480

60 0.522 0517

Lignin. 35 0.498 0.503
0.10 60 0.562 0.557

35 0.574 0571

0.06 60 0.622 0.620

OPD 0.10 35 0.572 0.574
60 0.622 0.619

0.10 35 0531 0.538

MPD 60 0.568 0577
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Table 5.23: Total leaching efficiencies and iron:zinc ratios; initial conditions: [ZnSO,] =
1.27 M; [H;SO,] = 1.12 M; [Fe?t]=0.14 M; Temp.= 1404+1°C; Py, = 1100 kPa.

Surfactant | Conc. | Time Fe Zn Fe:Zn | % Total leaching
(g/L) | (min) | (Moles) | (Moles) efficiency
None - 60 0.079 0.353 | 0.224 47.7
0.06 35 0.115 0.616 | 0.187 80.4
60 0.128 0.675 | 0.189 86.5
Lignin. 0.10 35 0.122 0.667 { 0.182 85.4
60 0.139 0.688 | 0.202 88.5
0.06 35 0.142 0.733 | 0.194 92.8
60 0.157 0.741 | 0.212 95.3
OPD 0.10 35 0.147 0.740 | 0.198 93.4
60 0.160 0.743 | 0.215 95.6
0.10 35 0.127 0.707 | 0.179 88.3
MPD 60 0.140 0.731 | 0.191 92.2
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Figure 5.25: Extent of zinc extraction in the presence of OPD, MPD, PPD and naphtha-
lene sulfonic acid-formaldehyde condensates; Temp.= 140+1°C’; Pp, = 1100 kPa; sample
weight ~ 12 grams.
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Figure 5.26: Extent of zinc extraction under high pulp density leaching conditions in the
presence of OPD; Temp.= 140+1°C; Po, = 1100 kPa.
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Figure 5.27: Instantaneous oxygen flow rate in the absence of any surfactant; Temp.=

140+£1°C; Po, = 1100 kPa.
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Figure 5.28: Instantaneous oxygen flow rate in the presence of lignin sulfonic acid:
Temp.= 140£1°C"; Pp, = 1100 kPa.
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Figure 5.29: Instantaneous oxygen flow rate in the presence of OPD; Temp.= 140+1°C;
Po, = 1100 kPa.
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Figure 5.30: Instantaneous oxygen flow rate in the presence of 0.1 g/L MPD; Temp.=
140£1°C; Pp, = 1100 kPa.
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Figure 5.31: Cumulative oxygen consumed in the absence and presence of lignin sulfonic
acid; Temp.= 14041°C; Po, = 1100 kPa.
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Figure 5.32: Cumulative oxygen consumed in the presence of OPD; Temp.= 140+1°C;
Po, = 1100 kPa.
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Figure 5.33: Cumulative oxygen consumed in the presence of MPD; Temp.= 140+1°C;
Po2 = 1100 kPa.
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Figure 5.34: Relative consumptions of oxygen in the presence of the different surfactants;

Temp.= 140+1°C; Po, = 1100 kPa.



Chapter 5. RESULTS AND DISCUSSION 130

Figure 5.35: A photograph of zinc sulfide leach residue in the absence of a surfactant
after 60 minutes; Temp.= 140+1°C; Pp, = 1100 kPa.

Figure 5.36: A photograph of zinc sulfide leach residue in the presence of 0.1 g/L lignin
sulfonic acid after 60 minutes;Temp.= 140+1°C; Po, = 1100 kPa.
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5.3 INFRARED SPECTROSCOPY

5.3.1 Results
Characterization of Sphalerite

Prior to any adsorption studies, the infrared spectral data of the sphalerite concentrate

was recorded using:
e KBr pellet transmission technique (on dry sphalerite)

e ATR analysis (of wet concentrate)

L of an

Theoretically, natural sphalerite is transparent in the region 2500-800 cm™
infrared spectrum [113]. This implies that any absorption in this region must be due
to either impurities in the concentrate or to surface oxidation products such as Zn(II)
oxy-sulfur products.

All of the accompanying spectrai records are reported in absorbance®.

Figure 5.39 shows the FTIR spectrum of natural sphalerite using the conventional
KBr pellet transmission technique. The band at 1619-1617 cm™! is most likely due to
the bending vibrations of water absorbed by the KBr and/or water of crystallization
of the concentrate. The absorption bands at 1381 to 1024 cm™ may be due to oxy
sulfur oxidation products formed on the surface of the mineral particles due to contact
with the atmosphere. The broad peak frequency at 3500-3300 cm™! is associated with
the symmetric and asymmetric stretching vibrations of physically adsorbed water by the
concentrate and possibly going through intermolecular hydrogen bonding.

Figure 5.40 shows the ATR-FTIR spectrum of natural sphalerite conditioned in dis-

tilled water for 20 minutes with the solvent serving as the background spectrum. This

30 . . . . 3 o
It should also be noted that the absorption of infrared radiation by the solvent is not quantitatively
compensated so spectral subtraction may be over compensated in some cases.
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means that any absorbance due to the solvent in the suspension is cancelled out. The pH
of the water was adjusted to that of the working solution (pH = 1.37) to ensure similar
aqueous pH conditions throughout the study. The sharp absorption band at 1103-1102
cm™! and the weak shoulder at 1024 cm™! are due to the surface oxidation products
which appeared at 1118 cm™! (Figure 5.39). The shift from 1118 to 1103 cm™! may be
attributed to the solvent-concentrate interactions. The broad and weak intensity band
at 1658-1620 cm™! is due to the bending vibrations of water of hydration. The broad
and weak absorption bands at 3490-2860 cm™! may be designated to the asymmetric and
symmetric stretching vibrations of the OH group of the water of crystallization and/or

hydration.

Adsorption Studies in the Presence of Lignin Sulfonic Acid

Listed below are the different conditions employed in the infrared spectroscopic studies
o KBr wafer spectral analysis of lignin sulfonic acid
o ATR spectral recording of 5 g/L surfactant (lignin sulfonic acid) and ferric solution

o ATR spectral recording of sphalerite concentrate conditioned in surfactant/ferric

solution

e ATR spectral analysis of washed sphalerite concentrate after conditioning in sur-

factant /ferric solution

¢ ATR infrared analysis of sphalerite concentrate conditioned in surfactant solution

in the absence of ferric ions

o ATR recording of washed sphalerite concentrate after contact with surfactant so-

lution in the absence of ferric ions
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e KBr disc infrared recording of leached sphalerite concentrate residue

KBr Pellet Transmission Spectrum of Lignin Sulfonic Acid

The structure of lignin and hence lignin sulfonate/lignin sulfonic acid has not been well
defined by wood chemists. Different chemists have put forward different structures for
lignin sulfonate/lignin sulfonic acid. Figure 2.3 is one such structure [86].

Figure 5.41 shows the KBr pellet transmission spectrum of lignin sulfonic acid. The
broad and strong peak frequency at 3402-3388 cm™! is designated to the asymmetric and
symmetric stretching vibrations of the OH functional group which are going through in-
termolecular hydrogen bonding. Water absorbed by the KBr window may also contribute
to this band. The asymmetric stretching vibrations of the ~-CH,~ group are represented
by the absorption band at 2937 cm™! whilst the shoulder band at 2842 cm™! indicates the
stretching vibrations of the ~-OCHj group in the molecular structure [123, 124, 170, 171].
The most important absorption bands or diagnostic peak frequencies occur in the region
1773-1039 cm™!. The bands at 1773-1716 cm™! are representative of the stretching vibra-
tions of the carbonyl (C=0) group. The band progression between 1653 and 1423 cm™!
are assigned to the skeletal vibrations of the molecule — the stretching C=C vibrations
of the aromatic ring being responsible for the 1653-1463 cm™! whilst C-H deformations
account for the 1424-1423 cm™! vibrational band. The absorption bands at 1370-1369
and 1266-1265 cm™! are assignable to the phenolic OH deformation (or bending) vibra-
tions (of the structure). The peak frequencies at 1211-1160 cm™! are the result of the
asymmetric stretching vibrations of the sulfonate (-SO3H/SOj) group; the same group
is responsible for the symmetric stretching vibrations at 1040-1039 cm™!, and the peak
frequency at 650-649 cm™! [123, 124], [165]-[1 71} The absorption band at 527-526 cm™
is characteristic of the type of lignin sulfonate [165]-[169] - in this case a hardwood type,

and it is of no diagnostic importance. The absorption bands at 864-724 cm™! are due
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to the aromatic ring substitution pattern; though they are not of diagnostic importance
their presence in a spectrum will help to confirm the presence of the reagent.

The KBr disc transmission spectrum for a zinc-chelated (or complexed) lignin sulfonic
acid obtained through the courtesy of Georgia Pacific, Bellingham, WA. is shown in
Figure 5.42. Basically, this spectrum has a lot in common with that for the lignin sulfonic
acid. In spite of the similarities, there are some differences. There is the disappearance
of the absorption bands due to the carbonyl group, and there are shifts in some of the
bands compared to the spectrum for the lignin sulfonic acid.

The KBr infrared spectrum of sodium-based lignin sulfonate complex is shown in

Figure 5.43.

ATR Technique for Surfactant Solutions

Figure 5.44 shows the ATR-FTIR absorption spectrum of 5 g/L lignin sulfonic acid
solution®. The aqueous solution contained 0.036 mol/L sulfuric acid (pH=1.37), and
0.025 mol/L ferric ions (added as ferric sulfate). Compared to the KBr wafer spectrum,
it is observed that some of the absorption bands have shifted in positions to either lower or
higher frequencies. Others have disappeared from the solution spectrum as the result of
solvent—surfactant molecular interactions®?. The absorption bands at 1644, 1543, 1514~
1513 (not shown on plot due to crowding) and 1464-1463 cm™! are the result of stretching
vibrations of the aromatic rings. These bands are well-defined with the 1514-1463 cm™
bands appearing in the same wavenumber region as in the KBr spectrum. The band shift
from 1653/1605 to 1644 is most likely due to the solvent-surfactant interactions; however,

the bending vibrations of water molecules could contribute to this band. The weak

intensity shoulder band at 1739-1738 cm™" may represent the stretching vibrations of the

31 . . : ]
.Prehmma.r_\ tests proved that lower surfactant concentrations of 1-1.5 g/L were not sufficient to
achieve sensitivity in the recorded range.

32The background trom is tak . :
ground spectrim is taken to be that of the solvent which is distilled water and acid.
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carbonyl, C=0, group which is capable of hydrogen bonding. The shoulder at 1372-1371
cm™! represents the OH bending vibrations. The asymmetric stretching vibrations of the
sulfonate group are designated by the absorption band at 1194-1193 cm™" (a significant
shift from 1211 em™" in the solid) while the symmetric stretching vibrational modes are
represented by the weak shoulder at 1050-1049 cm™!. The broad absorption band at

! is the result of the asymmetric and symmetric stretching

wavenumbers 3500-3100 cm™
vibrations of the OH groups involved in hydrogen bonding. The strong absorption peak
at 1106 cm™! is due to the presence of a sulfate radical or ions in the solution which

originate from the ferric sulfate.

Characterization of Surfactant Adsorption

Due to strong infrared absorption by natural sphalerite at wavenumbers lower than 800
cm™!, the spectral analysis of surfactants or organic reagents in this region (in the pres-
ence of the concentrate) is less useful. Shown in Figure 5.45(a) are the spectral data
of natural sphalerite conditioned in the ferric/lignin sulfonate solution for 20 minutes
where the background spectrum (sometimes referred to as reference) is the solvent.
The spectrum shown in Figure 5.45(b) is the result of the spectral subtraction of the
ferric/surfactant solution spectrum from the sphalerite-surfactant (solution) spectrum.
Both spectra display most of the characteristic peak frequencies of the surfactant solution
spectrum. The spectrum of the adsorbate on the adsorbent agrees very well with that
of the adsorbate solution from the high frequency end of the spectrum to about 1371
cm™! (in both Figures (a) and (b)), beyond which there are some new developments, in-
dicating the presence of new surface products due to the solid-liquid interactions. These
spectra are very useful especially in the fingerprint region, where most of the diagnostic

absorptions bands are located.
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cigure 5.45(b): Region 3600 — 1265 cm™!
The absorption bands at 3500-3100 cm™! correspond to the asymmetric and symmetric
stretching vibrations of the OH groups and the band progression from 1372-1265 cm™!

are also designated to the OH bending vibrations. There are changes in the relative

!'are enough to

intensities of the peaks as well. The vibrational bands at 1647-1265 cm™
confirm the presence of the surfactant (an aromatic compound) on the mineral surface

[123, 170, 171].

Region 1265 — 650 cm™!

There is the appearance of a sharp absorption band at 1098-1097 cm™!. This may be
due to the formation of a soluble zinc sulfate product on the mineral surface. This was
not confirmed experimentally. The asymmetric stretching vibrations of the sulfonate
group at 1193-1192 cm™! in the bulk solution spectrum has disappeared, and there is
a significant shift in peak frequency of the symmetric vibrational band at 1050 (in the
bulk solution) to 1013 cm™!. These observations are indications of a chemical adsorption
mechanism and the formation of a new surface compound. The bands between 870 -
750 cm™! (in the bulk solution spectrum, Fig.5.44) which are due to the substitution
pattern on the aromatic rings (though diagnostically are less useful) have all changed
their frequency positions following adsorption of the surfactant. These changes indicate
that the lignin sulfonic acid is chemisorbed to some extent. Physical adsorption may
co-exist with chemisorption.

Figure 5.46 is the ATR-FTIR absorption spectrum of the natural sphalerite con-
ditioned in the ferric/surfactant solution and then washed 3-4 times with the solvent
followed by more drastic washing in boiling distilled water for 25-30 minutes and cold
washed again 34 times. The absorption bands from the high frequency end to 1266

cm™! still persisted after washing, though there were some minor shifts in some of the
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vand positions. The bands at 835 to 734 cm™! disappeared with new ones appearing at
826 and 774 cm™!. There was the formation of new bands at 1148-1147, 1035-1034, and
988 cm™! as well. These new developments are indicative of the fact that the layer of
adsorbate on the surface is a chemisorbed product and that it could not be removed by
the washing procedure. The shoulder at 1148-1147 cm™! is indicative of the presence of
Zn-complexed compound on the surface of the mineral particles ( as can be seen in the
spectrum for the zinc-complexed lignin sulfonate). The weak bands at 2921 ¢cm™! which
represent the stretching vibrations of -CH,- also indicate the presence of the surfactant.
The band at 1640-1639 may be a contribution from both co-adsorbed water and the

surfactant molecule.

Adsorption Tests in Ferric-free Surfactant Solution

Figure 5.47(a) shows the spectral record of a natural sphalerite conditioned in the ferric-
free 5 g/L surfactant solution for 20 minutes (background spectrum being the solvent).
The spectrum in Figure 5.47(b) is the result of the appropriate spectral subtraction (i.e.
adsorbent—adsorbate spectrum minus adsorbate spectra). Like the ferric solution, the
sulfonate absorption bands have disappeared from both spectra.

In Figure 5.47(a) the vibrational modes indicative of the presence of the aromatic
compound [170, 171] form the series of weak bands at 3056-2930 cm™! and 1550-1460

cm™!

in the fingerprint region. In Figure 5.47(b) the diagnostic bands present in the
region 1741-1100 cm™! coupled with the band at 2928 cm™! ( which is due to asymmetric
—CH,— stretching vibrations) are indicative of the presence of the adsorbate molecules
on the surface of the mineral particles. The band positions in the fingerprint region of

the spectrum are very much the same as those obtained in the ferric-surfactant system,

though there are some differences between the two in other regions of the spectra.
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Figure 5.48 shows the spectral profile of a natural sphalerite conditioned in the ferric—
free surfactant solution, washed several times with acidified distilled water followed by
further washing in boiling water for 25-30 minutes and cold washed again. With the
exception of the vibrations at 1608-1607 cm™!, the absorption bands in the fingerprint
region 1608-1032 cm™! and 776-775 cm™! are in just about the same positions as those
shown in Figure 5.46 (within the limits of instrument sensitivity) with minor frequency
shifts. The vibrations at 1608-1509 cm™! are due to the skeletal C=C stretching vibra-
tions of the aromatic rings. The weak shoulder band at 1267-1266 cm™! is due to the

phenolic OH group. The absorption bands at 1143 and 1031 cm™!

may be attributed to
the formation of a zinc-complexed surface compound. These observations together with
those in the ferric system imply that the lignin sulfonate molecule is adsorbed both in
the presence and absence of ferric ions in the leaching systems.

The decreases in the adsorption intensities or heights after the washing process stages

indicate the removal of a physically adsorbed surfactant layer33.

Once this layer is re-
moved by the washing, the chemisorbed layer is exposed and this is hard to remove.
This observation implies that both physical and chemical adsorption processes take

place during the adsorption, with physical adsorption probably occurring after the first

chemisorbed monolayer is formed.

Discussion

Ideally, shifts in frequency or changes in relative intensities of absorption indicate chemisorp-
tion. Physically adsorbed species and pure reagent species are not expected to display
any spectral differences. However, there are occasions when chemically adsorbed species
do not show much spectral difference. The intensity of an absorption band is very much

dependent on the magnitude of the dipole change during the vibrations, the larger the

33The physically adsorbed layer can be multilayers.
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change, the stronger the band.

Certain functional groups may not always give rise to absorption bands. even though
they may be present in the sample.

Washing of the mineral particles/adsorbed species did not bring about significant
changes in the positions of the absorption frequencies but showed a decrease in the
intensities or height of the peaks (Figures 5.45(b) and 5.16). However, in the ferric-free
system (Figures 5.47(b) and 5.48) some bands in the fingerprint region disappeared after

the washing. This may be due to:

o the signals at those vibrational frequencies are so weak that the instrument could

not respond to them™

e and/or the absence of ferric ions in the system affected the adsorption pattern to

some extent.

This behaviour persisted for different samples and repeated washings of some of them.
Because of the drastic washing process adopted, it appears therefore that the species that
remain on the surface after the washing/boiling can be attributed to chemical adsorption.
It is reasonable to argue that the surface adsorbed species/layer after the washing process
is due to chemical interaction, since any physically adsorbed layer is supposed to be
dissolved or removed during the washing/boiling. The absorption bands at 1148-1147
and 1143-1142, 1034-1031, and 776-773 cm™"' can therefore be assigned to the presence
of a zinc complexed lignin sulfonate, (Figures 5.42, 5.46 and 5.48).

Some of the peak frequencies obtained in the unwashed and washed samples occur in
almost the same positions. However, the bands at 1148-1143, 1034-1031, 988, and 776-
773 cm™! are new (in the washed spectra). The appearance of these new bands indicates

that underneath the top physically adsorbed layer lies a surface product(s) which give(s:

31Some signals will not show up in the spectrum if they are very weak.
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rise to these new vibrations. The unwashed spectra consist of chemically and physically
adsorbed species but the fraction due to physical adsorption is removed by the washing
process. It can thus be concluded that the peaks in the region 1741-1265 cm™! (Figures
5.45(a) and 5.47(a)) represent both lignin sulfonate adsorbed in bulk form (i.e. physical
adsorption) and chemisorbed zinc-complexed form which may differ in structure from the
bulk compound. The disappearance of the strong sharp vibrational band at 1101-1097

! indicates the removal of soluble surface compounds such as oxysulphur products

cm
from the solid surface by the washing process.

A final confirmation of this spectral interpretation is obtained from the KBr disc
transmission spectrum of sphalerite leached for 15 minutes in the presence of lignin sul-
fonic acid. The lignosol concentration was 5 g/L in solution and was added continuously
at a rate of 2.0 mL/min. The amount of concentrate used was 2 grams. The leaching
solution contained approximately 2 mol/L zinc ions, 0.4 mol/L sulfuric acid, 0.1 mol/L
each of ferric and ferrous ions. The leaching was done under a nitrogen atmosphere.
The leached residue was thoroughly washed several times with about 8 litres of distilled
water, vacuum dried and a KBr disc made from the dried sample. No organic solvent
could be used for further washing of the residue because lignin sulfonic acid is insoluble
in organic liquids®®*. The residue disc was then mounted in the path of the IR beam
to record the spectral profile (Figure 5.49). Compared to Figure 5.46, it exhibits most
of the characteristic peak frequencies of the ATR-FTIR spectrum. The appearance of
bands at 1460-1459, 1509-1508, 1265-1264, 1149-1148 and 1032-1031 cm™! agrees very
well with the ATR spectra, indicating the presence of (a) similar compound(s) in both
spectra (as well as Figure 5.48). The absorption band at 1149-1148 cm™! present in both

spectra is characteristic of a zinc-complexed compound. The differences which are shown

35This was confirmed in the lab as attempts to dissolve (.25 grams lignin sulfonate in 100 ml acetone
failed.
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say be attributed to the different sample preparation procedures and the environmen-
tal conditions (i.e KBr - dry and ATR - wet); otherwise the two are very similar. The
vibrational modes due to the skeletal rings of the surfactant molecule are well-defined
and occur in the same frequency range in the two spectra, the only exceptions being the
bands at 1603-1602 cm™! (Figure 5.49), and 1641-1640 and 988 cm™! (in Figure 5.46).
There exist, however, significant shifts from 1716 to 1687 cim™!. The appearance of an
absorption band at 1418-1417 cm™! (Figure 5.49) compared to 1424-1423 cm™! ( figure
5.41) further confirms the presence of the adsorbate molecules on the solid surface. This
observation further confirms the chemisorption argument.

The large size of the lignin sulfonate structure could create the condition for each
reactive site on the solid surface to be occupied by only one lignin sulfonate ion. By
interacting with the aqueous phase, electrical neutrality is maintained on the surface.
The adsorbent—-solvent interactions will result in an adsorbate structure which will be
different from the bulk material and hence can be expected to show some differences in
the spectral profile. This explains the minor differences between Figures 5.46 and 5.49
on one hand and Figure 5.42 on the other hand, e.g. the bands at 1033 and 1043 cm™!
respectively. The physically adsorbed lignin sulfonate will not be affected by the sulfide
mineral surface and hence will exhibit the same spectrum as the bulk.

It is likely that the adsorbate is adsorbed on the ZnS mineral as a bulk-like Zn(II)-
surfactant compound. The surface compound chemically formed has an organic portion
which is very similar to the bulk adsorbate.

The shifts in the absorption bands of the OH stretching vibrations (in the upper fre-
quency region) and the asymmetric and symmetric stretching vibrations of the sulfonate
groups from 1161-1160 to 1148 and 1143, and 1040-1039 to 1034 and 1031 cm™! (figures
5.41, 5.46, 5.48 and 5.49) indicate chemical interactions of the OH and SO3 groups with

the solid surface.
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It is believed that under the washing conditions adopted, no lignin sulfonate (or phys-

ically adsorbed species) could survive and hence the spectrum observed must therefore

be due to chemisorbed species.

Alfhough the absorption bands at 1603-1602, 122019 and 1509-1508 cm™! (Figure
5.49) occur in the same frequency range as those of the bulk lignin sulfonic acid, the
relative intensities of these bands have changed from more intense 1211 cm™! in the bulk
spectrum to almost equally intense bands in the leach residue.

The assignment of the peak frequencies between 1640-1264 cm™?! (in Figures 5.45(b)

and 5.47(b)) to both forms of adsorbed species is due to:

o after the washing/boiling process, which is presumed to remove any physically
adsorbed species, most pre-washing peak frequencies remained in almost the same

1

positions (with the exception of the 1103 cm™" which disappeared) although their

relative intensities changed

e 7Zn-, Na-based lignin sulfonate have peaks in this region (just like the bulk lignin
sulfonic acid) suggesting that metal-lignin sulphonates complexes also have ab-
sorption bands in that region and therefore that a surface metal-lignin sulfonate

complex could have an absorption band in that region

o under the conditions of the washing process, physically adsorbed species could not

be present and hence the layer is due to chemisorption.

In the KBr spectrum of the leach residue (Figure 5.49), there are some absorption
bands present in the 3500-3100 cm™! range. However, these bands have intensities similar
to the noise background in that spectral region. Therefore, they cannot be regarded as
true peak frequencies in spite of the fact that they occur in the appropriate wavenumber

region.
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[t is possible that mineral-surfactant reaction products can co-exist with mineral
surface oxidation product on the mineral surface where the mineral-surfactant product
may exist as small islands on the oxidized mineral surface. However, hydrophilicity is
enhanced on dissolution of any soluble surface oxidation product of sphalerite followed
by adsorption of the surfactant.

The elemental sulfur present in the zinc leaching system is hydrophobic. This hy-
drophobic character makes it possible to interact with the hydrocarbon portion of the
surfactant molecule, with the hydrophilic groups projecting into the aqueous phase. Thus,
much as lignin sulfonic acid interacts with the mineral surface, it also interacts with the
liquid sulfur through the hydrocarbon end of the molecular structure. This behaviour
tends to lower the liquid sulfur — aqueous phase interfacial tensions or free energies as

had been reported earlier [55].

Summary

The presence of multiple functional groups, OH™, SO3, and C=0, (all hydrophilic groups
and capable of hydrogen bonding) and the three-dimensional nature of the lignin sul-
fonate structure suggests that during the process of surfactant-mineral interactions, one
or more hydrophilic groups interact with the mineral surface whilst the other group(s)
interact(s) with the aqueous phase through hydrogen bonding. Thus, the surfactant acts
as a bridge between the solid and liquid phases. The disappearance of the sulfonate ab-
sorption bands and the shifts in the hydroxyl group frequencies (in the upper frequency
region) implies that the surfactant molecule interacts with the solid surface most likely
through them. This role played by the surfactant continuously renders the sphalerite
surface hydrophilic and prevents it from becoming sulphophilic. Since lignin sulfonic
acid or its salt does not form any oriented layer on adsorption. it is most likely that the

molecule sits on the mineral surface as a "net” or a "sponge” when adsorbed. Formation
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_1slands of metal-surfactant species on the oxidized mineral surface is probably enongh
to make the mineral particles sufficiently hydrophilic.

The complexities involved in the satisfactory analysis of more than one component
or functional group from a given absorption band remain a problem even with the best
resolution. In view of this difficulty it is not easy for one to predict with certainty the
nature of the adsorbed species.

In conclusion, the above observations indicate the presence of physically and chemi-
cally adsorbed species on the mineral surface in an acidic medium. However, it is very
difficult to discriminate between physically and chemically adsorbed molecules from the

spectrum both qualitatively and quantitatively.
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Figure 5.39: Infrared spectrum of sphalerite using KBr pellet technique.

3100 2200 1300
Wavenumbers (cm—1)

400

2000 1000

3000
Wavenumbers (cm—1)

Figure 5.40: ATR spectrum of wet sphalerite.
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Figure 5.41: KBr disc spectrum of lignin sulfonic acid.
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Figure 5.42: KBr disc spectrum of Zn-based lignin sulfonate complex.
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Figure 5.43: KBr pellet spectrum of Na-based lignin sulphonate complex.
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Figure 5.44: ATR spectrum of lignin sulfonic acid solution; solution condition: [Fe3*] =
0.025 M. [H,SO4] = 0.036 M, Temperature = 25°C; reference spectrum: solvent.
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Figure 5.45: ATR spectrum of sphalerite conditioned in surfactant solution for 20 min-

utes; solution condition: [Fe**] = 0.025 M, [H,SO4] = 0.036 M, Temp. = 25°C: (a)

reference: solvent spectrum (b) less solution spectrum.



Chapter 5. RESULTS AND DISCUSSION 159

Absorbance

T T T
3800 3012.5 22295 1437.5 650
Wavenumbers (cm—1)

Figure 5.46: ATR spectrum of washed sphalerite after conditioned in surfactant/ferric

solution, reference spectrum: solvent.
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Figure 5.47: ATR spectrum of sphalerite conditioned in ferric free-surfactant solution for
20 minutes; solution condition: [H2SO4] = 0.036 M, Temp.= 25°C. (a) reference: solvent

spectrum (b) less the solution spectrum.
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Figure 5.48: ATR spectrum of washed sphalerite after contact with ferric free-surfactant

solution, reference spectrum: solvent.
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Figure 5.49: KBr pellet spectrum of leached sphalerite (in the presence of surfactant)
residue; leaching performed at 140+1°C for 15 minutes under Py, = 1100kPa; lignin
sulfonate solution concentration: 5 g/L at flow rate = 2 mL/min.
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5.3.2 Adsorption Studies in the Presence of Orthophenylene Diamine

Listed below are the different studies:
e KBr analysis of orthophenylene diamine
e ATR recording of 5 g/L surfactant solution

o ATR recording of sphalerite concentrate conditioned in surfactant solution (no ferric

pre-treatment)
e ATR analysis of sphalerite concentrate washed after conditioning in surfactant

o ATR analysis of sphalerite concentrate conditioned in surfactant solution after pre-

treatment with ferric ions

o ATR recording of sphalerite concentrate washed after contact with ferric/surfactant

solution

KBr Pellet Absorption Spectrum of OPD

The KBr-FTIR spectrum of OPD powder is shown in Figure 5.50. The absorption

bands above 3236 cm™!

represent the asymmetric and symmetric stretching vibrations
of N-H bonds due to the -NH, functional group. The absorption band at 3036-3035
cm™! represents the stretching vibrational modes of =C-H bonds of the aromatic ring.
The shoulder band at 2922-2921 cm™! is also attributed to -C-H asymmetric stretching
vibrations [123, 124, 170, 171]. The characteristic (or diagnostic) bands of the molecule

as a whole are found at 1632 cm™! and below. The peak frequencies in the fingerprint

region are assigned to the following functional groups (124, 170, 171]:
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1632~ 1589 cm™', due to the internal deformations (of ~N-II bonds) of the ~NH,
functional group; stretching vibrations by the C=( bonds in the aromatic skelcton

overlaps with the -NH, vibrations at 1590-1589 cm™!

o 1497 - 1461 cm™', the result of stretching vibrations of the aromatic ring (or C=C

bonds)
e 1333 - 1268 cm™! are attributed to the C-~N stretching vibrations
e 1152 - 1029 cm™! are assigned to the C-H in-plane deformations of the ring

o the 926 —-925 cm™! band is representative of the 1,2 substitution pattern on the

ring

e bands between 828 ~ 711 cm™! are assigned to either out-of-plane C-H ring defor-
mations and/or —-NH; out-of-plane bending vibrations i.e. there is an overlap of

vibrational bands from these two functional groups in this region

e 544 — 439 cm™! bands are designated to C—-H out of plane deformations

1

The absorption bands at the wavenumbers 2780~1781 ¢cm™! are due to overtones and

combinations {123, 124, 126].

Characterization of OPD solution

Figure 5.51 shows the ATR-FTIR spectrum of 5 g/L OPD in a solution containing 2
mL/L (about 0.036 mol/L) sulfuric acid. Compared to the spectrum obtained from
the KBr disc, (Figure 5.50) some absorption bands observed in the solid spectrum have
disappeared. Others have also shifted slightly in position. All these changes are due
to surfactant-solvent interactions. However, a few bands occurred at almost the same

positions in both spectra e.g. the stretching vibrational modes at 3036 — 3031 cm™!. The
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stretching absorption bands at 3084 -3035 cm~! are designated to the =C-H functional
group of the aromatic ring. These bands, together with the stretching vibrations at 1593
- 1483 cm™! are representative of the aromatic molecular structure®®. The asymmetric
and symmetric stretching peak frequencies at 3‘430 — 3247 cm™! are assigned to the -N-H
bonds (of the -NH; group) which normally go through hydrogen bonding in the aqueous
phase. The absorption frequency at 1294 ¢m~! and the shoulder band at 1194 cm™! are
indications of the C-N bonds (or groups) while the absorption band at 885 ~ 827 cm™!
may be assigned to the -NH; deformations. The -C-H bonds in-plane deformations may
be responsible for the vibrations at 975-974 cm™! [123, 124, 126, 170, 171]. The reference

(or background) spectrum is that of the solvent®”.

Results of Adsorption tests

Figures 5.52(a) and 5.52(b) show the absorption spectra of sphalerite concentrate sus-
pended in the 5 g/L. OPD solution for 20 minutes in the absence of any ferric ions or
ferric solution pre-treatment. In Figure 5.52(a), the reference/background spectrum is
that of the solvent. The appropriate spectral subtraction®® is shown in Figure 5.52(b).
The band at 3231 — 3230 cm™! (Figure 5.52(b)) is a shift from 3247-46 cm™! (in Figure
5.51), whilst the stretching band at 3420 - 3419 cm™! (in Figure 5.52) occurs as a weak
intensity band at 3429-3428 cm~! in the bulk solution spectrum. A detailed comparison
of Figure 5.51 to 5.52(b) shows that there are shifts in some of the absorption frequencies,
others have disappeared and there are some new developments as well. The appearance of
the asymmetric stretching vibrational mode at 2928 - 2927 cm™! (Fig. 5.52(b)) indicates
the presence of a ~C~H bond related compound on the solid surface. The appearance of

stretching vibration absorption bands at 1601 — 1490 cm™!, the shoulder band at 1444

3¢The N-H group also contributes to the absorption frequency at 1593-1592 cm™!.
37The solvent as often used in this text refers to distilled water containing 0.036 mol/L sulfuric acid.
33The bulk solution spectrum is subtracted from that of the mineral conditioned in the solution.
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em™! together with the weak absorption band near 3039-3058 cm~! are attributed to
the presence of an aromatic compound on the solid surface while the vibrational modes
at 1274-1273 cm™! represent the stretching vibrations of the C~N functional group of
the compound. The -NH, in-plane deformations also contribute to the absorption band
at 1601-1599 cm™'. The 3059-3058 cm™! absorption band could be a shift from 3036~
3035 cm™! in the bulk solution spectrum due to perturbations upon solid ~ surfactant
interactions.

Figure 5.53 shows the ATR — FTIR spectral record of the natural sphalerite condi-
tioned in OPD solution (without ferric ions), cold-washed several times with the solvent,
followed by further washing in boiling water for 20-25 minutes and then cold-washed
again. The background spectrum is that of the solvent, implying that any absorption
due to the solvent content of the sample paste is cancelled out by the background (or
reference) spectrum.

The absorption bands at 1388-1386 cm™! indicate the presence of -C-H bonds. The
presence of the skeletal aromatic ring i.e. C=C bonding, on the solid surface even after
the drastic washing process is indicated by the series of stretching vibrational modes at
1568~1566 (a weak shoulder), 1539-1538, and 1457-1456 cm™! and the weak stretching
vibrations near 3030-3029 cm™! which is designated to the =C-H groups of the molecular

1

structure. The skeletal ring vibrations at 1568-1456 cm™" are absent in Figure 5.52(b)

but surfaced after the washing.

Ol 1

The —-NH; group deformation vibrational bands at 835-734 ¢m™' in the pre-wash

spectrum disappeared after the washing process, with the appearance of new ones at
870869, 816-815 and 731 cm™!.

The development of the stretching shoulder band at 1300 - 1299 cm™!

represents
the formation of a C-N surface product. These observations point to the fact that the

adsorbed layer is firmly held onto the solid surface such that even the boiling water could
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not remove the species.

In the higher frequency range, the -N-H (of -NH,) stretching vibrations occur in
the same frequency range (within the limits of instrumental sensitivity) in Figures 5.50,
5.52, and 5.53, further suggesting the presence of an ~-NH, related compound on the solid
surface. The same can be said for the band at 3238 cm™!.

Figures 5.54(a) and (b) show the absorption spectra of ZnS concentrate conditioned in
0.025 mol/L ferric solution (containing 0.036 mol/L sulfuric acid) for 15 minutes prior to
contact with the 5 g/L OPD solution. The surfactant solution conditioning time was 20
minutes. The conditioning was done at room temperature The sample was cold-washed
3 times with the solvent in between the conditioning solutions. The spectral record of
the washed concentrate after the surfactant conditioning period is shown in Figure 5.55.

With the exception of the vibrations near 1098-1095 cm™!, the rest of the absorption
band positions (in the fingerprint regions) in Figures 5.54(a) and (b) are different from
those of the bulk solution spectra, Figure 5.51. Between Figures 5.54 and 5.55, there are

some new developments in the after-wash spectrum.

Discussion
No ferric ion pre-treatment

Figure 5.52(a) displays absorption bands at wavenumbers 3268-3267, 3189-3188, and
1503-1502 cm™! which are absent from Figure 5.52(b). On the other hand, Figure 5.52(b)
shows vibrations at such frequencies as 1491-1490, and 1444-1443 cm™! (in the fingerprint
region) which are also absent from Figure 5.52(a). Between Figures 5.51 and 5.52, it can
be observed that most of the absorption bands in the bulk solution spectrum shift to
higher wavenumbers on surfactant adsorption e.g. 975 shifts to 996-991 cm™!, 1593

cm~! shifts to 1601-1600 cm™! , 1483 cm™! shifts to 1502-1491 cm™!, 1442 cm™! shift -
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to 1445 cm™!, 3036 cm™! increases to 3060~3059 cm™?, and 3084 cm™! shifts to 3096-3095
(not shown on plot) cm™!. These shifts in absorption frequencies to higher wavenumbers
suggest the formation of strong chemical bonds between surfactant molecules and the
mineral and hence chemically adsorbed species on the mineral surface.

The disappearance of the absorption bands at wavenumbers 1294 and 1194 cm™! (in
the bulk solution spectrum, Figure 5.51) due to C-N vibrations and the development of
a new peak frequency at 1275-1273 cm™! (on adsorbate adsorption) further support the
chemisorption concept. This development indicates that the C-N group is involved in
chemical interactions with the mineral. This is most likely due to the overlapping of the
nitrogen lone pair of electron with the metal ion orbitals in the sulfide lattice. Figure
5.56 shows the possible molecular structure of the amine related complex that can be
formed between the metal sulfide lattice and the surfactant molecule.

The appearance of an absorption band at 3364-3363 cm™! (due to N-H asymmet-
ric and symmetric stretching vibrations) further confirms the presence of the surfactant
molecule on the mineral since this band is one of the prominent vibrations in the solid
OPD spectrum (at 3368-3367 cm™! in the KBr spectral record, Figure 5.50). The de-
crease in absorption frequency is expected (or normal) since a C-N group involved in
a chemical interactions with a metal ion will tend to stretch the N-H bond and hence
lower the wavenumber or frequency of vibration. Further evidence in support of this
is obtained by making reference to the vibrational bands at 3429-3428 and 3246-3245
cm™! (Figure 5.51) and 3419-3416 and 3240-3230 cm™! (Figure 5.52). These bands are

all due to the -N-H stretching vibrations. This development can be given a mathematical

interpretation as well. Consider the equation [121, 122, 123]:
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or
% _ Elec ;"; . (5.76)

x = force constant or bond strength

tm = reduced mass of atoms

¥ = wavenumber

v = frequency of vibration

and
11 (5.77)
m my ma

my and my are the masses of the two atoms involved in the particular bonding in the
molecule. As mentioned earlier, a strong chemical bonding between the nitrogen and
metal ions, Figure 5.56, results in the increase in the -N-H bond length and a lower &
value for that bond. This will cause a decrease in the the frequency of vibration for that
bond.

The C-N bond is also stretched or lengthened on bonding resulting in a low & value
for the C-N bonding leading to a lower v value after the contact period. This explains
the shift in frequency from 1294 cm™! (in the bulk solution spectrum) to 1275-1273 cm™*
on adsorption.

Ideally, Zn?** (or other metal) ions will be more reactive than hydrogen towards the
nitrogen (with a lone pair of electrons). The formation of hydrogen bonding between the
-N-H groups and the aqueous phase (i.e. water molecules) can also contribute to the
lowering of the absorption band frequencies.

The appearance of the 3144-3143 cm™! (Figure 5.52) absorption band may be at-
tributed to the formation of a new amine related chemisorbed species.

The shift in the =C-H group wavenumbers from 3036 and 3084 (in Figures 5.50
and 5.51) to 3060-58 and 3096-3095 cm™! (not shown on plot) respectively (in Figures
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5.52 (a) and (b) ) can also be explained on the basis of chemical interaction concepts.
The weakening and hence the lengthening of the C-N bond results in this functional
group having less influence on the adjacent =C~H group and hence results in higher C-H
vibrafions. Mathematically, the factor « for the C-H bond increases leading to higher
vibrational frequencies.

In the fingerprint region (Figures 5.52(a) and (b)), the absorption bands at 1667-
1275 and 996-740 cm™! are all new developments. In figure 5.51, the bands at 885-827
cm™! were assigned to the bending vibrations of the -NH, group. These bands have
disappeared with the formation of new ones at lower frequencies, 835 and 795 cm™!,
which is in agreement with the mathematical expression above and the chemisorption
concept. These observations indicate that whatever surface layer or product is formed
on the pre-wash mineral surface is a chemically adsorbed species and has molecular
vibrational characteristics quite different from the bulk surfactant solution or material.

On washing the mineral, a whole new set of absorption bands is revealed, especially
in the diagnostic region of the spectrum, (Figure 5.53). This suggests that two or more
different layers of surface chemical species are formed, and that the top layer(s) is not
as firmly held to the adsorbent surface as the bottom layer(s). The differences in the
absorption band positions, particularly in the diagnostic region, indicate that the bottom
layer may have a different molecular arrangement and/or vibrations from the top layer
though both are chemisorbed species. The presence of stretching vibrational modes at
1540-1384 cm™! (in the diagnostic region and assignable to molecular vibrations) and the
weak shoulders near 3030 and 3095 cm™! (assignable to =C-H bonds) are fingerprints of
the adsorbate aromatic skeleton on the adsorbent surface. This is further supported by
the presence of the stretching -N~H bond vibrations at 3367 and 3238 cm™! in the upper
frequency region. The drastic shifts in absorption bands due to the aromatic structure

to 1539, 1457, and 1385 cm™! after the washing process also supports the chemisorption
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mechanism.

There is the development of a new vibrational mode (weak shoulder) at 1300-1299
cm™! which is different from the C-N vibrations at 1333 and 1270 cm™! (Figure 5.50),
1294 cm™" (Figure 5.51) and 1275-1274 cm™! (Figures 5.52 (a) and (b)) and may be
assigned to one of the characteristic molecular vibrations of the new surface product. This
development further confirms the involvement of the C~N group in chemical interactions.-

The appearance of new vibrational bands at 1149-1000 cm™! is attributed to the
perturbation of the C—H in-plane deformations as a result of the adsorption process.

The new absorption bands in the lower wavenumber region reinforce the proposed
chemisorption route. Thus, in the absence of ferric ion conditioning, the OPD (surfactant)
molecules are chemisorbed, resulting in the formation of two or more layers of chemisorbed
species on the adsorbent with the top layer(s) being relatively loosely held on the surface

compared to the lower layer(s).

Ferric ion pre—treatment

The spectral record shown in Figure 5.54(a) has the solvent as the background spectrum
while that in Figure 5.54(b) is the spectral difference between the adsorbent-adsorbate
(with prior conditioning of the concentrate in ferric solution) and bulk surfactant solution
spectra. The two are very similar in shape and absorption band positions. However,
there are a few differences e.g. the bands at 855 and 741 cm™! (in Figure 5.54(a)).
The absorption bands at 999-995, 1097-1095 and 3419-3363 cm™! are present in all four
spectra®®. However most of the absorption bands are different from those shown in Figure
5.52.

In the fingerprint region, the absorption frequencies are quite different compared to

the same region in the bulk solution spectrum (Figure 5.51). This suggests that the

39In comparison with those obtained in the absence of ferric conditioning.
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region 1644-741 em™" (Figures 5.54(a) and (b)) represent chemically adsorbed species.

The disappearance of the absorption band at 1294 and the shoulder at 1194 cm~!
(present in Figure 5.51) or 1333-1268 cm™! (in Figure 5.50) assigned to the C-N func-
tional group from Figures 5.54 (a) and (b) supports the existence of chemically adsorbed
species on the adsorbent surface.

The vibrations occurring at 1643-1420 cm™! are fingerprints from the aromatic skele-
ton of whatever surface product is formed. The -NH, group also has a strong absorption
at 1643-1639 cm™!.

Figure 5.55 shows the absorption spectrum of the sample washed after the condi-
tioning process. Between Figures 5.51 and 5.55, there are upward shifts in some of the
absorption bands in the fingerprint region. These upward shifts in frequency positions
further support the process of chemisorption.

Just as there is reappearance of some of the absorption bands (present in Fig. 5.54),
e.g. 1644-1640 cm™}, others have disappeared with the emergence of new ones. This
development of new vibrational modes suggests the formation of two (or more) layers
of chemically adsorbed species with different vibrational characteristics (just like the
previous condition) and that the top layer(s) is relatively loosely held to the mineral
surface. The lower layer is, however, strongly' bonded to the mineral surface such that
even the drastic washing procedures adopted could not dislodge it from the adsorbent.

The band at 1775-1773 may be due to overtones and/or combinations. The absorption
band at 1641 cm™! (Fig. 5.55) may be a contribution from the bending vibrations of
-NH; (or -N-H) and co-adsorbed water molecules. The peak frequencies at 1641-139 |

! are assigned to vibrational characteristics of the aromatic structural component of

cm”
whatever surface product is being held on the surface after the washing process, though
the characteristic aromatic absorption wavenumber positions are different from those o

the KBr wafer and the bulk solution spectra.
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The appearance of weak shoulders near 3040 and 3008 cm™! coupled with the bands
at 1641-1240 cm™! confirms the presence of the adsorbate(aromatic)-related species on
the washed mineral surface.

The disappearance of the stretching C-N. vibrations (1294 in Figure 5.51 or 1333
and 1269 cm™! Figure 5.50) and the appearance of new bands at the wavenumbers 1291
and 1210 cm™! further confirm the involvement of this functional group in chemical
interactions, most probably with the nitrogen trying to share its free electron pair with
the metal ions of the sulfide lattice. In acidic media (e.g. under the zinc pressure leaching
conditions), metal sulphides carry positive surface charges and the surfactant molecule
will act as a base. The basic character of the amine group implies that it is willing to share
the valence electrons with any electrophile, thus, it either picks up protons in solution
and becomes protonated or interacts with the metal ions in the crystal lattice. With zinc
ions being more reactive than hydrogen ions, the surfactant will be more willing to share
its free electrons with the zinc than the hydrogen ions.

The disappearance of the band at 1098-1096 is due to the removal of soluble surface
oxidation products from the sample material dllring the washing process.

A comparison between Figures 5.53 and 5.55 shows that the two have a lot of char-
acteristic absorption bands in common (within the limits of instrument sensitivity) such
as the bands at 1541-1538, 1300-1295, 10741073, and 998-994 cm™! in the diagnos-
tic region. This display of agreement in the fingerprint region indicates that whatever
adsorbed species is formed on the adsorbent surface is common to both conditioning
methods inspite of the differences in the upper frequency regions of the spectra. On the
other hand, it may be speculated that this agreement is probably due to the chemical
composition of the concentrate. The concentrate contains about 11 % iron mostly in the
form of pyrite and probably this minor amount of iron in the sulfide matrix is just enough

to affect any surface characteristics and hence the adsorption mechanism such that the
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presence of externally introduced ions on the surface is not reflected*.

Summary

The mechanism of adsorption of the surfactant orthophenylene diamine onto zinc sul-
fide mineral (i.e. sphalerite) is through chemical interactions of the adsorbate with the
adsorbent and this is independent of the pre-adsorption surface characteristics of the
concentrate. The study indicates the formation of two (or more) different layers of
chemisorbed species with the upper layer being vulnerable to removal by washing whilst
the lower component is firmly bonded to the adsorbent surface. The absorption spectra
strongly indicate that the OPD molecule interacts with the mineral through the C-N
functional group where the nitrogen free-electron pair overlaps with the metal ions of
the sulfide mineral lattice leading to the formation of an amine-related surface species.
At the same time, the hydrogen atoms of the -NH; functional group interact with the
aqueous phase by forming hydrogen bonds, thus ensuring that the solid surface is contin-
uously hydrophilic. This process tends to render the solid surface more hydrophilic than

sulphophilic and causes an increase in the contact angle of the three-phase system [55].

40This is only a speculation.
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Figure 5.50: KBr pellet spectrum of OPD.
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Figure 5.51: ATR spectrum of 5 g/L solution of OPD; solution condition: [H,SO4] =
0.036 M, Temperature = 25°(C"; reference spectrum: solvent.
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Figure 5.52: ATR spectrum of sphalerite conditioned in OPD solution (no fer:
pre-treatment) for 20 minutes; solution condition: [H,SO4] = 0.036 M, Temp. = 25 -
(a) reference spectrum: solvent (b) less solution spectrum.
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Figure 5.53: ATR spectrum of sphalerite washed after conditioning in 5 g/L OPD solution
for 20 minutes, reference spectrum: solvent.
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Figure 5.54: ATR spectrum of sphalerite conditioned in 5 g/L OPD solution (after ferric
pre-treatment) for 20 minutes; solution condition: [H,SO4] = 0.036 M, Temp.= 25°C (a

Reference spectrum: solvent (b) less the solution spectrum.
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Figure 5.55: ATR spectrum of washed sphalerite after contact with ferric/OPD solution.

reference spectrum: solvent.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The studies conducted have measured the interfacial activity of various surface active
agents and how these interfacial characteristics are related to the usefulness of these
reagents as dispersants for liquid sulphur in the oxidative pressure leaching of sphalerite.
The fact that a surfactant can be very efficient in terms of interfacial tension reductions
and contact angle increases is no guarantee that the surfactant can be eflicient in the
leaching process. Besides the interfacial properties exhibited by the different surface
active agents other variables such as reagent stability come into play if a surfactant is to
be effective under the zinc pressure leaching conditions. The following are the conclusions

from the present studies:

¢ In terms of interfacial tension reductions, OPD was the least effective. It effected
virtually no change in the liquid sulphur-aqueous phase interfacial tension but acted
to increase the sulphur-mineral contact angle. This implies the surfactant is not ad-
sorbed at the liquid sulphur-aqueous interface but adsorbed at the liquid-mineral
interface. All other surfactants adsorbed at both interfaces, naphthalene sulphonic
acid-formaldehyde condensates being the most reactive reagent at the interfaces.
[t effected the highest change in the interfacial tension and the contact angle at a

concentration of about 0.1 g/L. CAHSB exhibited about the same effect as lignin
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sulphonic acid up to about 0.3 g/L. However, unlike the behaviour of lignin sul-
phonic acid, the interfacial tension decreased further when CAHSB concentration
was increased to about 0.5 g/L beyond which the interface was insensitive to any
further increase in surfactant concentration. TAHSB and CAB effected an interfa-

cial tension decrease to a lesser extent than the other reagents with the exception

of OPD.

o Just like the interfacial tension effects, lignin sulphonic acid, naphthalene sulphonic
acid-formaldehyde condensates, and CAHSB effected the most contact angle in-

crease from 80 to 145-155°; OPD effected an increase to 125-135°.

e Without adsorption at the mineral-liquid interface, var4 and yars will not be af-
fected by the presence of any surfactant and hence vs4 cos 8 (or yara - Yams) should
remain constant; however, vs,4 cos varies with surfactant addition. From Table
5.9, vars far exceeds the value of vpr4 (compared to that obtained in the absence of
any surfactant), since a surfactant can only act (or accumulate) at an interface to
lower the interfacial free energy, and not raise it. Thus 55 cannot be raised in the
presence of the surfactants. Hence the surfactants act to lower 374 and the result
is an increase in the contact angle. The effect of lowering yar4 and vsa (except
for OPD), and hence increasing the contact angle, increases the tendency for liquid
sulphur to detach (or roll) from the mineral surface, making the mineral accessible

to the aqueous phase.

e Under leaching conditions, the effectiveness of the surfactants (used as dispersants
for liquid sulphur) does not necessarily exhibit the same behavioural pattern as their
interfacial activities. Thus, naphthalene sulphonic acid-formaldehyde condensates,
CAHSB, CAB, and TAHSB were poor dispersants even under low pulp density

conditions. On the other hand, OPD was a very good dispersant for liquid sulphur.
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the results being comparable to those obtained with lignin sulphonic acid under
both low and high pulp density leaching conditions. This indicates that the most
important criterion for a surfactant to be effective under leaching conditions is
for the surfactant to be able to increase the liquid sulphur-mineral contact angle
(by being adsorbed on the mineral-liquid interface). The angle does not necessarily

need to be very high provided a certain critical angle (greater than 90°) is exceeded.

e The presence of oxidizing ionic species such as ferric ions can have an adverse
effect on how the surfactants function. Such species can enhance the kinetics of
degradation of the surfactants e.g. the effect of ferric/ferrous ions on the interfacial
activity of naphthalene sulphonic acid-formaldehyde condensates and the low %

zinc extraction (even under low pulp density leaching conditions) in the presence of

CAB, CAHSB, TAHSB and naphthalene élllphonic acid-formaldehyde condensates.

e The adsorption of lignin sulphonic acid proceeds through both physical and chemi-
cal mechanisms. The surfactant interacts with the mineral through the hydrophilic
groups and acts as a bridge between the mineral and the aqueous phase. The in-
teraction results in the formation of a bulk-like Zn(II)-surfactant complex having

an organic portion similar to the bulk surfactant structure.

e OPD is adsorbed onto the solid mineral adsorbent through chemical interaction
and this adsorption is independent of the pre—adsorption surface characteristics of
the mineral. The infrared spectra suggest the formation of amine-related surface
species through the C-N functional group of the surfactant. The nitrogen free
electron pair possibly overlaps with the metal ions of the sulphide lattice, with the
hydrogen atoms of the -NH, group interacting with the aqueous phase through hy-
drogen bonding, rendering the mineral surface hydrophilic. MPD possibly interacts

through a similar mechanism.
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o It is believed that the formation of pockets of metal-surfactant species/complexes
on the mineral surface is probably enough to make the mineral particle sufficiently

hydrophilic.

6.2 RECOMMENDATIONS

These studies have shown that OPD (and MPD) can be potential surfactants (or dis-
persants) for the zinc pressure leach process. This finding could lead to the commercial
application of OPD for zinc pressure leaching. However, more investigations need to be
carried out on the use of such surfactants. The impact of residual OPD and MPD on
the subsequent purification and electrowinning stages of zinc recovery are two areas of
concern that need to be addressed before any full scale commercial application is initi-
ated. The environmental effects of these reagents are also very important and require
extensive investigations. It is believed that lignin sulphonic acid degrades before the zinc
sulphate leach solution reaches the tank house, thus, not interferring with the process.
The current study should be expanded to include other surfactants not mentioned in this
study.

This thesis was designed to address the role of surfactants in the liquid sulphur-
aqueous zinc sulphate interfacial system. The effect of interactions between the surfac-
tants and precipitated solids such as jarosite, lead sulphate, silica, etc. on the coalescence
(or dispersion) of liquid sulphur was not studied (or considered) and hence nothing can
be said about the role of such precipitated solid materials on the coalescence of sulphur
in the presence of the surfactants under leaching conditions, e.g. though OPD was in-
effective on the liquid sulphur-aqueous solution interface, it produced sulphur particles
of very fine sizes while lignin sulphonic acid which effected a reduction in the interfacial

tension (i.e. sulphur dispersion) gave rise unexpectedly to coarse size sulphur particles
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in the leaching. Thus a thorough study needs to be conducted on the effect of precipi-
tated solids (on interaction with surfactants) on the coalescence (or dispersion) of liquid
sulphur droplets.

The pressure leaching of copper sulphide and pyrrhotite minerals above the melting
point of sulphur also experiences the sulphur occlusion problem which tends to reduce
the extent of metal extraction. This has prevented the development of a high temper-
ature process (above the melting point of elemental sulphur) for copper recovery from
concentrates. It is strongly recommended that future research be directed towards iden-
tifying surfactants that disperse liquid sulphur from the surface of industrially important
copper minerals. Surface tension and contact angle measurements, leaching studies and
ATR-FTIR investigations will be required to develop a complete picture for the copper

system.
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Appendix A

RADII OF CURVATURE

The derivation of radii of curvature is based purely on analytical geometry and applied
to the pendant drop. The curvature, &, of a curve at a point P(x,y) is the rate of change

of ¢ per unit change in arc length along the curve at that point 1. e.

a4

- (A.78)

K =

where ¢ is the angle in Figure A.57 and s is the arc length measured along the curve.

Radius of curvature is the reciprocal of curvature:
o = 1/k (A.79)

Thus, if one of these quantities is known, the other can be easily obtained. Consider the

equation
1

P =7 (R%# F) (A.80)
where R; and R, are the radii of curvature. Consider the curve C (i. e. the profile of
the pendant drop) to be represented by a twice differentiatable function y = f(x). Let
P(x,y) be any arbitrary point on the curve, C, and ¢ is the inclination of the tangent
to the curve at P (i. e. the angle between a tangent and the horizontal). At P, R; can
be represented as being in the plane of the paper and R, perpendicular to the plane of
the paper. R, is given by NP (on the diagram) which rotates about OO. At the apex

(origin, O) R; = R;. In two-dimensional space, x, y, the direction of a line is given by

its inclination. The tangent to the curve at any arbitrary point P is given by:
tang = f'(z) = ¢ (A.81)
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Figure A.57: Section of pendant drop profile

= ¢ = tan™! f'(z) (A.82)
Therefore, since

) d¢| |d¢ dz

8 ds| dx'dsl (A.83)

= '%tan_l f(z) %”Sf (A.84)
However (from calculus),
%tan_l flz) = % (A.85)
Meanwhile, 2 can be derived from the curve considering the movement of P(x,y)
such that
ds = /1 +(y'(2))? (A.86)

dz
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The radius of curvature R;, can be obtained as the reciprocal of «.

From Figure A.57
I SRt o € C) i
* 7 sing y'(z)

R
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Appendix B

CHEMICAL ANALYSIS

B.1 Analysis of Fe** and Fe’* ions

About 55-60 mL of deionized water is added to 5 mL of sample solution (i.e. filtrate).
The diluted solution is titrated against 0.1 or 0.05 M ceric sulphate solution (i.e. Ce**)
using and an Autotitrator with Pt. and calomel electrodes. The Fe®* ion concentration
is then computed once the end point of the titration is reached.

The ferric ion concentration is calculated from the total iron concentration of the
sample solution. About 15-25 mL of 6 M HCI solution is added to 2 mL of the sample
solution and heated to about 80°C. Any ferric ion is reduced to the ferrous state by
adding 0.5 N SnCl, solution until the solution turns colourless. Excess SnCl, solution is
added. The solution is cooled and then diluted with 55-60 mL of deionized water; 10 mL
of 5 % HgCl, solution is also added and allowed to stand for about 5 minutes and then
titrated with the standard ceric sulphate solution to an end point of about 740 mV. The
total iron concentration is then computed. The difference between this and the ferrous

ion concentration gives the total ferric ion concentration.

B.2 Total Acidity Analysis

To a 2 mL sample solution, 10 mL potassium hydrogen oxalate solution, KHC,Oy, (at
pH = 5-6) is added to complex any metals in solution and then diluted with about

55-60 mL of deionized water. The solution is then titrated against 0.5 M NaOH using
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the Autotitrator (with a combination pH electrode - glass+calomel). The volume of the
titrant is then read from the chart. A blank titration is done by titrating 10 mL potassium
hydrogen oxalate solution against the standard NaOH solution. The difference between
the two volumes give the NaOH requirement of the solution acid (H') concentration.
The total acid concentration of the sample solution is then calculated. The reactions

occurring are:

[(HCQO4———> K+ + HCQO; (BQO)

For the blank titration
HC,07 + OH™— C,0%~ + H,0 (B.91)

Sulphuric acid dissociates according to

H,S0,= HY + HSO; (B.92)
Then
H*t 4 C,02 — HC,0; (B.93)
and
HSO; + C,0}™— SO + HC,0 (B.94)

Reaction B.91 then proceeds from reactions B.93 and B.94. This gives the base require-
ments by the acid.

The metal ions are complexed according to:

Zn*t + nCL0 = Zn(C,04)" - (B.95)
and
Fe*t + nCL0 = Fe(Cy0,)3" 7~ (B.96)

These two reactions do not make any H*.
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B.3 Sulphur Analysis

Determination of elemental sulphur in leach residue

Add 50-60 mL of ~ 2.1 mol/L Na,S to 0.5-0.8 grams of sample (i.e. leach residue) and
heat to 70-80°C. After about 15 minutes, filter and wash residue 2-3 times with about 0.5
mol/L NaOH solution followed by distilled water. Dry residue and weigh. The difference

between residue and sample weights gives the weight of elemental sulphur.

Determination of sulphate sulphur in leach solution

To 5-10 mL of sample solution, add 50 mL of water and about 1 gm. of hydroxylamine
hydrochloride and gently heat to dissolution of salt. Filter into 500 mL beaker and wash
thoroughly. Adjust the pH of the filtrate to about 7 using ammonium hydroxide and
then add 5 mL of HCI. Dilute the solution to about 300-400 mL, and heat to boiling.
Add 25 mL of barium chloride solution while boiling or stirring and allow to stand for
several hours or overnight on a low warming plate. The barium chloride solution will
precipitate the sulphate sulphur as barium sulphate. Test if solid precipitation is complete
through drop-wise addition of barium chloride to the supernatant liquid. If precipitation
1s complete filter and thoroughly wash residue with 5 to 6 times with hot water. If the
precipitation is not complete, add more chloride solution to complete it. Transfer the
residue to a ceramic crucible and ignite in muffle furnace at 850-900°C for one hour.

Cool the solid, weigh, and calculate sulphur content as follows:

Sulphur, % = A% 0.13735 * l](;_o

or

1000

g/L Sulphur = A=0.13735 % * D

where
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o A = weight of barium sulphate found (g)

e B = sample weight (g) (if starting material is solid and has to be digested before

the sulphur determination)
e C = volume of sample solution used (mL)

¢ D = dilution (as ratio of diluted volume to initial volume)

Determination of sulphide sulphur in concentrate

About 10 mL each of bottle strength HNO3; and HCI are added to 0.3-0.5 gram of
concentrate sample in a beaker and then heated until contents boil, shaking the beaker
from time to time. The beaker is cooled and about 1 mL of liquid bromine is added to
oxidize the sulphide sulphur to the sulphate form. The beaker is allowed to stand cold
for about 10 minutes with gentle shaking from time to time. The beaker is gently heated
to evaporate any residual bromine. The solution is boiled down to 10-15 mL, allowed to
cool and then carefully diluted to 50-60 mL and filtered into a 250 mL volumetric flask.
The filter is washed several times and the solution made up to volume. The sulphur

determination is carried out as described in the previous section.



Appendix C

SURFACE EXCESS

Thermodynamically, the Gibbs adsorption equation for an interface in an z component
system is given by [149]:
—dy =S}

int

dT + Xi_T}du; (C.97)

where S} . = interfacial excess entropy per unit area
T = temperature
u; = chemical potential of ith component in the system

At constant temperature

—dy = Eizlrgdﬂi (C.98)

The chemical potential, y;, of the zth solute in the solution is given by:
wi = p? + RTlna; (C.99)

or

Hi = /l:-) + RTlnf,‘C,' (ClOO)

where u? = standard chemical potential of component .

Differentiating the above equation

dﬂi = RT(dlnf, + dlnci) (C.IOI)

= mT (14 45 e, (C.102)
ding; ‘

= RT¢(dlng;) (C.103)

206
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For : components system, equations C.98 and C.103 give
—dy = RT(Tl¢dine, + Tybydine, + -+ Tiédinc) (C.104)

Component 1 is considered to be the solvent whose interfacial excess is assumed be
negligible. This means that

Il =0
and I'} can be written as I';. Equation C.104 can thus be simplified to

['3é3dincs ['y€4dine, I';é:dlnc;
Fg{zdl'fng F2£2d1n62 FQfgdlﬂCz

This simplifies to
—dy =mRTT3.dInc, (C.106)

where

I'3&sdines T'yéydine, I';é:dlne;
- .11 I ikl
m = G ( VT, 6dine, | Tobyding 1 Thtydine

For a solution containing an organic electrolyte (or surfactant) RX, and inorganic

electrolyte ZnSQy, it can be assumed that they both dissociate completely according to:
RX, — R~ +zX*

ZnS04 — Zn*t + SO?

where
z = valency of organic surface active anion
R = is the surface active anion.

For a multicomponent solution like this one
—dvy =Trx,dprx, + Tznso,ditznso, (C.107)

and

HRX, = PR+ 2fx+
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KZnsoy = Hzn2+ + fiso2-

Mathematically, it is shown that [149]:
FZnSO4 - FSOE“

Similarly,

I'rx, = T'r

Thus, the relative surface excess of the surfactant can be computed using equation
C.106 if the following speciation assignments are made:
¢; assigned to the solvent (water)
¢, assigned to R (or RX,)
¢3 can be assigned to Xt
cq represents Zn?* and

cs represents SO;~.
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