

















concentrations initially and it was found that nickel removal occurred at a linear rate,
reaching completion within 30-40 minutes. During the continuous nickel removal the
aqueous sulphide concentration increased to an equilibrium value and after an imitial
decrease the pH remained constant between 3 and 4. Thus, the sulphide in solution was
present as the H,S(aq) species and therefore unable to react with nickel.

Resolubilisation of nickel sulphide precipitates was observed, and it was hypothesised
that this was due to the formation of aqueous polysulphide complexes. The redissolution
effect was tested in batch experiments, varying the molar ratio of NiS and significant

resolubilsation was observed in the presence of excess HS 1ons.

When NaOH was added at a low concentration the efficiency of sulphide utilisation was
low. Aqueous sulphide accumulation was observed within the reactor and the majority of
added sulphide passed through the reactor without dissolving. The undissolved sulphide
was quantified in a post reactor sulphide trap.

A higher NaOH concentration was supplied to the bubble column so that a greater
concentration of H,S(aq) in solution dissociated to form HS". The result was reduced
reaction times from 30 to 2.5 minutes, without significant wastage of sulphide reagent. It
was attempted to model these experiments using OLI Lab Systems Analyzer. OLI
predicted greater Ni** removal and a greater pH decrease than experimentally observed.
For each time interval modelled, OLI predicted the thermodynamic equilibrium, utilising
the total free sulphide available. The lower the pH the longer the system took to reach
thermodynamic equilibrium and the time scales involved became unrealistic with respect
to reactor operation. As a result, the model over-predicted process efficiency. Therefore,

thermodynamic based modelling of the system was not appropriate.

The rate of sulphide dissolution was theoretically modelled using Higbie’s Penetration
Theory. The model was experimentally validated by comparing modelled and
experimental aqueous sulphide concentrations and was found to hold for the duration of
the experiment. Supersaturation predictions were based on the rate of diffusion as
calculated from Higbie’s theory and subsequent speciation. It was found that
supersaturations decreased when a gaseous sulphide source was employed as opposed to
slug-dosing with aqueous sulphide. Typical supersaturation values for the gaseous system

were in the region of 10° compared to 10* for the batch system.
g p ys

Particle size distribution (PSD) measurement was attempted in order to carry out
population balance modelling of the precipitation reaction. However, due to the

flocculation and settling of precipitate particles in the measuring apparatus, robust PSD



Civ-
measurement was not possible. It was therefore not possible to experimentally determine

the controlling particle rate processes; however, empirical data suggests the system is

dominated by nucleation and aggregation.

Experiments performed using diluted Reduction end solution (RES) showed that while
the complex solution matrix provided significant buffering capacity, the reaction
mechanism was similar to that determined for the synthetic nickel sulphate system.
Alkalinity input was necessary to facilitate complete precipitation, because the buffening
capacity of the diluted RES was insufficient to neutralise all the protons generated during
complete precipitation of the nickel and cobalt.
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Chapter 1: INTRODUCTION -1-

1. Introduction

One of the principle causes of water pollution is the industrial discharge of wastes and
by-products. The pollution of surface and ground water by heavy metal species
represents a significant environmental threat. The mining and mineral processing
industries are seen as heavily polluting as they generate high volume wastewaters, often
with significant concentrations of heavy metals. Acid Mine Drainage (AMD) is formed
as a consequence of mining and contains large amounts of heavy metals. Exposure of
mineral sulphides to water and oxygen through mining activities leads to the generation
of AMD. The removal of such metals from waste streams is an environmental priority
enforced by government legislation, while the recovery of valuable metals from waste

streams could have economic benefits.

Several treatment techniques have been used to remove heavy metals from wastewater.
These include ion-exchange, evaporation, reverse osmosis, carbon adsorption,
complexation and chemical precipitation, which is the most commonly used method
(McNally et al, 1984). Precipitation is the formation from solution of a solid product as a
result of addition of a precipitating agent to the solution (Jackson, 1986). A controlled
precipitation process allows for efficient removal of harmful heavy metals on an

industrial scale.

Precipitation has long been used as both a means of recovery and for the separation of
metals from solution. It is the favoured method used as a scavenging process in the
recovery of heavy metals present in solution in low concentrations prior to such
solutions going to waste (Jackson, 1986). For example, both hydroxide and carbonate
precipitation are used for effective treatment of AMD (Pulles et al., 1996).

Precipitation may also be used to separate a metal or a group of metals from others,
either for the removal of impurities or minor metallic constituents, or for recovery from
solution of the major metal (Jackson, 1986). The Sherritt-Gordon ammonia leach process
for the treatment of nickel rich concentrates uses sulphide precipitation early in the
process in order to remove copper from the leach solution. Later in the process cobalt

and the remaining nickel are stripped from solution as sulphides using precipitation.

An mmportant practical aspect of precipitation is the subsequent separation of the solid
precipitate from solution. This is usually achieved through thickening and/or filtration
(Jackson, 1986; Coulson and Richardson, 2002). Separation is most effective if the

precipitate is dense, crystalline and above a certain size. Precipitates that are too small are
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difficult to separate from solution on an industrial scale. A particle size of at least 10um

is necessary for retention by a “fine filter” (Jackson, 1986).

Supersaturation is the thermodynamic driving force for the precipitation process and is
one of the key vanables in determining the size of particles. The supersaturation is the
difference in the theoretical solubility of the precipitating substance and the activities of
its lons in solution. Because of the low solubilities and resulting high supersaturations
generated in precipitating systems, control of the process 1s difficult. Sparingly soluble
compounds such as nickel sulphide have extremely low solubilities, where

K, =3.98x107°,

In order to control product characteristics in precipitation processes, solution
supersaturation and the nucleation rate must be controlled. Therefore a sound
mechanistic background is necessary in order to understand and implement control in

the precipitating system.

L1 Metal sulphide precipitation

Metal recovery and reuse, attractive for economic and environmental reasons, can be
achieved by means of precipitation with sulphide. This is convenient as many metal-
refining operations are equipped to deal with sulphides as they are designed for
processing sulphide ores (Esposito et al., 2006). The high reactivity of the sulphide ion
reduces the retention time required in the reaction tank (Bhattacharyya et al,, 1981).
Metals recovered as sulphides can be processed in existing smelters for pure metal
recovery, leading to financial benefits (Bhattacharyya et al., 1981 in Hammack et al,,
1993).

The formation of Ni(s) in the hydrogen reduction autoclave of the modified Sherritt-
Gordon Leach Process used at Impala Platinum Refineries produces an aqueous
Reduction End Solution (RES) containing significant amounts of Ni (1.0-1.5g/1) and Co
(0.2-0.3g/]). The removal of Ni and Co from this stream is desirable since they are
impurities that contaminate the (NH,),SO,, which is subsequently recovered for reuse in
the process. For process efficiency and economic gain nickel and cobalt must be

removed to low concentrations from the RES (Lewis and Butler, 2001).

Sulphide precipitation to remove Ni and Co from the RES is attractive owing to the low
solubilities of metal sulphides over a broad pH range and the rapid precipitation kinetics
(Bhattacharyya et al, 1981). However, the combination of these factors may be
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disadvantageous to the sulphide precipitation process as they lead to rapid generation of
extremely high supersaturation, resulting in difficulty in the control of the precipitation

process and the formation of fine particles.

The use of a gaseous sulphide source to decrease the rate of generation of
supersaturation has been proposed (Hammack et al,, 1993, 1994). The mass transfer of
sulphide from gaseous to aqueous phase reduces the rate at which aqueous sulphide is

made available for reaction and therefore the supersaturation is reduced.

pH dependent speciation has been exploited to control the precipitation rate, since at
acidic pH values spontaneous nickel sulphide precipitation does not occur (Kolthoff and
Moltzau, 1935; Simons, 1963). At acidic pH values the sulphide species present is
predominantly H,S(aq), as shown in the pH dependent speciation equations of H,S(aq)

below

HS(ag) = HS + H* pK, = 6.99 (Jackson, 1986 1-1
p

HS «S$* +H* pK, = 17.4 (Midgisov et al., 2001) (1-2)

This suggests that the H,S(aq) species is not able to react with Ni** to form nickel
sulphide. In a continuous or semi-batch system, by controlling the pH, the bisulphide ion
availability can be exploited to dictate the rate of the sulphide precipitation reaction.

The second inference of equations 1-1 and 1-2 is that S* does not occur at significant
concentrations within the limits of the real pH scale and thus does not contribute
significantly to the precipitation of nickel sulphide. Kolthoff and Moltzau (1935), support
this by stating that the bisulphide ion (HS) is responsible for the precipitation of metal
sulphides through the formation of intermediary hydrosulphides of the metal.

1.2, Objectives

The first objective of this research was to confirm experimentally that the H,S(aq)
species 1s not able to precipitate nickel. These tests were camied out in a batch reactor

using an aqueous sulphide source.

The second objective was to investigate the effect on nickel precipitation of manipulating
supersaturation by controlling HS™ availability. This was achieved by manipulating gas

flowrates and alkaline addition. Supersaturation control, such that metal removal was
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complete and rapid with efficient utilisation of sulphide was desired. In addition, the
nature of the precipitate should facilitate easy solid/liquid separation.

Finally, once the reaction mechanisms were characterised using the model, synthetic

nickel sulphide system, the removal of Ni and Co from RES was investigated.

1.3. Thesis overview

The main experimental work presented in this thesis focuses on precipitation of NiS
from a synthetic aqueous stream in both batch and semi-batch systems, using aqueous

and gaseous sulphide sources, respectively.

Supersaturation and particle rate processes such as nucleation, aggregation and growth
are discussed in detail in Chapter 2. These are important aspects to consider in attempts
to control the formation of particles large enough to facilitate the separation of solid
precipitates from the aqueous phase post-precipitation. The generation of
supersaturation results from the availability of the correct sulphide species in solution.
Sulphide speciation and associated aspects of sulphide precipitation are discussed in
Chapter 3. Chapter 4 discusses methods used to control the generation of
supersaturation in precipitating systems. Chapter 5 expands on the use of a gaseous
sulphide source to control the precipitation reaction as the diffusion of gaseous sulphide
into solution from a gaseous bubble is rate limiting. The materials and experimental
methodology are described in Chapter 6. Chapter 7 discusses results from the aqueous
batch system and the gaseous semi-batch system and Chapter 8 draws conclusions of this

work and recommendations for further work on metal sulphide precipitation.
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2. Precipitation theory

This chapter describes important aspects of precipitation theory, showing the differences
between crystallisation and precipitation processes. The concept of supersaturation as the
driving force behind precipitation reactions is defined. The effect of supersaturation on
predominant mechanisms involved in particle formation is discussed from colloid
formation at high supersaturations and primary and secondary nucleation at lower
supersaturation values. Primary nucleation and birth of nuclei is discussed after which
induced nucleation including possible sources for secondary nuclei in the precipitating

system 1s presented. The most relevant post-nucleation particle enlarging mechanisms are

then described.

Crystallisation is used in industry as one of the cheapest and most effective methods for
production, purification and recovery of pure solids from impure solutions (Mullin,
2001). In addition, crystallisation produces an end product, the crystals, with many
favourable characteristics such as good flow and handling properties. Crystallisation
occurs when the concentration of a solute is raised above its solubility limit (Mullin,
1972). Thus, crystals are obtained from solution through (a) cooling, (b) increasing the
concentration of the solute through solvent evaporation, (c) a combination of (a) and (b)
when solvent evaporation is used for both cooling and evaporation, and (d) by salting or
drowning-out with the use of a co-solvent. Crystallisation is usually a slow process

leading to the formation of uniform, well-ordered, highly crystalline solids.

Precipitation is the crystallisation of sparingly soluble substances (S6hnel and Garside,
1992). Precipitation is known as reactive crystallisation because the thermodynamic
driving force for crystal formation, which is supersaturation (S), does not result from
action on physical properties of the solution. The supersaturation is generated from the
reaction of two soluble components leading to the formation of a sparingly soluble
precipitate. Precipitation is a rapid process due to the high supersaturations generated by
the low solubilities of the precipitated products. Precipitation processes can produce
amorphous and compound phases as well as various polymorphs, hydrates or other
solvates. Usually only one specific form is acceptable to ensure formation of the desired
product (Schnel and Garside, 1992).

It is well established that high supersaturations induce high nucleation rates (Jackson,
1986) and a large number of precipitate particles are formed, thus limiting the average
size to which precipitates grow. If precipitates are sufficiently small, secondary processes

such as agglomeration may occur resulting in a significant increase in particle size (Schnel
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and Garside, 1992). Thus, a fundamental approach is necessary to understand the

mechanisms of the precipitation process.

The removal of nickel from solution using sulphide as the precipitating agent is an
efficient precipitation system due to the sparingly soluble nature of NiS. As a result,
sulphide precipitation is the chosen means of scavenging Ni and Co present in the RES
prior to the ammonium sulphate solution being recycled for reuse in the Shernt-Gordon
Leach process (Jackson, 1986). The solubilities of both NiS and CoS are sufficiently low

ensuring essentially complete removal of these heavy metals.

2.1 Supersaturation

Supersaturation is the key variable in any precipitation process and it governs nucleation,
growth and aggregation (Sohnel and Garside, 1992) and thus the particle size of
precipitates (Jackson, 1986). A saturated solution having a concentration of C* is in
thermodynamic equilibrium with the solid phase. A supersaturated solution has a
concentration greater than the thermodynamic supersaturation concentration (C¥).

Crystallisation processes can only take place in supersaturated phases.

Supersaturation can be simply defined as the difference in concentration between the

actual (O and equilibrium (C*) concentrations or as a relative supersaturation:

S==% (2-1)

This definition of supersaturation assumes an ideal solution with an activity coefficient
equivalent to 1 (Myerson, 2002). In an ideal solution where components do not influence
each other the activities of the components are equal to their concentrations (Sohnel and
Garside, 1992). However, in a real solution, the activities and concentrations of the
components are not equal to due to interactions between the aqueous components.
Thus, in real solutions, activities are expressed as a product of the concentration and the
acuvity coefficient, which is a term representing the deviation from ideality. A more
general definition of the supersaturation, in which the activity coefficients are not taken

as unity, is derived below.

Supersaturation is alternatively defined as the difference in the chemical potential of the
crystallizing compound in a supersaturated solution (state 1) and the crystal (state 2),
which is the free energy change in the precipitating system (S6hnel and Garside, 1992)
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Ap=p, — 1y = AG (2-2)

In a spontaneously crystallising system the change in Gibbs’ free energy is negative. The

driving force for crystallisation is typically presented as a positive value thus the reaction

affinity, ¢ , is defined as (Sohnel and Garside, 1992)

$=-Au (2-3)
The chemical potential of a solution is defined as
M, =4 +RT Ina, (2-4)
Where a, is the activity of species I, R is the universal gas constant and T is the
temperature of the solution in Kelvin. The activity of species i in solution can be

expressed as the product of the concentration of species i in solution, C, and the activity

coefficient y,

a; =7,C (2-5)
Combining the above equations produces (S6hnel and Garside, 1992)
%) oln L = g Zirzes (2-6)
42 Y:i2Ci

where < 1s the number of moles of positive and negative ions in 1 mole of solute.

The supersaturation of a solution is defined as the difference in activities between states
1 and 2, as defined above

g4 _ G _ VirCui (2-7)
a, 7.C

Mullin (2001) defines the supersaturation of a sparingly soluble electrolyte as the ratio of
the ion activity product and the solubility product. The ion activity product is the activity
of the electrolyte at state 1 and the solubility product is the product of activities at
equilibrium (state 2).
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S =IAP/K,, (2-8)

The definition of supersaturation according to Mullin (2001) was applied to the
precipitation of NiS to quantify supersaturation in both the batch and gaseous systems.

Thus the supersaturation expression was described as

Y DN Ty (HS)

KSP,NiS

S

Combining equations 2-6 and 2-7,

G oins (2-10)
RT

which incorporated the supersaturation term as the driving force behind precipitation

processes.

The degree of supersaturation determines the rate and the mechanism by which
crystallisation occurs. Supersaturated solutions are metastable ie. not at equilibrium
(Myerson, 2002). Two types of phase transition have been postulated to relieve
supersaturation. The first type consists of large fluctuations in concentration,
infinitesimal in spatial extent and the second infinitesimal in degree and large in extent.
The classic nucleation theory is based on the former postulate and also requires that a
sharp interface exists between the nucleating (stable) and supersaturated (unstable)
phases. Spinodal decomposition is based on the latter postulate and differs in that a
diffuse interface may exist between the stable and unstable phases (Mullin, 2001). For a
supersaturated solution within the metastable region, which is below the metastable limit
and above the solubility limit, the phase separation mechanisms are nucleation and
crystal growth. Within the metastable zone nucleation is necessary to effect phase change
(Mullin, 2001). The metastable limit or spinodal curve is the highest supersaturation
concentration after which phase separation occurs by spinodal decomposition (Myerson,
2002). Above the metastable limit within the spinodal region any phase separation can
lower the free energy of the system and no nucleation step is required (Mullin, 2001).

Crystallisation of precipitates is the result of nucleation and growth and then secondary
processes such as aggregation and breakage (Schnel and Garside, 1992).

Figure 1 shows the position of various crystallisation regions within the metastable limit.
Zone 1 1s outside the metastable limit and is thus undersaturated. The boundary of Zone
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1 is the solubility of the AB compound. For sparingly soluble substances, this boundary

lies very close to the axes.

At very high supersaturations colloid and gel formation occur (Zones 5 and 6). Colloids
and gels have very poor dewatering capabilities and are therefore difficult to handle in
downstream phase separation and can be considered as undesirable products. Zone 4 is
the region of homogeneous nucleation which produces small precipitates that have poor
settling properties. Zones 2 and 3 are the preferred regions of operation. These are the
areas of lowest supersaturation and thus the regions in which control of the precipitation
process 1s possible. In both zones precipitation is facilitated by the presence of catalysing
particles. Zone 2 is the region of secondary nucleation where nucleation is catalysed by
the presence of nuclei formed by homogeneous nucleation and Zone 3 is the area of

heterogeneous nucleation in which foreign particles facilitate precipitation.

1: Undersaturated
2: Secondary nucleation
3: Heterogeneous nucleation
%%encclzzgation 4: Homogeneous nucleation
5 6 5: Colloid formation
6: Gel formation
5
4
3
2
7
Solubility curve Species A Concentration

Figure 1: Various regions of supersaturation and predominant particle formation
mechanisms (Gosele and Kind, 1991)

In this study control of the precipitation reaction, such that primanly particle enlarging
processes such as growth and aggregation occur after controlled nucleation, is attempted.
It 1s not certain which post-nucleation particle enlarging process will predominate and
thus both are discussed in detail below. Further evidence such as PSD data will provide

evidence as to which mechanism is most significant. The “slug” dose manner of reagent
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addition in the batch system generates very high supersaturations and thus nucleation is
the dominant particle formation process. In the semi-batch gaseous system the
generation of supersaturation is controlled, thereby limiting nucleation and encouraging

subsequent growth and/or aggregation of precipitates.

2.2 Nucleation

In order to relieve supersaturation and move towards equilibrium, a supersaturated
solution will crystallise and nuclei are formed (Myerson, 2002). Nucleation is the initial
formation of the smallest thermodynamically stable solid phase from a supersaturated
solution (Jones, 2002).

There are various mechanisms for the formation or birth of nuclei (nucleation) as shown

below

Primary Y Homogeneous

. Heterogeneous
Nucleation &

\ Initial breeding
Secondary Polycrystalline breeding
Macroabrasion

Dendritic
Fluid shear

Contact

Figure 2: Different mechanisms of nucleation (Schnel and Garside, 1992)

2.2.1 Homogeneous nucleation

Homogeneous nucleation is the formation of a solid phase not initiated by the presence
of any solid phase (S6hnel and Garside, 1992). It is spontaneous nucleation from a clear
solution (Jones, 2002).

The classical theory of nucleation (Nielsen, 1964) assumes that clusters are formed by a

sequence of bimolecular additions until the critical size is reached.

A+A=A
A +A=A

A, + A=A, (crtical cluster)
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Further molecular additions to the cntical cluster would result in nucleation and
subsequent growth of the nucleus. The construction of clusters, which occurs very
rapidly, can only occur and continue in regions of very high supersaturation and many of
the embryos or ‘sub-nuclei’ fail to reach maturity. These redissolve because they are too
unstable. If, however, the nucleus grows to a certain size, as explained below, it becomes

stable under the average conditions of supersaturation present in the bulk of the fluid

(Mullin, 2001).

The rate of nucleus formation, B, by this mechanism is given below

B, = Aexp _AG, 2-11
’ kT

Where the pre-exponential factor A has a theoretical value of 10 nucler/cm’s, AG,, is

the critical free energy for nucleation, k i1s Boltzman’s constant and T is temperature
(Myerson, 2002).

The classical theory of nucleation is based on the condensation of a vapour to a liquid,
and this treatment may be extended to the crystallisation from solutions (Mullin, 2001).
The free energy change (AG) for the formation of this new phase through

homogeneous nucleation is the combination of the free energy change for the formation

of the nucleus surface (a positive value), AG,, and the free energy change for the phase

transformation (a negative value), AG, (Myerson, 2002).
AG=AG. +AG, = fL*c +aLl’AG, (2-12)

o is the surface or interfacial tension, # and & are the shape and volume factors
respectively, based on the characteristic length, L. Various shape and volume factors for

different shaped particles can be found in numerous texts. For spherical nuclei g = =

and & = 7/6 and the characteristic length L on which these are based is the diameter,
d. Thus, equation 2-12 becomes:

AG=4m’c + g m’AG, (2-13)

The free energy changes as a result of surface formation (AG, ), which is the excess free

energy between the surface of the particle and the bulk of the particle, and phase
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transtormation {AG, ) and therr resulting overall [ree energy change (A€ are shown in

Fizure 3 below.

+ve AG,
3
= e T
2z " i i
& E
% X
e 5
\AE
\
|
—. 1@ ]

- - i
Suge of nucieus, ©

Figure 3: Free energy diapram tor nucleadon explaning the exstence of a ‘cncal

micleus’, [ree enengy vs cluswer size (Muollin, 1972)

In a supersaturated solution the free energy required to form a new phase (AG, ) s a
negative quantity as the system is not in equilibrium and washes to attain a more stable
state by undergoing nucleation. ‘The free energy required to [orm a surface {A€F )
increases with increasing nucleus size, The overall excess free energy resulting from a
combination of these two energies is the cntical energy barrier {AG. ) that must be

avercome In order to form a cntical cluster of radius (# ).

The cntical cluster sie () can be {ound by minimising the free energy funcuon wath
respect to the radius,

dAG)

R o+dw AG, =U (2-14)
dr

"Thus the critical cluster radws 1s
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and the cnitical free energy change s

dmr’c

AG, =— (2-16)

The newly formed crystalline lattice structure in a supersaturated solution may either

redissolve or grow, depending on its size, but the process it undergoes should always

result in the decrease of free energy of the particle. The critical radius size, r,, represents

the minimum size of a stable particle.

The Gibbs-Thompson equation governs the growth of clusters

mﬂi~=mS=335 (2-17)
c* kTr

where cis the concentration of clusters of size 7. Thus smaller clusters dissolve and larger

clusters grow until they reach the critical size #, and a new phase is formed. Substituting

r. from equation 15 mto equation 14

1670°v?
aG, = L7V 219
(kT InS)
The nucleation rate, equation 2-11, becomes
B 4 1670V’ (2-19)
= Aexp| ———— -
R VR

From equation 2-19 it can be seen that the nucleation rate increases with increasing
supersaturation and temperature, and decreases with an increase in interfacial tension, or
surface energy, because there is more tendency for nuclei to not form or to dissolve if

the surface energy is large.

Homogeneous nucleation forms the basis of several nucleation theories but rarely occurs
in practice due to the presence of dissolved impurities and physical features such as

reactor walls, stirrers and baffles.
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2.2.2 Heterogeneous Nucleation

Heterogeneous nucleation is the formation of a new solid phase catalysed by the
presence of a foreign solid (S6hnel and Garside, 1992; Jones, 2002).

Heterogeneous nucleation occurs at a lower supersaturation than homogeneous
nucleation because the free energy barrier is lowered by the presence of a foreign
substance, which reduces the energy required for nucleation. The decrease in free energy
results from the wetting or contact angle, 9, of the solid phase. The wetting angle is the
contact angle between the foreign catalyzing solid and the precipitate nucleus formed on
its surface, as illustrated below (Figure 4). The wetting angle serves to reduce the free

energy required for nucleation.

Bulk fluid

Precipitate

Catalyzing surface

Figure 4: Heterogeneous nucleation; precipitate deposit on a catalyzing foreign surface

illustrating the wetting angle

If the wetting angle, 3 = 180°, then the overall energy of nucleation is the same as that
required for homogenous or spontaneous nucleation. When there is partial affinity
between the solid surface and the precipitate (0 < 9 < 180°), nucleation is easier to
achieve because the overall excess free energy required is less than that for homogeneous
nucleation. When there is complete wetting (9 = 0°) the free energy of nucleation is
zero. This case corresponds to the seeding of a supersaturation solution with crystals of
the required crystalline product, so no nuclei have to be formed in the solution (Mullin,
2001).

Thus,
A(;hom = ¢A Gher (2-20)

Where the factor ¢ is less than unity and is expressed in terms of the wetting angle as

¢ =~41I(2+COS N1 -cos 9)’ (2-21)
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Thus a lower supersaturation can facilitate nucleation in a heterogeneous system.

In sulphide precipitation of nickel the dominant particle forming mechanism is primary

nucleation.

223 Secondary Nucleation

Secondary nucleation results from the presence of pre-existing precipitates in the
supersaturated solution. These parent crystals have a catalysing effect on the nucleation
process and thus nucleation takes place at a lower supersaturation than that required for

spontaneous nucleation. (Jackson, 1986)

There are several theories which have been proposed to explain secondary nucleation.
The ongin of secondary nuclei may be traced back to parent crystals as in initial or dust
breeding; needle breeding; and collision breeding. The secondary nuclei may also result
from solute in the liquid phase such as impurity concentration gradient breeding and
nucleation due to fluid shear (Myerson, 2002). The various theories of secondary
nucleation propose that the secondary nuclei either originate from the parent crystals or

the boundary layer of the growing crystals.

The rate of secondary nucleation is a result of three processes:
1. The generation of secondary nuclei on or near the parent crystal
2. Removal of the clusters

3. Growth to form a new solid phase

The degree of supersaturation is a critical parameter controlling the rate of nucleation
and affects it in three different ways. At higher supersaturation the adsorbed layer around
a crystal is thicker and thus results in a large number of nuclei. The size of the cntical
nucleus decreases with increasing supersaturation. As the supersaturation increases, the
micro-roughness of the surface of the crystal increases, resulting in a larger nuclet
population. (Myerson, 2002)

2.3 Growth

Crystal growth is the crystallisation process by which nuclei grow larger by the addition

of solute molecules from the supersaturated solution (Myerson, 2002).
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Crystal growth and nucleation, as well as secondary processes such as aggregation and
breakage, work in combination to control the final particle size distnbution (PSD) of the
system. The conditions and rate of crystal growth impact significantly on the product
purity and the crystal habit and are thus important parameters in the development of

industrial crystallisation processes.

The “linear growth rate” of a crystal is the linear growth of a face of the crystal in a
direction normal to that face. Face growth rates, however, are not normally used to
describe the overall growth of a crystal. A more useful definition of growth of a crystal is
the rate of increase of some characteristic dimension of the crystal. If the crystal was a
sphere the characteristic dimension is the diameter, but if the crystal is another shape the

characteristic shape 1s usually the second longest dimension.

2.3.1 Crystal growth theories

Crystals are thought to grow in a layer by layer fashion. Molecules must desolvate and
absorb on the crystal surface. The general mechanism by which a molecule is
incorporated into a crystal face is its adsorption onto a face followed by its diffusion
along the face to an energetically favourable step (site B) or kink site (O for its
incorporation. The difference between step and kink sites is shown in Figure 5 below.
Energetically site B is more favourable than A and C more favourable than B. It is easier
for molecules to bond to an existing step or kink than to spread over a surface to form a

new step and thus crystals grow layer by layer.

Figure 5: Surface structure of a growing crystal (Ohara and Reid, 1973)

This explains the method of crystal growth but neither the formation of the steps nor the
controlling factor for the rate of growth of steps.
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2.3.1.1 Two-Dimensional Growth Theories

This theory describes the birth of a step, which is analogous to the formation of nuclet
clusters, but in only two dimensions. The step can be seen as the formation of a circular
nucleus on a flat surface, effectively cancelling out one dimension. Molecules will
continually adsorb, surface diffuse and desorb onto the surface and also collide and form

two-dimensional aggregates.

Once the surface nuclei are formed, the manner in which they spread and form a
complete layer is encompassed by the mononuclear model, the polynuclear model or the
birth and spread model (Myerson, 2002).

Mononuclear model: The simplest crystal growth theory predicts the spread of the
surface nucleus across the surface at an infinite velocity. The rate determining step in this
model is the formation of the surface nucleus and the growth rate of a face is
proportional to the area of that face. Thus larger faces grow faster than smaller faces,
which 1s contradictory to the observed fact that the fastest growing faces have the
smallest areas, while larger faces have slower growing areas. This eliminates the
usefulness of the mononuclear model. (Myerson, 2002)

Polynuclear model: This theory predicts the formation of a layer is not due to the spread
of nuclei but is composed of enough two dimensional nuclei of critical size to cover the
layer. The polynuclear model predicts that the growth rate will increase with increasing
nucleation rate but that the growth rate will decrease with the decreasing nuclei size. The
critical nuclei size decreases with increasing supersaturation. The polynuclear growth rate
does not predict a continuous increase in crystal growth rate with increasing
supersaturation; instead it predicts that at some supersaturation, growth is a maximum
that will decline if the supersaturation is increased or decreased. This prediction has not
been observed, and is unlikely (Myerson, 2002).

Birth and spread model: Between the extremes of the mononuclear and the polynuclear
models, in which the spread velocities are infinite and zero respectively, is the birth and
spread model. The birth and spread model allows the spreading of nuclei at a finite
velocity and assumes that the rate of spread is independent of size. (Myerson, 2002)

Each of these models fails at low supersaturations due to dependence on two-
dimensional nucleation, unless a very low surface energy is used. Therefore these models
are not suitable for predictive purposes but are illustrative with regards to crystal growth

mechanisms.
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2.3.1.2 BCF (Burton-Cabrera-Frank) surface diffusion Model

The previous models are unsatisfactory because they make crystal growth a non-
continuous process with the rate determining step being the formation of a critical two-
dimensional surface nucleus (Myerson, 2002). Frank (1949) put forward a theory in
which steps are self-perpetuating and stem from dislocations in the crystal surface known
as “screw dislocations” thus providing a way in which steps and therefore crystals grow

continuously. These dislocations arise because crystals growing layer-by-layer often have
imperfections (Mullin, 2001).

Molecules adsorbed onto the crystal surface migrate to the higher of the two planes of
the screw dislocation, thus forming a spiral staircase (left- or nght-hand). The dislocation
is still present after the layer is complete, so further molecules can absorb, migrate and
form layers. The screw dislocation (a) from which the staircase grows follows a spiral
radius (b) which is limited by the supersaturation, and thus a completely smooth face is

not possible under spiral growth conditions as seen from the side view (c) (Figure 6).

Vany =N

@) () ©

Figure 6: Development of a growth spiral from the screw dislocation (Mullin, 2002)

Surface nucleation is not required for growth and growth can occur at a finite rate at low

supersaturations in this model.

2.3.1.3 The Diffusion Layer Model

Boundary layer thickness and diffusion of the solute through the boundary layer can be
significant factors in controlling the growth of a crystal (Myerson, 2002). The diffusion
layer model focuses on the diffusion of the solute through the boundary layer.

As a crystal grows, solute molecules migrate from the supersaturated solution and are

incorporated into the crystal face, thus depleting the solute in the region of the crystal-
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liquid interface. Solute will diffuse from the bulk solution (high concentration) to the
crystal-liquid interface which is at a significantly lower concentration. The region 1n
which the concentration of solute is changing is known as the “concentration boundary
layer”. The distance from the crystal surface to where the concentration 1s equal to the

bulk concentration is known as the boundary layer thickness, 5 .

There are two stages of mass deposition of the solute molecules onto the crystal surface
(Figure 7); a diffusion process where solute molecules travel to the crystal surface from

the bulk, followed by a first order “reaction” when the solute molecules arrange

themselves into the crystal lattice. (Mullin, 2001)

Adsorption Boundary

Layer Layer
l7n e
C i A
: Diffusion
S dnving force
Crystal e \ Bulk solution
<l A
/ “Reaction”
driving force
C v

Figure 7: Concentration profile and concentration driving forces in crystallisation from
solution according to the simple diffusion-reaction model (Mullin, 2001; Myerson, 2002)

2.4 Aggregation

Aggregation is the adherence of primary particles that are cemented afterwards by a
crystalline bridge between two or more crystals (Mersmann and Braun, 2001). The
bridge is as a result of crystal growth for which supersaturation 1s necessary.

Aggregation occurs when small particles collide and form a permanent attachment if the

van der Waals forces are stronger than the gravitational forces. The rate of particle
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agglomeration is dependent on the frequency of collisions and the efficiency of particle

contact (Mullin, 2001).

Aggregation consists of three steps illustrated diagrammatically in Figure 8 below (Franke
and Mersmann, 1995)

1. The collision of particles

2. the “staying together” of particles

3. the formation of crystalline bridges between these particles (cementation)

Free
Particles

e

Disruptio:/ \‘fmentation

Free Particles Aggregate

Figure 8: Formation of an aggregate - free particles collide and either disrupt and remain
as free particles or cement together via growth of a crystalline bridge between the

particles and form an aggregate

The rate of bridge formation is directly linked to the growth rate of the precipitate in the
space between the touching particles. Both electrostatic stabilisation (via repulsion of
electric double layers) and steric stabilisation (via polymeric or macromolecular

adsorbents to impart colloidal stability) are considered in the formation of aggregates
(Myerson, 2002).

The rate 7L, 4) at which particles of size /L, L+ dL] aggregate with particles of size
[A, A + dA] is proportional to the product of the number of particles in these respective

size ranges. The rate of aggregation is characterised by a rate constant AL, 4) , termed

the aggregation kernel. The rate of aggregation is thus expressed as

rolLs ) = AL, A)dN,dN; (2-23)
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The aggregation kernel is a measure of the frequency with which a particle of size L

aggregates with one of size A. The assumption is that all particle collisions are binary and
it is thus implied that particle concentrations are sufficiently low. Kernels are thus a

product of two factors

AL, 2) = B, xf(L, %) (2-24)

where [, depends on operating conditions such as the local fluid velocity and the

chemical environment and is independent of size. f(L, 4) is a function of particle size
and often reflects the mechanism of aggregation. The table below summanzes some
aggregation kernels formulated in this way. (Bramley et al., 1996)

Table 1: Aggregation kernels after Bramley et al (1996)

Mechanism Kemel g/Z, 2/
Size independent B,

Brownian motion

1 .1
(Smoluchowski, 1917) BL+AL"+ 1)

Gravitational (Berry, 1967) BL + AP |L - 4
Shear (Smoluchowski, 1917; B(L+ A
Low, 1972)
Particle inertia (Drake, 1972) BL +A)|L?- 2|

Thompson kernel, empirical

3 312 3 3
(Thompson, 1968) BL-XF/AL + X)

The formation of these aggregation kernels can be classified into two broad categories
1 Perikinetic collision - where particles are present in a stagnant fluid and come

into contact via Brownian motion and thus is usually only valid for small

particles (<1um). These collisions are also influenced by the zeta potential of
the particles.

1.  Orthokinetic collision - if particles are sufficiently large or the fluid shear rate
high, thus in agitated dispersions, where the relative motion of velocity
gradients exceeds that caused by Brownian effects.

The disruption of aggregates takes place by the same collision mechanisms.
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Aggregation can play an important role in increasing particle sizes due to the small
particle sizes and high particle concentrations in precipitation systems (Myerson, 2002).
Properties of precipitates are strongly dependent on the extent to which secondary
processes such as agglomeration have modified the initial suspension (S6hnel and Mullin,
1987). Aggregation occurs alongside crystal growth and is responsible for rapid
enlargement of particle size. Aggregation and particle growth are both strongly
dependent on supersaturation and solution composition (Hounslow et al, 2001), and a

high level of supersaturation will favour aggregation of particles over crystal growth.

2.5 Breakage

Breakage occurs when the combined effect of the fluid shear rate and the mass (density)
of the particles causes a large enough force to break apart large colliding particles into
smaller particles. Breakage usually occurs only after particles have grown to a certain size

and are subject to a sufficiently turbulent environment.

Hounslow et al (2005) use a breakage function for which there is an analytical solution.
The breakage selection rate constant, S(/s), is the rate at which a fragment of a particle
size [ will be selected to break. The selection rate was taken to increase with the size
cubed and the binary breakage function is formulated as one that gives uniform

probability of all fragment sizes on a volume scale, that is
S(hs) = Repeul” (2-42)

where S is the breakage selection rate (s7), k., is the breakage rate constant (s".m"), L is

reak

the particle size (m), and

2
b(l,x,s) = 61’§ (2-43)

This is just one example of the two expressions for breakage considered by Hounslow et
al (2005) in developing a model framework for the crystallisation of a single solid species

in a well-mixed compartment at steady state.

Supersaturation as the driving force behind precipitation processes was described. A
detailed description of particle forming mechanisms, such as nucleation, aggregation and

breakage, which dictate particle size, was presented in this chapter.
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3. Sulphide Precipitation

This chapter focuses specifically on the precipitation of metal sulphides. The potential
advantages and disadvantages of using sulphide as the precipitating agent are listed. The
reactive nature of sulphide is highlighted, which leads to the low solubility products of
metal sulphides. The relationship between solubility and pH is discussed including how
pH can be manipulated to facilitate selective precipitation of different metal sulphides.
Practical challenges such as controlling precipitate formation and properties arising from
low solubilities are discussed. Hydrogen sulphide speciation is explained. Discussion of
the formation of polysulphide clusters as intermediates during precipitate formation and

as products of metal sulphide dissolution.

Many hydrometallurgical industries exploit sulphide precipitation using H,S(g). The
Kokkola cobalt plant of the Outokumpu Company of Finland uses selective sulphide
precipitation to achieve solution purification (Jackson, 1986).

This process exploits several advantageous aspects of sulphide precipitation, shown in
the list below;
*  Good metal removal efficiency is possible due to the sparingly soluble nature of
metal sulphide precipitates (Bhattacharrya, 1981)
»  Selective metal recovery is feasible (Veeken et al., 2003)
*  Metal removal is possible over a wide pH range (Mishra and Das, 1992)
* Low residence time required in the reaction tank because of the high reactivities
(rapid kinetics) of metal sulphides (Veeken et al., 2003)
» Sulphide will precipitate metals complexed with most complexing agents (Mishra
and Das, 1992)
» Sludge volumes of metal sulphide precipitates are relatively low compared to
when using other precipitating agents such as carbonates or hydroxides (Bhagat
et al., 2004)
* Sulphide precipitates can be processed by existing smelters for metal recovery
(Bhattacharrya, 1981)

However, there are disadvantages associated with sulphide precipitation as well;
* The rapid reaction kinetics means that effective control of the precipitation
process is required for selective precipitation of metals (Jandova et al., 2005)
* High reactivities and the sparingly soluble nature of metal sulphides form very
small particle sizes (colloids) making phase separation after filtration difficult
(Jandova et al., 2005)
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* The formation of H,S(g) at low pH values presents a gas odour and safety
problem (Hammack et al., 1994)

Thus, in order to operate effective sulphide precipitation processes control is necessary
to prevent or alleviate difficulties inherent in the process as a result of the sparingly
soluble nature of sulphide precipitates and their rapid reaction rates.

The following sections highlight some aspects of metal sulphide precipitation to be
considered in order to facilitate efficient metal removal using a sulphide precipitating

agent.

3.1. Metal sulphide solubilities

A sparingly soluble salt, such as a metal sulphide, undergoes partial dissolution with
dissociation into ions when in equilbrium with a limited amount of water. The

equilibrium established for a salt M P, is
M_P.= mM** + nP* (3- 1)

And the thermodynamic equilibrium constant, in terms of activities, is

K, = M7 PY (3-2)

The activity of a pure condensed solid (a,,..,,-) is taken as unity and thus the equation
becomes
(3-3)

. m n
Ky =a,. xa,,

This thermodynamic equilibrium constant, K, is known as the solubility product. Metal
sulphides are sparingly soluble and, hence, have very low solubility product values. Thus
the ion activity coefficient will be close to unity and the solubility product may be

expressed in terms of concentrations. For metal sulphides ), =aj, and so the

solubility product becomes

Ksp = [MH]" X[ 2_]” (3-4)
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Solubility product values of several metal sulphides as well as solubility product

expressions with respect to activities are displayed in Table 2.

Table 2: Solubility product expressions and values for some metal sulphides (Jackson,
1986)

Metal sulphide So%ubility product at 25°C
expression Ko logKp
CdS Ao Xdep  =158x10% -25.8
Co$ Q.. Xdo  =501x10%2 213
CuS a.. xa, =794x107 361
FeS 4. %X, =794x10Y -18.1
HeS a0 XAe  =200X10% 527
MnS a,.xa, =316x10" -105
NiS a,.xa, =398x10° -19.4
PbS (. Xau  =316X10% 275
ZnS a,.xa, =200x10% -247

This table quantifies the sparingly soluble nature of several metal sulphide compounds.

Solubility data may be conveniently presented in a graphic form by rearranging equation
3-3 to give

m K
ay, ==t (3-5)
ay,.

taking the log of both sides of the equation yields a straight line graph of the log of the
sulphide ion activity with respect to the metal ion activity, with the solubility product as
the gradient of the line, since m = n = 1 for all metal sulphides in question

_logK,, nloga,

i m

m
loga ..
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The expression is the basis of the curves shown on the sulphide precipitation diagram in

Figure 9.
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Figure 9: Metal sulphide precipitation diagram [25°C and 1 atm for H,S(g)] (Jackson,
1986)

This diagram illustrates the dissolution concentrations of various metal sulphides. The
sulphide activity on the x axis represents the total sulphide concentration upon
dissociation of the metal sulphide. The point on a curve for a given metal activity of a
particular metal sulphide will yield a sulphide activity on the x axis, below which
precipitation of the metal sulphide will not occur. Figure 9 gives an indication of the
order of metal sulphide precipitation as the sulphide activity is increased. Superimposed
on the log sulphide activity scale are corresponding pH values for standard conditions,
which allows for direct assessment of the thermodynamic tendency for precipitation to

occur in terms of the pH of the solution (Jackson, 1986).

Metal sulphide solubility is closely linked with pH (section 3.2) and therefore this must be

considered for metal sulphide precipitation. For example, NiS solubility is amphoteric as
shown in the following graph of pH dependent solubility of nickel sulphide (Figure 10).

The very low solubility of nickel sulphide coupled with the high reactivity facilitates

almost complete removal of heavy metal ions in solution between pH values of 3 - 14.
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Figure 10: Solubility of nickel sulphide in solution generated using the OLI Stream
Analyzer software (25 July 2005)

The disadvantages associated with sparingly soluble metal sulphide precipitation stem
from the very same low K, values and high reactivities. The supersaturation is generated

instantaneously and the precipitation reaction is thus difficult to control.

At the high supersaturations generated in sparingly soluble systems, nucleation governs
particle rate processes rather than growth. This produces many small particles (nm - pm).
The removal of precipitates by filtration is then entirely dependent on the smallest filter

size available.

Precipitates may also be removed by settling under gravity, which is based on the
terminal velocity of the particles. The terminal velocity is a combination of the
gravitational downward force provided by the weight of the particle and the resisting
buoyant force on the particle. The time taken for settling to occur is a combination of
these two forces. Assuming a spherical particle, the smaller the particle radius the longer
it takes to settle because of the decreased surface area to weight ratio and thus
gravitational force. Therefore, the settling tank must be longer to provide more time for
settling in order to efficiently separate the solid and aqueous phases. Very fine particles in
the sub-micron range (< 1um) are very readily affected by natural convection currents in
the fluid and their behaviour is also affected by Brownian motion. The settling particles

are bombarded with molecules of the fluid in a random manner thus the net resultant
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force acting at any instant may be large enough to cause change in its direction of
motion, leading to inefficient settling (Coulson and Richardson, 2002). Thus, small
particles do not settle well based on the sedimentation velocity expressed in the equation

below

2
uzd gp-p,) (3-7)
18u

where # 1s the settling velocity of the particles, d their diameter and p their density.

and , are the viscosity and the density of the aqueous medium in which the particles are

settling and g the acceleration due to gravity.

Reducing the supersaturation of the precipitating system will encourage larger precipitate
particle sizes through growth and/or aggregation rather than the principle particle rate
process being nucleation. Therefore, if the particles formed are larger, there will be

increased phase separation efficiency through both filtration and settling.

3.2 Sulphide Speciation

Hydrogen sulphide is a gas which dissolves in water and, as a weak dibasic acid,
undergoes dissociation in two stages prior to reaction with metal to form the metal
sulphide (Jackson, 1986). The speciation of aqueous H,S is the pH dependent equilibria
between the sulphide species (H,S, HS', $*) and is expressed in the ionic dissociation
equations 3-8 and 3-9

HS=HS +H* pK, = 6.99 (Jackson, 1986) (1-1)

HS =S +H* pK, = 17.40 (Midgisov et al,, 2001)(1-2)

The diagrammatic representation of these equations is shown in Figure 11
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Figure 11: The pH dependent speciation dissociation of free sulphides

The equilibrium concentrations of the sulphide species used to construct the above
graph (Figure 11) are quantified by the following equilibrium concentration expressions
(Stumm and Morgan, 1996)

[T o
— lota 3_8
[HZ S] Kl N Kl K2 ( )

+
[H'] [H'T

- (ST ot
HS 1= tota 3.9
S 1= g (9
K, [H"]

- [S]
[SZ ]= — total n (3_10)
Uy +[i{—]+1
KK, K,

There is a discrepancy relating to the value of the second dissociation constant (pK,).
Stumm and Morgan (1996) state that the second dissociation constant is between 13 and
19 but that more recent, spetrophotometrically determined, constants are between 17
and 19. The most recent value found is 17.4 + 0.3 (Migdisov, 2001) which has been used
in the graph and equations above. These high values imply that S$* rarely occurs at
significant concentrations in aqueous solution (Licht, 1988; Stumm and Morgan, 1996).
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In a study by Kolthoff and Moltzau (1935) it was proposed that sulphide precipitation
involves the reaction of bisulphide ions to give first a metal hydrosulphide complex of
the metal which, by secondary loss of hydrogen sulphide, results in the formation of the
metal sulphide itself. More recently van Hille et al. (2005) have also suggested that the
principle sulphide species participating in the sulphide precipitation reaction was the
bisulphide ion. Thus, the main reaction expected for sulphide precipitation becomes

Me** + HS —» MeS + H* (3-11)

3.3 Formation of aqueous polysulphide complexes/clusters

In metal sulphide precipitation, the formation of aqueous polysulphide complexes or
clusters is either an intermediary step before formation of the solid precipitate, or a
means by which solid precipitates dissolve after precipitation. Indeed, both processes
may occur. Thus, consideration of polysulphide complexes and clusters is important to
provide insight to the mechanism of formation of metal sulphide precipitates and also

their mechanism of dissolution.

The formation of polysulphide complexes or clusters results from the presence of
stoichiometrically excess sulphide and is caused by either the addition of excess sulphide
or local sulphide excesses present in the precipitating system. Local excesses are formed
as a result of inefficient mixing owing to rapid reaction kinetics in the precipitating
system and can occur despite the addition of stoichiometric or below stoichiometric

concentrations of metal and sulphide to the reactor.

There are two possible consequences of stoichiometrically excess sulphide reagent
present in a metal precipitating system;
* the formation of soluble polysulphide complexes (Luther et al., 1999; van Hille et
al,, 2005)
» the formation of aqueous clusters (Luther et al., 1999; Luther et al., 2002)

Complexes are simply defined as coordination compounds, where a central atom or ion,
M, unites with one or more ligands, L, to form a species of the form MLLL, (Cotton et
al., 1999). The metal and ligands may all be charged. Further, these complexes:

a  should contain a central metal ion capable of significant existence, and

b should exist for a substantial period of time under reaction conditions
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A cluster is defined as a polynuclear complex. There is an electrochemical operational
continuum between metal sulphide clusters and complexes and the first condensed solid
(Rickard and Luther, 2006). Both complexes and clusters are possible when the metal ion

1S copper.

A study carried out by van Hille et al. (2005) investigated the precipitation of copper
sulphide in a seeded fluidised bed reactor. In an attempt to improve the removal of Cu**
ions from solution an excess of sulphide was introduced to the system. It was found that
even under significant stoichiometric excess the free aqueous sulphide (§*, HS, and H,S

(aq)) concentration did not exceed 1ppm.

It was concluded that the system was complicated by the formation of stable, soluble

copper polysulphide complexes as shown below (van Hille, 2005).
Cu** +3HS™ < CuS(HS), +H* (3-12)
Cu** +4HS™ < CuS(HS), + H* (3-13)

An alternative explanation is the formation of aqueous clusters which was investigated in
a copper system by Luther et al, 2002. The process involves the formation of Cu,S;, 6-
membered rings in solution and these trinuclear Cu rings are the building blocks for the
aqueous CuS cluster, which result in CuS precipitation. The Cu,S; reacts with and
without aqueous sulphide (specifically bisulphide) to form Cu,S, and Cu,S; aqueous
clusters respectively as shown below (Luther et al., 2002)

2Cu,S, (FLO), — Cu,S, (H,O),* + Cu,S** + 2H,0 (3-14)
2Cu,S, (H,0), + HS — Cu,S, (L,O),* +3Cu,S% + H +2H,0  (3-15)

Luther et al. (1999) also investigated zinc sulphide precipitation and found very similar
results. Aqueous zinc reacts with aqueous sulphide to form a Zn,S; aqueous cluster,
which then reacts further with aqueous sulphide to form a [Zn,S*] polysulphide ion.
The ion condenses with Zn,S, (aq) to form solid ZnS, and the kinetics of this final step

are relatively slow.

A study performed by Rickard and Luther (2006) has identified a number of possible
nickel sulphide complexes which may form when an excess amount of sulphide is
present in the precipitating solution. The table below shows the likely nickel sulphide

complexes with their stability constants and the method in which they were formed.



Chapter 3: SULPHIDE PRECIPITATION -32-

Table 3: Summary of stability constants for proposed nickel sulphide complexes and the
methods used (Rickard and Luther, 2006)

Species logK / Method Reference

477 07 Ligand competition Al-Farawati and van den Berg (1999)
[Ni(HS)]* 53 07  Sulphide titration ~ Zhang and Millero (1994)
497 07  Sulphide titration  Luther et al. (1996)
[Ni(HS),’ 1047 07 Ligand competition Al-Farawati and van den Berg (1999)
[NL,(HS)P* 9.99 07  Sulphide titration  Luther et al. (1996)
[NL(HS)P* 1590 0.7  Sulphide titration ~ Luther et al. (1996)
[Ni(S)] 572 055 Sulphide titration ~ Chadwell et al. (2001)
[NL(S)T* 11.01 0.55 Sulphide titration ~ Chadwell et al. (2001)
[Ni(S;)] 553 055 Sulphide titration ~ Chadwell et al. (1999)
[NL(S)T* 11.06 0.55  Sulphide titration ~ Chadwell et al. (1999)

where [ 1s the 1onic strength and logK the conditional stability constant valid only for the
stated conditions i.e. for the ionic strength shown. The ionic strength directly influences
the activity coefficients for the complexes formed by affecting the activity of either the
metal or the ligand.

There are two instances when polysulphide ions may be encountered in the precipitation
of metal sulphides (Luther et al., 1996);
1. during precipitation as intermediates in the formation of solid metal sulphides, or

1. post precipitation as a means in which solid metal sulphide dissolution occurs

Any excess sulphide present will react with precipitated nickel sulphide to form
polysulphide complexes or aqueous polysulphide clusters, thereby providing a way in
which metal ions remain in solution (Luther et al, 1999; 2002). Thus, efficient sulphide
precipitation requires stoichiometric amounts of sulphide and metal ions and effective

control mechanisms to maintain the stoichiometric ratio during operation.

This chapter discussed the various aspects to be considered in the practical application of
metal sulphide precipitation technology and a significant number of application-specific

publications were cited.
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4. Methods of reducing local supersaturation

This chapter highlights high supersaturation as a particularly important phenomenon
which needs to be addressed in order to improve process conditions. High
supersaturation can be both a global or local phenomenon, with local supersaturation
being particularly important in applications where the reactivity between the reagents is
high, such as the metal sulphide system. In this case supersaturation around reagent inlet
points can be extremely high, despite the globally calculated value being acceptable. The
chapter identifies three potential methods to reduce local supersaturation: Improved

mixing, modifications to reactor design and employing a gaseous sulphide source.

Control of the precipitating environment is desired in order to avoid unfavourable
reactions, and the subsequent formation of unwanted products. This can be achieved
through lowering the local supersaturation and reducing the spatial inhomogeneity of the
supersaturation. Even if the global stoichiometry of the system is controlled, control of
the local supersaturation is necessary due to the rapid kinetics of the precipitation

reaction.

There are various ways of reducing local supersaturation in order to promote control of
the particle rate processes and decrease the chance of formation of polysulphide
complexes and clusters. This can be best achieved by controlling the local reagent

concentrations.

Mixing of reagents plays an important role in the generation of supersaturation as it is the
means by which the concentrations of reagents are dispersed in the solution and thus

directly affects the formation of local supersaturations.

The fluidised bed reactor (FBR) highlights two methods in which supersaturation can be
lowered 1n this reactor configuration for the formation of sparingly soluble precipitates;
increasing the number of reagent inlet points and introducing a recycle stream to the

reactor.

The use of a gaseous precipitating reagent will decrease the rate at which the active
reagent enters solution due to mass transfer constraints. The supersaturation is therefore
limited, which in turn limits the rate of precipitation. Thus, by using a gaseous sulphide
precipitating agent it is possible to slow the rate of formation of metal sulphides by

hamessing the mass transfer rate.
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4.1 Mixing

The size and morpholopy of crystals obtained by precipnauon are greatly affected by
hvdrodynamic condinons wathin a precipitation reaction (Myerson, 2002) because the
mixing of the svstem dircetly affects the distnbution of the reagents in the svstem, thus
the local supersaturation. Good mixing of the reactant feed stream wath the bull solution
of the precipnation vessel is essential to achieve gond ovenall mixing in the system and 1o

smooth out any supersaturation peaks in Jocal regions (Mullin, 20013,

The importance of nuxing is illustrated m Figure 12,
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Figure 12: Introduction of a rrapent feed stream into a stiered, baflled baich reactor

showing varlanons i concentration wath spatial position {(Vicum et al., 2004)

Precipitating reagent A is intiduced into a bulk solution of B in a {ed baich sysiem. The
plume of reagent is clearly visible, indicating inetficicnt mixing. The supersaturation
along the boundary of the feed plume close 10 the ¢ntry pomnt is extremely high as the
concentmuon of feed reagent Is highest. Around the impeller the supesaturation is
decreased because the concentration of the feed reagent s dstributed by agitation. At the
extremmulies ol the reactor, where the effects of mixing are not yet significant, the region is

undersaturated.

Meso-muxing 1s illustrated in Figure 12, Tt is the wrbulent dispersion of an inconting
tresh foed plume within a precipitator, Macro-mixing is concered with bulk fluid
movement and blending and is inflluenced by precipitator related varables such as
agitator speed and vessel geometry. Micromixing is mixing on or near 4 molecular level

and 15 wnfluenced by fhud phsical properties and local condiions,
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Various configurations of batch precipitating systems have been proposed in order to
lower the high local supersaturation effect of which two are discussed (Lewis et al,
2005).

1. Both reagents, A and B, can be continuously fed into a bulk carrier solution
which serves to dilute their concentrations. The probability of A and B molecules
interacting in large concentrations is decreased and thus the supersaturation (an
equilibrium normalised concentration product of the two reagents) of the system
is decreased.

i. A T mixer in which reagents A and B are mixed in small proportions prior to
discharge into the bulk reaction solution provides a means of control over the
supersaturation created. The small amounts of reagent solutions allowed by the
scale of the T mixer allow this control. Also, very efficient mixing is possible at
this small scale. When one of the reagent streams is diluted with a recycle stream

from the bulk reactor then the supersaturation is lowered as well as controlled.

Heavy metal precipitation using an aqueous source of sulphide requires very fine control
to ensure that high local supersaturations, along with associated negative effects such as
colloid formation, do not occur in the bulk of the solution. Therefore, control of
precipitation processes employing an aqueous sulphide source is usually not robust
enough to be applicable on an industrial scale. This is inferred from large scale processes
such as the Sherrit-Gordon process which use H,S(g) as the precipitating agent (Jackson,
1986).

Figure 12 illustrates the importance of the local supersaturation when considering
precipitation in a sparingly soluble system. The global supersaturation calculation
provides an insufficient description of the system due to local supersaturation gradients.
Efficient mixing is difficult to achieve in sparingly soluble precipitation systems because
of their rapid kinetics, leading to local gradients in supersaturation (Myerson, 2002).
Local supersaturation gradients impact the sparingly soluble precipitation process
significantly because mixing time, even on a molecular scale (micromixing), is much
slower than the rate of reaction (Baldyga and Bourne, 1989). For example, the reaction
between copper and sulphide falls into the instantaneous regime (Sohnel and Garside,
1992), which is characterised by the nucleation rate being much faster than the
micromixing time. Therefore the formation of solid takes place while mixing is still

imperfect.
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4.2 Fluidised Bed Reactor (FBR)

This reactor configuration is used in an attempt to decrease local supersaturation using
an aqueous reagent source. It has been used effectively in the softening of water by
precipitation of CaCO, (Scholler et al., 1987) and more recently in the precipitation of
nickel hydroxyl-carbonate for removal of heavy metals from solution (Costodes et al.,
2006). Van Hille et al., 2005, attempted copper sulphide precipitation in a FBR.

In FBRs radial mixing is highly efficient although there is no axial mixing thus there is,
theoretically, a uniform concentration in every part of the bed (Costodes et al., 2006). In
reality the flow pattern in an FBR bed is intermediate between perfectly mixed and plug-
flow and therefore it is difficult to achieve complete distnibution of supersaturation in all

parts of the bed.

The FBR reactor has highlighted ways of reducing the local supersaturation of spanngly
soluble systems. Fines production in an FBR must be minimised or eliminated in order
to prevent elutration of precipitates from the reactor and, hence, a decrease in process
efficiency. Figure 13 shows a schematic of an FBR and methods used to decrease

supersaturation (Costodes et al., 2006).

Regyde
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Figure 13: Schematic of an FBR and methods used to decrease local supersaturation (van
Hille, 2005; Guillard, 2001)
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Van Hille (2005) used the FBR configuration shown above to precipitate copper sulphide
and Guillard (2001) and Costodes (2006) used it to precipitate nickel hydroxy-carbonate.
For both precipitation systems, the solution containing the metal ion was pumped

vertically upwards into the bed and the precipitating agent was injected horizontally into

the bed.

Fines production in the FBR is due to (Guillard, 2001, Costodes, 2006)
1. High local supersaturations at the side reagent inlet point

il Attrition of precipitates as a result of collisions in the bed

The high local supersaturations generated at the side reagent inlet point (1) result in rapid
production of many fine particles by primary nucleation. By reducing the local
supersaturation at the side reagent inlet point of the reactor it is possible to promote
heterogeneous nucleation and thus encourage precipitate to deposit only on the sand

particles.

The high local supersaturation at the side reagent inlet point is caused by the high reagent
concentration introduced to the FBR. Therefore, decreasing the reagent concentration at
the side inlet and splitting the feed concentration along a section of the reactor length

will result in lower local supersaturations (Costodes et al., 2006).

The application of multiple side reagent inlet points while decreasing the feed
concentration to FBRs has resulted in a significant decrease in fines production by
effectively reducing the local supersaturation in the side inlet region thus enhancing
process efficiency (Costodes et al., 2006). Multiplying the side reagent inlets has resulted
in decreased fluctuations in the supersaturation levels, therefore better control of
supersaturation in the system which also contributes to increased process efficiency.
Successful applications of this approach have been carried out in a nickel hydroxy-
carbonate system by Guillard (2001) and Costodes et al. (2006). However, in the copper
sulphide precipitation system it was necessary to not only split the multiply the feed
stream and reduce its concentrations, but to also add acid, thus manipulating the
speciation of the aqueous sulphide stream in order to reduce local supersaturations (van
Hille et al., 2005).

Another means of reducing the reagent concentration entering the FBR, and thus
reducing the local supersaturation at feed inlet points, is by introducing a recycle stream.
This dilutes the reagent stream coming in at the base of the reactor (2), and contributes
to the decrease in local supersaturation at the side inlet feed points (Costodes et al.,
2006). In the sulphide system the effect of diluting the incoming stream increases the
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likelihood of local stoichiometric excess of sulphide in the inlets and therefore is not
effective (van Hille, 2005).

The recycle stream is also useful because fluidisation of the bed is mainly achieved
through the recirculation flowrate (Guillard, 2001). The mixing intensity caused by the
recirculation stream is sufficient to break up agglomerates of pellets when

supersaturations are low.

The precipitates in the FBR copper sulphide system did not form on the surface of the
sand particles and exited with the treated solution from the top reactor outlet. Only when
the sand was pretreated did the copper sulphide precipitate directly onto the sand
particles. However, the insoluble nature of CuS, even at acidic pH values, precluded the
recovery of the precipitated copper off the seed particles. Therefore, this reactor

configuration appears to have limited potential for the recovery of valuable metals as
metal sulphides.

4.3 Gaseous precipitating reagent

A method which can be used to decrease the rate of generation of supersaturation in the
precipitating system is to supply the precipitating reagent in a gaseous form. Copper has
efficiently been removed from mixed effluent streams using hydrogen sulphide gas
(Hammack et al., 1993, 1994). By using a gaseous sulphide source the rate at which the
sulphide enters solution is limited by the rate of dissolution of H,S(g). Thus the high
local supersaturations are avoided by the mass transfer constraint. In addition the gas
bubbles move up through the reactor so the diffusion zone is dynamic rather than static.
Therefore, the aqueous sulphide species are diffused throughout most of the reactor
volume, limiting regions of high local supersaturation and the formation of a product

with unfavourable characteristics.

The use of a gaseous precipitating reagent is rate limiting for the precipitation process

due to the mass transfer limitation.

In this chapter methods of reducing local supersaturation were discussed and it was
found that
* Improving mixing was discounted as a practical solution due to the nucleation rate
being more rapid than the micromixing time
* Fluidised bed reactors were only successful in systems where the K, of the products
were significantly higher than those for metal sulphides and attempts to utilise the
fluidised bed for copper sulphide were less successful
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* The use of a gaseous sulphide reagent, which has been successfully employed to
precipitate base metal sulphides, was identified as the most promising option and its

advantages are discussed in greater detail in Chapter 5
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5. Gaseous dissolution and reaction of H,S(g)

The chapter describes dissolution and subsequent speciation of H,S(g) in an aqueous
medium. It begins with the derivation of Higbie’s Penetration Theory and continues with

the application of this model to the dissolution of H,S(g) and subsequent precipitation of
metal sulphides.

Mass transfer across an interface between a gas and a liquid or between two liquid phases
is important in separation processes such as distillation (Seader and Henley, 1998) and is
applicable in precipitation when using a gaseous precipitating agent. Fluid-fluid mass
transfer is used to descnbe the dissolution of a substance from a gas bubble into the
surrounding solution. Oktaybas et al. (1994) investigated the precipitation of copper with
H,S(g) using Higbie’s penetration theory to determine the mass transfer coefficient and

thus quantify the rate of dissolution of the sulphide precipitating agent.

The fundamental diffusion equations on which Higbie’s theory is based are those which
describe simple one dimensional unsteady state molecular diffusion, which are derived
below. In addition, Higbie’s penetration theory uses mass transfer coefficients to model

more simply the complex diffusion and reaction of metal sulphides.

5.1 One dimensional unsteady state molecular diffusion (Seader
and Henley, 1998)

Fick’s first law of ordinary molecular diffusion relates the molar flow flux through
species B of diffusing species A, across a given cross-sectional area, A, to the diffusivity,

D, and the concentration gradient of the area A.

n,= —DABA(ddLZA) (5-1)

Equation 5-1 is applied to unsteady state molecular diffusion by considering the
accumulation or depletion of a species with time in a unit volume through which the
species is diffusing. Figure 14 shows diffusion of species A through species B through a

differential volume in only the z direction.
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Figure 14: Unsteady state diffusion through a differential volume A Az (Seader and

Henley, 1998)

Assuming a constant total concentration, ¢ = ¢, + ¢, constant diffusivity, and negligible

bulk flow, the molar flowrate of species A by diffusion at the plane z =z 1s given by

oc
n, = D ("éj—j

And at the plane z + Az, the diffusion rate is

Ny ... = D, (%)
z+Az

The accumulation of species A in the control volume is

%y 0,
ot

Applying rate in - rate out = accumulation,

(5-2)

n, =—DAB(5;-§—21j tn, =—DAB[@J _ a%ap, (5-5)
z z+Az

14

Rearranging and simplifying,

ot
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I RV

Az o (5-6)
Taking the limit as Az — 0,
2
®u_p, 0
ot 24 (5-7)

This is Fick’s second law for one dimensional diffusion. For diffusion in the radial

direction only in spherical co-ordinates, Fick’s second law becomes,

ée,, _ D i(},z &A)
& rt o\ o (5-8)
Analytical solutions to these partial differential equations are available for a number of

boundary conditions, discussed in Seader and Henley (1998).

Mass transfer problems are mostly solved using mass transfer coefficients (Seader and
Henley, 1998). As concentration is defined in many different ways, different mass
transfer coefficients are defined. If A, is selected as the driving force for mass transfer,
then the mass transfer coefficient, k., (mol/time-area-driving force) is defined as shown
below,

n, = kAA, (5-9)

Higbie’s penetration theory has been developed to describe mass transfer from a fluid to
the fluid-fluid interface by determining the mass transfer coefficient, that is, the area

normal rate of mass transfer for fluid-fluid diffusion (Seader and Henley, 1998).

Higbie’s penetration theory offers a realistic physical model of mass transfer across a gas-

liquid interface into a bulk liquid stream, shown in Figure 15.
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Figure 15: Penetration and surface renewal theory for the mass transfer from a fluid-fluid
interface into a liquid (Seader and Henley, 1998)

Within the interfacial region Boussinesq eddies occur that, during a cycle
1. move from the bulk to the interface,
2. stay at the interface for a short, fixed period of time during which they remain
static so that molecular diffusion takes place normal to the interface; and

3. leave the interface to mix with the bulk stream.

When one eddy moves to the interface, it replaces another static eddy. Thus, eddies are

both stagnant and moving, and turbulence extends to the surface.

In the penetration theory, unsteady-state diffusion takes place when the eddy is static.
This process is governed by Fick’s second law, equation 5-7 dernived above. The

boundary conditions are

cy=Cypatt=0for0 <z <o
cy =cpatz =0fort >0

and ¢, =c,, atz =« fort >0

Thus the average mass transfer flux of A in the absence of bulk flow s,

D
N, =2["4E Tt (CAi _CAb) (5-10)

c

In which the mass transfer coefficient is, as defined by the penetration theory
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k =2 D% (5-11)

For bubbles, the contact time, t,, is defined as the ratio of the bubble diameter, 2R, over
the rising bubble velocity, Vj.

5.2 Higbie’s penetration theory applied to metal sulphide
precipitation

Higbie’s theory has been applied to precipitation of metal from sulphate solutions by
H,S(g) Mishra and Kapoor, 1978 and Oktaybas et al., 1994). The overall metal sulphide

precipitation reaction,
MeSO,(aq) + H,S(g) > MeS(s) + H,SO, (5-12)

consists of the following steps
1. absorption of H,S by the gas-liquid interface

. diffusion of H,S to the reaction zone

2
3. diffusion of the metal ion to the reaction zone
4. reaction at the reaction zone

5

. precipitation of reaction products from the reaction zone

It has been found that the diffusion steps (2 and 3) are rate limiting (Mishra and Kapoor,
1978). Thus, Higbie’s penetration theory for the rate of metal sulphide precipitation can

be expressed as

dc,, A
% = _7bkc (Cztwesq + szs ) (5' 13)

where A, is the interfacial area, V is the volume of the liquid phase, Cj,q, is the

concentration of the metal sulphate with time during the reaction and Cj ¢ the

interfacial concentration of H,S (18.18kg/m’) (Oktaybas et al, 1994). Thus, by

integrating we obtain

18.18+C!
In| om0 | Ay (5-14)
1818+ Clre,
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18.18+ Clygp,

The slope, k, of th hd O 187
e slope, k, of the graph drawn wi n[18.18+C/?4es04

J vs time, ¢, ylelds

A
k=20 5.15
ok (5-15)
where
2
4, = TRah (5-16)
VB

where 7 is the number of bubbles/s, Ry the radius of the bubble and Vj its rising
velocity, and 4 the height of the liquid phase. The nsing bubble velocity 1s,

v, =1.02gR, (5-17)
with g being acceleration due to gravity.
The contact time, ., of the volume of liquid that the bubble is exposed to before being

renewed by a new volume of liquid from the bulk solution, according to the surface

renewal theory, is

P (5-18)
VB
Substituting the expressions for Vy and ¢, into equation 5-11 yields
1/4
k. =0.82.D, (i] (5-19)
2 RB

In this study gaseous sulphide will be used to precipitate nickel from a sulphate solution.
Figure 16 shows the dissolution and speciation of H,S(g) and the subsequent almost

instantaneous reaction of the bisulphide ion with the nickel ion in solution.
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SOLUTION

_ Speciation;
= H.S{aq) = H*{aq} + 1% {aq) = 2H" (aq) + 5" (aq)

- Gas ) . ,_,
2R, ';'«.{JIHPUSiﬁﬂriE NSO, (agq) = Ni'* + SO,
9C% N {g)
~ 10%H,S(g Reaction:

Ni** + 115 -+ NiS + H*

Figure 16: Schematic of the diffusion of gaseous hwlrogen sulphide ino soluton,
fallowed by speciation of HS8(g) and reaction with Ni™

In this study Higbie's theary 1s applied to metal sulphide precipitanon and used to
detertrine k. and thus quanufy the rate of diffusion of FS{g) 1o solunen through the

following equation

— N

R = Tf = kc(cm' _cab} (5_2|:I:|
where K is the rate of absarption of HS(g) into solution per unit interfacial arca and t is
the time taken for one bubble to travel the length of the bubble colunn,

As nickel sulphide precipitates, protons are released according o reaction 5-21
N+ HS - NS +1IF {3-21)

after absorption and speciation as shown in Figure 16 above, Thus the solution becomes
mote acidic as the reaction progresses, The sulphide species is predominantly H.S[aq) at
low pH values and therefare reaction 15 no longer possible. Alkalinity (NaO1]) is
supplied as a tool to drive sulphide speciation towards the tormanon of HS' 10ns so thar
the reaction continues. The bydroxide lons consume protons gencrated by the
precipitation reaction {3-21) and these released by dissociation of 115, allowing more
sulphide to enter solution and speciate 10 form HS', which can react with nickel.

Al'Tarazi et al (2024) medelled the precipitation of metal sulphuides wsing gaseous
hydrogen sulphide and presented results far the simultanceus precipitation of Cu and
7Zn. The rate of H,5(y) gas flux {rom the bubble inwe solution was modelled using

Higbic’s Penctration Theory. ‘The mathematical model showed that the rae of
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precipitation of the metals was fully controlled by the mass transfer of H,S(g). The model
does not predict a threshold pH below which precipitation does not occur for nickel, as
demonstrated in this work. Although the model predicted higher precipitation rates at
higher pH values, the information supplied does not encompass the discontinuation of
precipitation of Ni from solution at pH values below 3 and therefore is not applicable to

this system.

This chapter described the theory and presented detailed equations behind the gas-liquid
precipitation of Ni in solution using H,S(g). It emphasised the use of Higbie’s
Penetration Theory to determine the flux of H,S(g) from the bubble into the reaction
solution, which can then be used to calculate the rate of supersaturation generation. The
release of protons by the speciation of aqueous H,S and the reaction of HS™ with metal
tons was highlighted in this chapter and this leads to the assumption that an alkaline

source may be required to maintain the correct balance of bisulphide ions.
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6. Materials and Methods

This chapter describes the solutions prepared and the analytical techniques used, the
experimental apparatus for both batch aqueous and semi-batch gaseous runs and the
details of experiments carried out for each reactor set-up. Experiments were carried out
in the gaseous semi-batch column using a synthetic nickel sulphate solution and a
reduction end solution obtained from industry. The details of modelling of the reaction
system carried out using OLI Stream System Analyzer 2.0 are presented.

6.1 Solutions

All reagents (NiSO,.6H,O, NaOH, Na,S.9H,0) used in this investigation were analytical

grade Merck chemicals.

Nickel sulphate (NiSO,.6H,0) and sodium sulphide (Na,S.9H,0) stock solutions were
prepared to concentrations of 2g/L Ni** and 0.5mol/L Na,S with oxygen free water. The
oxygen free water was prepared by boiling distilled water for 20 minutes and then
sparging with N, for a further 20 minutes during cooling to exclude any O, dissolved in

the water.
NaOH solutions of various concentrations were made up using distilled water.

The reduction end solution (RES) was obtained from Impala Platinum Refineries and
contained 1.5g/L Ni** and 200mg/L Co®*. The heavy metals were present as ammonium
sulphate complexes e.g. Ni(NH;),SO,.

For determining the sulphide concentration in the reactor the following specialised
reagents were required. Zinc acetate solution was prepared to a concentration of 10.4g/L
using deionised H,O. Ferric chloride and N,N-dimethyl-p-phenylene diamine
hydrochloride (DMPD) were made up to concentrations of 16g/L and 4g/L respectively
in 6 molar H{, using oxygen free water and 32% HCL.

6.2 Analytical Techniques

Total free sulphide (H,S(ag), HS, S*) in solution was determined using an
spectrophotometric method based on the reaction of sulphide with p- phenylene diamine
(Methylene blue method). The assay is only accurate to concentrations of 1.50mg/L;

therefore dilutions of samples were made. A volume of sample, usually 15 - 50uL, was



Chapter 6: MATERIALS AND METHODS - 49 -

transferred to a test tube containing 200uL of zinc acetate. The zinc acetate reacted with
any sulphide species present in the sample to form zinc sulphide. The volume was made
up to 5mL by addition of oxygen free distilled water. 500uL of DMPD solution followed
by 500uL of ferric chloride solution were added to the sample. The sample was mixed
and allowed to react completely, about 5 minutes. The addition of the two highly acidic
reagents caused dissolution of the zinc sulphide. The low pH of the sample ensured that
all sulphide liberated from the zinc sulphide was present as H,S(aq) which reacted with
DMPD to form the thiazine dye (methylene blue). The reaction is catalysed with ferric

chlonde. The concentration of sulphide was determined using a Spectroquant® Nova 60.
pH was measured with a Hanna pH 211 microprocessor and a HI 1332 pH probe.

Aqueous metal concentrations were determined using the Varian SpectrAA-30 atomic

absorption spectrophotometer (AAS). Prior to AAS analysis, the liquid sample was
filtered through 0.45pm nylon filters (Millipore).

Particle size distributions PSDs were measured using the Malvern Mastersizer® and the
Beckman Coulter® Counter.

Zeta potentials were measured using the Malvern ZetaSizer® .

Settling efficiency was measured using Imhoff settling cones.

6.3 Reactors

6.3.1 Batch Reactor

The batch reactor configuration is shown in Figure 17. The reactor was a 1L closed glass
vessel kept as airtight as possible using vacuum grease to seal any potential leaks where
H,S(g) evolved during reaction could escape to the outside air, thus ensunng that the
H,S(g) was captured in the NaOH sulphide trap. It was filled to a volume of 750ml for
experimental runs to prevent overflow of solution during mixing. The mixing was
effected by a Rushton impeller, 0.045m in diameter, suspended approximately one third
of the reactor length above the bottom of the reactor. The impeller speed was kept
constant for all experiments at 330rpm and the impeller diameter was 0.04m. The pH
meter was suspended as close to the impeller as possible in order to record the pH of the

well-mixed solution. Samples were taken from as close to the impeller as possible.
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Figure 17: Batch reactor using aqueous sulphide to precipitate Ni**

6.3.2 Bubble Column

A schematic diagram of the experimental apparatus used to test the effects of a gaseous
sulphide source and various NaOH concentrations on the precipitation process is shown
in Figure 18. The reactor was charged with 750ml NiSO, solution with a concentration
equivalent to 200ppm Ni**. NaOH was pumped in at a constant rate of 4.46ml/minute
using a Watson Marlow 505S pump, through Norprene® MasterFlex® 6402-16 tubing.
An aquarium airstone with a diameter of 0.025m was used to sparge the H,S(g) into the
reactor. The reactor was sealed, and therefore any unreacted H,S(g) was collected in the
NaOH sulphide trap. The flowrate of the H,S(g) was adjusted using a TIV Tokyo Keiso
rotameter with a range from 0 to 1.0L/min. /3" steel tubing was used to convey the

H,S(g) gas from the supply tank to the reactor in order to fulfil safety obligations. The
flux values of the H,S(g) entering the reaction solution were between 8.38-1.05 x 107

m/s. pH was recorded at the top and bottom of the bubble column. Samples were taken
at the top of the column.
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Figure 18: Semi-batch bubble column using H,S(g) to precipitate Ni**

6.4 Experimental Design

6.4.1 Batch Aqueous Experiments

The desired initial concentration of metal reagent was 200ppm Ni** for all experiments.
This concentration was obtained by adding a volume of stock NiSO, solution to distilled
water to make up 750ml of reagent. Prior to all reactions the actual concentration (ppm)

of Ni** in solution used for the experimental run was determined by AAS.

In the batch system the sulphide source was provided as aqueous Na,S. From the stock
solution of 0.5M Na,S specific volumes of the aqueous sulphide reagent were extracted
to react with Ni** at the molar ratios of Ni: S displayed in Tables 4 and 5.

The batch reactor was charged with 750ml NiSO, solution with a concentration
equivalent to +200 ppm Ni** to which the sulphide reagent was “slug-dosed” using an
“Eppendorf” pipette according to the desired Ni:S ratio. Thus, a single dose of sulphide

was injected as fast as possible to the reactor at the start of the run only and then sealed.

The mixing rate was kept constant at 330rpm for the duration of the experimental run.
Samples (5ml) were withdrawn at 30s, 2, 5, 10, 15 and 20 minutes after the sulphide
addition and immediately filtered through a 0.45um nylon membrane filter. pH readings
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and samples for sulphide analysis were taken at these times. Filtered samples were sent
for AAS analysis to determine Ni** concentrations.

Two cases were tested in the batch reactor using an aqueous sulphide reagent - the effect
of individual sulphide species, specifically H,S(aq) and HS', and the effect of varying the
ratio of sulphide to metal on the precipitation reaction. Experiments were repeated in

triplicate to decrease the experimental error.

6.4.1.1.  Control of the sulphide species available for reaction

In these batch experiments the initial pH of the sulphide reagent added to the reactor
was adjusted such that only a single sulphide species was present at each pH tested
(Table 4). The concentration of sulphide reagent was measured after pH adjustment
to determine any loss of H,S(g) and if so the volume of sulphide added was adjusted
to maintain the desired stoichiometry. These experiments were based on the pH
dependent sulphide speciation equations (1-1 and 1-2), discussed in Chapter 3, and

their respective reaction constants*.

Table 4: Details of batch experiments with aqueous sulphide to determine the effect of

individual sulphide species on nickel removal

H, H.S(aq), HS', S* * NE: e
pHh R [Sulphide]
Run  (Initial pHof  (theoretical sulphide (ratio of (mg/L)
NazS(aq)) species available for reagents)
reaction)

BO1 11.95

: HS- 1:1 201.10

(unadjusted)

BO2 9.88 HS 1:1 21545
BO3 424 H:S(a) 1:1 238.95

* based on pK, = 6.99 (Jackson, 1986) pK, = 17.4 (Midgisov et al., 2001)

6.4.1.2.  Molar ratio of Ni:S

Various Ni:S molar ratios were tested (Table 5) to ascertain the effect of excess or
limiting sulphide reagent on the precipitation reaction because during batch
experimentation with low alkalinity flowrates, a dissolution phenomenon was
encountered when excess sulphide was present in solution. These batch experiments
with varying sulphide dosage were designed to further study the dissolution effect.
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The stoichiometric ratio of nickel to sulphide was used for comparison with the non-

stoichiometric reagent ratios.

Table 5: Details of batch experiments to determine the effect of metal to sulphide ratio
on nickel removal by batch aqueous sulphide

Ry [NE: [Sulphide] [Ni2+]
(ratio of reagents) (mg/L)
BO4 1: G5 198.2
BO1 1:1.0 201.1
BO5 1:1.5 206.8
BO6 1:2.0 179.8

6.4.2 Semi-batch gaseous experiments

Bubble column experiments were conducted to study the efficiency of Ni** removal with
varying alkalinity by adjusting the NaOH and H,S(g) flowrates to the reactor.

The bubble column reactor was charged with 750ml NiSO, (200ppm Ni**) through
which the gaseous sulphide reagent as a 90: 10% mixture of N,/H,S(g) was bubbled.
Thus precipitation was carried out in a semi-batch manner. The N,/H,S(g) mixture was
bubbled into the reactor through a gas disperser fitted to its bottom. Samples (5ml) were
taken at 0, 1, 2 minutes and every two minutes afterwards for the 40 minute duration of
the run. The samples of reaction solution were filtered and sent for AAS analysis to
determine the nickel ion concentration during reaction (Table 6 and Table 7). pH
readings and duplicate or triplicate sulphide samples were taken at these times as well.
The concentration of sulphide in the NaOH sulphide trap was monitored throughout the
run to quantify unreacted and thus wasted sulphide reagent.

Fresh NaOH solutions were made up for each run in the bubble column. NaOH(aq) of
various concentrations were made up using distilled water. These concentrations were
determined from the desired rate of NaOH(aq) addition to the gaseous column, which
varied between 0.100 and 2.23 mmol/ min as shown in Table 6 and Table 7.
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6.4.2.1. Low alkalinity (NaOH) concentrations

Experiments were run to determine the effect of a continuous supply of low

concentrations of alkalinity on the removal of nickel when a gaseous sulphide source

was employed for NiS precipitation. The molar flowrates of H,S(g) were at least an

order of magnitude greater than those of NaOH. The experiments that were run are

listed in Table 6.

Table 6: Details of experiments to determine the effect of using low NaOH flowrates on

removal of Ni** by semi-batch gaseous sulphide precipitation

N2/H:S ixtu NaOH]:
NaOH /HiS(g) mixture -y ) [Niz+] [NaOH]
[10% HaS(g); 90%N:] [Sulphide]
Run
. : , (ratio of
(mmol/ min) (L/ min) (mmol/ min) (mg/L)
reagents)
101 0.100 0.2 0.893 206.9 0.11:1
Lo2 0.100 0.6 2.68 195.7 0.037:1
103 0.200 0.8 3.57 210.1 0.056: 1
L04 0.150 0.8 3.57 196.8 0.042:1
LO5 0.100 0.8 3.57 2104 0.028:1
Lo6 0 0.8 3.57 2106 -

Experiment 105 was repeated in triplicate to determine the experimental error

representative of this section of experiments (Appendix B).

6.4.2.2. Higher alkalinity (NaOH) concentrations

Higher concentrations of alkalinity were employed thus the ratios of molar flowrates

of NaOH to H,S(g) are of the same order of magnitude or one order less but not any

lower.
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Table 7: Details of experiments using higher NaOH flowrates to determine effect on
removal of Ni** by semi-batch gaseous sulphide precipitation

N./H:S(g) ) [NaOH]:
NaOH [10% FBS(); 90%N,] o@D e
Run
. . . (ratio of
(mmol/ min) (L/ min) (mmol/min)  (mg/L)
reagents)
T01 223 0.8 3.57 2155 0.62:1
TO2 223 0.5 223 2174 1.0:1
T03 223 0.3 1.34 2105 1.7:1
T04 223 0.1 0.446 208.9 5.0:1
T05 1.75 0.8 3.57 182.6 0.49:1
T06 1.75 0.5 223 183.2 0.78:1
TO7 1.75 03 1.34 217.0 1.3:1
TO8 1.75 0.1 0.446 199.7 3.9:1
TO9 1.20 0.3 1.34 197.7 0.90:1
T10 1.20 0.2 0.893 217 4 1.31
T11 1.20 0.1 0.446 2171 271

Experiment TO5 was repeated in duplicate to determine the experimental error

representative of this section of experiments (Appendix B).

6.4.2.3. RES experiments

Semi-batch experiments were run in the bubble column using RES obtained from a
nickel refinery. The sampling and analyses were the same as for the previous set of

experiments.

This solution varied significantly from the synthetic nickel reagent used in previous
bubble column experiments. RES is an nickel ammonium sulphate solution,
Ni(NH,), SO, thus the alkaline source was complexed with the nickel. The ammonium
ion acts as a buffer to the pH drop that occurs upon precipitation of NiS. The
precipitation of nickel from RES was modelled in OLI (15 Apnl 2007) and the final pH
was 4.85 whereas that of the synthetic NiSO, solution was pH 2.29. The higher final pH
of the RES after complete precipitation of nickel compared with the synthetic solution
final pH indicates that the system was buffered.

The RES also differed because the concentration of Ni** (1.5g/1) was much higher and
due to the presence of a significant amount of Co’* (0.5g/L). Thus experiments involved
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diluting the RES so that the nickel concentration was similar to that used in previous

experiments (200ppm). The dilution factor was between 6 and 6.5.
These experiments tested what was shown in the synthetic system; that NaOH 1s

necessary to facilitate reaction despite the alkalinity provided as the ammonium complex
of the RES.

Table 8: Details of semi-batch gaseous experiments using RES diluted by 1 in 6-6.5

Run [100/01\;1/52;;8(9%1/01\12] (H:5(g)] [Niz]  [Cor]  [NaOH]
(L/ min) (mmo/min)  (mg/L) (mg/L) (mmol/min)
RESO1 0.3 1.34 2256 2540 0
RESQ2 0.3 1.34 2522 24.35 1.20

Alkalinity measurements to determine the buffering capacity of the diluted RES were
carried out by titrating with 0.02N H,SO, and measuring the pH change with the volume
of acid added. The calculation to determine the alkalinity, as CaCO, equivalents, is shown

below

Alkalinity = (volume of 0.02 N H,SO,) X 10 X (100/ dil. RES sample volume) (6-1)

6.4.3 Modelling

Modelling was carried out using the OLI Stream System Analyzer 2.0 (OLI® 2006) for
the batch and a selection of semi-batch experiments in order to compare the purely
thermodynamic model results with those obtained experimentally, when kinetic
parameters were significant. The OLI modelling software has an extensive database
containing all possible reactions. From this the most likely thermodynamically occurring

reactions are selected. No specification of reactions occurring is necessary by the user.

OLI utilises a thermodynamic formulation to calculate Gibbs Free Energy, enthalpy,
entropy, heat capacity and volume based on the calculation of the standard state terms
(G)F, S°, G° and V°) using the framework of Helgeson and co-workers, and the
frameworks of Bromley, Zemaitis, Pitzer and Debye-Huckel to calculate the excess terms
(GFHE, SF, GF and V*) (http://support.olisystems.com/Documents/Manuals/).

G =G°+GE (6-2)
H= +H (6-3)
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S=5"+¢§° (6-4)
G=G"+G" (6-5)
V=V 4V (6-6)

OLI, through the Helgeson thermodynamic framework can predict individual G° for any
species, 1, in water and thus predict any equilibrium constant. In addition, OLI can
consider, simultaneously, the formation of any solids that might precipitate, the
formation of a gas phase and a second, non-aqueous liquid phase. Thus, OLI was useful
in modelling the precipitation of NiS using both aqueous (Na,S) and gaseous sulphide
sources (H,S(g)) and considered the thermodynamic possibility of other precipitates such
as Ni(OH),.

Nickel precipitation efficiency, determined by Ni** remaining in solution, and the final
pH values for the slug-dosed batch experiments were simply modelled in OLI by

inputting the initial concentrations of NiSO, and Na,S reagents experimentally used.

Pseudo-kinetic modelling was carried out in OLI for the semi-batch experiments using a
high NaOH concentration (2.23mmol/ min), to facilitate precipitation, at varying H,S(g)
flowrates (0.1; 0.3; 0.5; 0.81/min) (Table 9). The concentrations of NaOH and H,S(g)
were input at 20s intervals, based on their flowrates, until the nickel ions in solution were
depleted. The entire initial 200ppm Ni** as NiSO, solution was input initially and
updated at every 20s time interval. Thus, the % nickel removal and pH after every 20s of

reaction was determined.

Table 9: Values of H,S(g) and NaOH input for pseudo-kinetic thermodynamic modelling
of the precipitation of nickel sulphide when H,S(g) = 0.8L/min and NaOH = 2.23
mmol/ min carried out in OLI Stream Analyzer

time NaOH  H:5(g)
(min)  (seconds) mmol mmol
0 0 0 0

0.33 20 1.32 2.12
0.67 40 2.64 423
1.00 60 3.96 6.35
1.33 80 5.28 8.47
1.67 100 6.60 10.6
2.00 120 7.93 127
2.33 140 9.25 14.8
2.67 160 10.6 16.9
3.00 180 119 19.0

333 200 13.2 21.2
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This chapter provided a comprehensive description of batch and bubble column
reactors. The initial batch experiments were designed to confirm that H,S(aq) ion was
not capable of precipitating nickel. This was achieved by manipulating the pH of the
sulphide reagent to control speciation. The effect of changes to the molar ratio of Ni:S
was tested in the batch system, to test the phenomenon of formation of the polysulphide
complex formation in the presence of excel bisulphide, which was observed in the
bubble column. The semi-batch bubble column was operated under three sets of
conditions; in the absence of added alkalinity and with the addition of a dilute or more
concentrated NaOH stream at a constant flow rate. In addition, under both conditions
the H;S(g) flowrate was varied between 0.1 - 0.8 L/min. After these experiments, the
precipitation of nickel from diluted RES was tested in order to ascertain the applicability
of laboratory data to real world process stream. OLI modeling of the synthetic NiSO,
system 1s used to compare thermodynamic modeled values and experimentally

determined kinetics results.
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7. Experimental results and discussion

7.1.  Batch results

The pH probe was placed and samples were taken o the well-mixed repion, in close
prosirmity to the impeller, to ensure that the reaction was monitored in a region where
concentralion gradients were reduced, Thos, the sample was represemtative of 4 region
where active precipitation was occurtng, Figure 19 shows turbulent dissipatdon energy
a baleh reactor with two feed streams placed close @ the Rushion impeller. There i3 very
high nurbulent dissipation energy near the impeller indicating that thete is good meang in
this regron, Thus, the conceniration gradients in this region are minimised and the local
supersaturation would be approximately constant within the sample volume, with respect
to distanee at wne & Since the sulphide teagent was mntrodhuced to the batch teactor clase
to the impeller the sulphide concentrations would be the highest in tlus rewion and thus

local supersaturations waould be high,

. Reagent A Beagent I3

- teed point feed point
Furlulent

dissipation
enetgy

igure 19: Shawing the hipgh turbulent dissipaton in the vicinity of the impeller in a batch
reactar. Three dimensional computational fluid dynamics (CI'D) model usmg the ke
maclel in FLUTENT 6.1 (Tluent Inc., Lebanon, USA) (Vicum et al., 2004)




Chapter 7: RESULTS AND DISCUSSION - 60 -

7.1.1 Varying pHi

The initial pH displayed on all graphs represents the pH of the starting NiSO, solution
(200ppm Ni**).

pHi represents the pH of the sulphide precipitating agent added to the NiSO, solution.
The sulphide solution pH values were adjusted such that predominantly one sulphide
specles was present at each pHi tested. The second dissociation constant which governs
the pH at which HS' equilibrates with $* or pK, is 17.4 (Midgisov et al., 2001), which is
the most recent value reported. Thus, the major sulphide species present in the
unadjusted sulphide solution (pH 11.95) was the bisulphide ion (HS). At pHi = 9.88, the
same species was in the largest concentration (99.86% HS') within the sulphide solution.
When pHi was adjusted to 4.24, the HS ion was no longer the prevalent sulphide species
(HS = 0.24%) since pK, = 6.99 (Jackson, 1986) and therefore the H,S(aq) species was
almost exclusively (H,S(aq) = 99.76%) present in solution.

For BO1 (pHi = 11.95) and B02 (pHi = 9.88) + 5ml of sulphide solution was added to
the NiSO, to make up 750ml of reacting solution. When pHi was adjusted to a value of
4.24 (B03) with H,SO,, sulphide from the Na,S solution was lost as H,S(g) and as a result
approximately 60ml of sulphide reagent was required in order to achieve the desired
molar ratio of NiS. The volume of the nickel sulphate solution was decreased

accordingly, maintaining the same concentration (200ppm Ni**), so that the total volume
of BO3 remained at 750ml.

250 14
. +12
Sédzoo +
E + 10
éwo {17 ¢ * *

3 / 48
[aW
5 pH
1) ) + 6
gloo .
2 14
5 50 -
42
) e, - S— a4,
0 5 10 15 20

time (minutes)

-~ Ni(aq) conc ~#- free sulphides —— pH

Figure 20: Nickel sulphide precipitation pHi = 11.59 (unadjusted) showing

concentrations of nickel ions and free sulphides in solution and solution pH [B01]
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The precipitation reaction occurred instantaneously, converting the nickel and sulphide
1ons into solid NiS precipitate. Figure 20 shows that after the first sample was taken at
10s, the nickel and sulphide present in the reacting solution were simultaneously depleted
by 94%. These concentrations do not change after 10s which was expected since no
further sulphide reagent was added. There was + 11ppm of nickel remaining in solution
was due to the formation of polysulphide ions. The expected final pH after complete
precipitation was 7.04 which is the pH of the mother liquor (Na,SO,). The final pH after
reaction was higher (pH 8.80) than the expected neutral final pH because H' ions were
bound within polysulphide ion complexes such as Ni(HS)*Ni(HS),, Ni2(HS),, or
Ni,(HS)>".

The pH increased between the 10s and 1 minute readings although no further reaction
occurred, as shown by the approximately constant concentrations of Ni** and free
sulphides after 10s. The pH at 10s (7.02) was similar to that of the initial NiSO, (200ppm
Ni**) solution (pH = 6.88), and significantly lower than the readings taken after this time,
which were all similar varying slightly between pH 8.80 - 8.91. Therefore, the pH reading
taken after 10s was most likely inaccurate due to the reaction time of the probe. Thus,
the pH increase shown as a result of mixing and reaction of the sulphide and nickel
sulphate solutions was from pH 6.88 to pH 8.80.

The pH as a result of reaction (pH 8.80) was due to the speciation of sulphide (equation
7-1) and the precipitation of NiS generating H" ions (equation5-21);

Na,S + H O~ 2Na* + HS + OH (7-1)

Ni**+ HS - NiS(s) + H* (5-21)

and the subsequent reaction of the liberated protons with OH ions present in the initial
sulphide solution (pHi = 11.95). The + 11ppm Ni** ions which remained in the reaction
solution account for the relatively high pH post precipitation compared with BO2 (final
pH = 3.95) and BO3 (final pH = 4.79). The unreacted Ni’* represents unliberated H*
ions (according to equation 5-21) which represent a significant pH change since the
system is unbuffered. Using the formula for pH (pH = - log[H"]) the protons liberated
from the reaction of 11ppm of Ni** will result in the pH decreasing from 8.80 to a value
of 6.62, which is comparable to the final pH values obtained from experiments B02 and
BO3 (to follow) in that it is slightly acidic.
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Figure 21: Nickel sulphide precipitation pHi = 9.88 showing concentrations of nickel
ions and free sulphides in solution and solution pH [B02]

For run BO2 (Figure 21), the initial concentration of OH ions in the sulphide solution
was lower than the previous experiment (pHi = 11.95) since some acid was needed to
reduce the pH to 9.88. Therefore, in this experiment (B0O2) there are fewer hydroxyl ions
to neutralise the protons released from generation of NiS according to equation 7-1.
Thus, the pH after reaction was more acidic for run B02. The pH decreased
instantaneously as the reaction occurred. The pH value at 10s was neglected due to the
time delay of the pH meter, thus the pH decrease was measured as 3.95 after 1 minute.
The pH then remained acidic for the remainder of the run, decreasing from 3.95 to 3.63

with time.

When the pHi was lowered to 9.88 the initial sulphide species present in the sulphide
solution was predominantly HS as in the previous experiment (BO1), however, the nickel
and sulphide concentrations in solution were not decreased to the same extent as when
pHi = 11.95. The pH decrease to acidic values limited the reaction and thus total
removal of nickel and sulphide was not possible. As protons were released by the
precipitation reaction the sulphide speciation changed and H,S(aq) formed which does
not appear to be able to react to form NiS. The nickel concentration decreased to 59%
of the original 200ppm Ni** concentration indicating incomplete precipitation. The
sulphide concentration in solution also decreased but this time by 78% due to the
combined effects of reaction and the release of H,S(g). No further reaction occurred
after the initial decrease in pH to an acidic value which was maintained for the duration
of the run and thus the Ni** and sulphide concentrations remained at 88ppm and 24ppm,
respectively. Jackson (1986) stated that in practice no precipitation of NiS is possible at



Chapter 7: RESULTS AND DISCUSSION - 63 -

room temperature from a solution of pH3. Hammack et al (1993) state that the
minimum pH at which precipitation of NiS occurs is 5.5 and that pH = 6.2 is the

minimum pH necessary to lower the soluble metal concentration to below 0.1mg/L.

This suggests that no precipitation of nickel sulphide was possible with the H,S(aq)
species. In order to test this, a further experiment was conducted in which the pHi was
lowered to 4.24. The acidic pH value was chosen such that the sulphide species present
was predominantly (99.76%) H,S(aq), based on pK, = 6.99 (Jackson, 1986), and was
below the predicted pH at which NiS precipitation is possible according to Hammack
(1993). The results of this experiment are shown in the Figure 22.
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Figure 22: Nickel sulphide precipitation when pHi = 4.24 showing concentrations of
nickel ions and free sulphides in solution and solution pH [B03]

The nickel ion concentration in solution remained constant throughout the run despite

addition of sulphide reagent.

The pH measured after 1 minute was 4.79, and remained within the acidic region of the
pH scale varying between pH values of 4.79 - 4.83. The decrease in pH from pH 6.41 -
4.79 was probably instantaneous and was caused by the mixing of the two reagent
solutions since no significant precipitation of NiS occurred and negligible H* ions were

generated.

The decrease in free sulphide concentration from 109 - 52mg/1. was greater than the
sulphide required for the formation of NiS since negligible reaction occurred. The
addition of sulphide solution was accompanied the noticeable odour of H,S(g), and
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therefore the majonty of the sulphide added was lost to the environment as H,S(g) due
to the acidic pH of the sulphide reagent and the combined reagent solutions. The

agitation (330 rpm) of the reaction solution contributed significantly to the loss of
sulphude.

The increase in pH of the sulphide solution from pHi = 4.24 to 4.79 upon addition to
the NiSO, reagent solution was due to mixing of the sulphide solution at pH 4.24 and
the NiSO4 solution at pH 6.41.

The low pH (< pH 5.5) prevented the reaction from occurring despite the presence of
significant concentrations of free sulphide (52 mg/L) and nickel (220.1ppm) in solution
since the H,S(aq) sulphide species that was present was unable to precipitate nickel. The
pH of the reaction solution (pH = 4.79) is above the pH = 3 prediction of Jackson
(1986) below which reaction of NiS cannot take place, but still the reaction did not

occur.

The redox potential values are shown in Figure 23 below for the batch experiments
varying the initial pH of the sulphide reagent.
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Figure 23: Redox potentials of batch experiments run varying the initial pH of the
sulphide solution (BO1, B0O2 and B03)

The oxidation of NiS precipitates was assumed negligible since the redox potentials were
negative, indicating a reducing environment, for the duration of the batch experiments.
The increasing redox potential for BO3, where the pH of the sulphide solution was

unadjusted, implies that oxidation occurred, but the negligible change in Ni**
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concentration (Figure 20) indicates that this is insignificant for the NiS particle surfaces.
Therefore, it can be assumed that the NiS precipitates do not oxidise and remain stable

in the reducing environment which is maintained for the duration of the runs.

The following tables compare the experimental final pH values and percentage nickel
removal to those modelled using OLI Stream System Analyzer 2.1.4 (November 2005).
The experimental pH values after 1 minute were very similar to those taken after this
time and thus were used for comparison. Similarly the nickel concentrations after 10s
were used for comparative purposes. The final pH values experimentally determined
were consistently lower than modelled pH values. The percentage nickel removal values
were higher than those experimentally obtained, although the differences decreased with
increased pHi. The modelled sulphide species available at each pHi tested (Appendix A)
were similar to those experimentally determined except for the presence of the S* ion in
the OLI modelled speciation at alkaline pH values due to the lower pK, value.

The OLI Stream System Analyzer 2.1.4 determined the pH and nickel concentrations at
thermodynamic equilibrium using the initial experimental nickel and sulphide
concentrations and sulphide solution pHi. The experimental results include the effect of

kinetics on the precipitation reaction.

Experimentally, the pH decreased rapidly due to the release of protons from the NiS
precipitation reaction (equation 5-21) for runs B02 (pHi = 9.88). The protons released
were sufficient to consume OH ions introduced in the sulphide solution and present in
the nickel sulphate reagent solution. When pHi was 11.95, the concentration of hydroxyl
ions was much higher and the thus the hydrogen ions released do not decrease the pH to
the extent exhibited by the other run.

Experimentally, at acidic pH values, i.e. below pH 5, the NiS precipitation reaction no
longer occurred due to the predominance of the H,S(aq) species, as shown in previous
batch experiments where pHi = 9.88 (B02) and 4.24 (BO3). Therefore, no further
protons were released because the reaction (equation 5-21) was halted by the deficiency
of bisulphide ions, and the pH remained constant. At the acidic pH values there was a
surplus of H* jons and thus no driving force to generate more HS ions since it would

directly contribute to a stoichiometric increase in H* concentration.

The OLI model considered only the thermodynamic result and did not include the effect
of kinetics on the reaction. Therefore, the final pH determined in OLI was much lower
since infinite time was given to allow for the nickel to react with the small equilibrium

concentrations of HS present in an acidic reacting environment. For example, at pH 4.79



Chapter 7: RESULTS AND DISCUSSION - 66 -

there are 1.91 X 10° M HS' ions present in solution. Thus, the nickel removal calculated

from the OLI model were greater than the experimentally determined values (Table 10).
The modelled final pH after reaction was lower than that experimentally obtained since
the reaction occurred to a greater extent and thus more H ions were generated

decreasing the pH to below experimentally obtained values (Table 10).

Table 10: Comparison of experimental and OLI modelled percentage decrease in Ni**
ions and pH after reaction for nickel sulphide precipitation reactions carried out at
different pHi values

Run Bo1 B02 BO3

Initial pH pHi = 11.59 pHi =9.88 pHi =4.24
Niz+ Experimental 93.1 42.8 7.3
removal ~ OLI model 100 74.9 48.4
Final pH Experimental 8.80 4.07 4.70
OLI model 7.21 293 2.64

7.2. Semi-batch results

The semi-batch experiments were all run with a synthetic NiSO, solution with a Ni**

concentration of 200ppm.

pH measurements were taken from the reactor at the top, where samples were obtained
to determine nickel and free sulphide concentrations in the solution, and side near the
bottom, where the NaOH feed entered, and their comparison served as an indication of
gradients in concentration that were present in the reacting solution. The minor
differences in the pH values suggested that the solution was well-mixed and that the
concentration differences of nickel ions and free sulphides were also negligible at the top
and bottom of the reactor. Thus, a good approximation for the aqueous medium was
that concentrations change with time and not with position in the reactor, similar to the
continuously stirred tank reactor CSTR. However, the gaseous concentration of H,S(g)
within the bubble decreased as the bubble travelled up the column as a result of diffusion
of sulphide into solution. Thus, the gaseous flow through the reactor can be seen as plug

flow, with the concentration changing with height in the reactor but not with time
(Seader and Henley, 1998).

Figure 24 shows nickel and sulphide concentrations and pH changing with time during
the run with no pH adjustment through alkalinity addition. It can be seen that when
H,S(g) was bubbled through the nickel sulphate solution the pH dropped rapidly (within
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1 minute) to an acidic value of 5.53 and then steadily continued decreasing from pH 5.02
- 4.00 between 2 and 30 minutes. At these acidic pH values the precipitation of nickel
was negligible, with the nickel concentration decreasing by only 10ppm from 209.8 to
199.8ppm over the 30 minute duration of the experimental run. Jackson (1986) states
that, kinetically, NiS precipitation at standard conditions does not occur below pH 3.
Hammack et al (1993) state that the theoretical lower pH limit for precipitation of Ni**
by gaseous sulphide is 5.8 and at pH 6.2 nickel can be removed to below 0.1ppm from
solution. This supports data generated from the batch experiments (section 7.1) which
indicates that H,S(aq) is unable to precipitate nickel.

The sulphide concentration increased rapidly between O and 6 minutes as the pH
decreased from pH 7.43 - 4.62. After this, the sulphide concentration increased at a
slower rate, approaching a saturation concentration at the constant pH = 4 attained in
the solution. The abundance of protons present in solution at these acidic pH values

prevented the speciation of the H,S(aq) into HS and thus NiS precipitation was not

possible.
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Figure 24: NiS precipitation in the semi-batch bubble column using H,S(g) (= 0.8L/min)
with no addition of alkalinity [L.06]

Therefore, in order to precipitate nickel from solution using H,S(g), the bisulphide ion
must be made available. This was achieved by shifting the equilibrium speciation of
H,S(aqg) towards HS' (equation 1-1) through manipulation of the pH.

HS=HS +H' pK, = 6.99 (Jackson, 1986)  (1-1)
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Since the pH becomes acidic during reaction (Figure 24), an alkali source was added to
facilitate the precipitation of NiS.

In most existing sulphide treatment systems, an alkaline agent such as lime is first added
to raise the pH to between 6 and 8 after which the sulphide precipitating agent s
introduced to the system (Hammack et al., 1994). Bhattacharyya (1981) investigated the
combined effects of (a) sulphide-hydroxide precipitation and (b) sulphide followed by
lime as precipitating agents. By the addition of lime or hydroxide ions (alkaline sources),
pH manipulation was possible leading to the complete precipitation of all metals present,
and further, selective precipitation of metals was possible at different pH values. Bryson
and Bijsterveld (1991) utilised ammonium sulphide to precipitate manganese and cobalt,
thus combining the alkali source with the sulphide precipitation agent. Esposito et al
(2006) make use of independent addition of NaHCO, as well as sensitive sulphide
control to precipitate ZnS using Na,S and biogenic sulphide.

In this study, alkalinity, in the form of NaOH, was supplied to the reactor at a constant
rate in order to promote the speciation of H,S(aq) towards HS (equation 1-1), and thus
facilitate NiS precipitation. The alkali source was provided during, as opposed to prior to,
the sulphide precipitation and independent of the sulphide source in order to harness the
speciation of HS' in a controlled manner. Therefore, the effect of various alkali feed rates
on the rate of nickel removal, efficiency of sulphide usage and precipitate properties

could be investigated.

7.2.1. Low alkalinity (NaOH) concentrations

Low NaOH concentrations were utilised to explore the effect of alkalinity addition on
the precipitation process shown below in Figure 25. The relative error for experiment
L05, representative of the error associated with the low alkalinity runs, is graphically
shown in Appendix B.
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Figure 25: NiS precipitation using H.5(g) companng low NaOH concenteadons (0,153,
2.158 and S28Cmmol/ min) used o facilitate reaction at different [1.8(g) flowrates (2.2,
C.6and SBL/ mum) [LT1 - LT5]

At the same NaOH concentration and vanmg HS(g) Howrates (0.2; 2.6 and C.8L/ min)
the raws of nickel removal from solution were very simular, and as the NaCX |
concentrafion inereased (0.120; 2,157 and $.200 mmol/ mun) the rates of nickel removal
increased suggesting that the alkalinity is controlling the rate of precipitation. For the
former set of expenments, where NaOH = Z.100mrnol/ un, 98.9% removal 15 achieved
for HS(g) = &L/ min which would be expecied for HS(g) = 2.2 and C.8L min at the
same alkalinity rate.

However, complete removal of nickel from solution was not achieved for the runs
1L5(g) = 0.8L/min and NaOF = 2,150 and £.200 mmol/min, Figun: 25 shows that after
approximately 93% and 7% nickel removal at 24 and 26 minutes, respectively, the nickel
concentrations m solution increased. The nickel concentrations peaked and then
decreased, [luctuating, so that complete removal of nickel did not eccur at the end of the

run. The reintroduction of nickel imo solution suggests that dissolution of precipitares

occurred. The simultancous, although shight, decreased sulphide concentranion implies
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that dissolution occurred by the formation of polysulphide complexes. However, the
decreased sulphide concentrations were small compared to the concentrations present in
solution since the sulphide flowrate was constant. The same phenomenon of
redissolution of metal sulphide precipitates in the presence of excess sulphide was
observed by van Hille et al (2005) when copper precipitation was carried out in a
fluidised bed reactor using Na,S. The concentration of free sulphides in solution
decreased as the copper concentration increased, and, hence, removal of metal via

sulphide precipitation was compromised.

The concentrations of sulphide in solution were very high during reaction, ranging
between 150 - 275ppm as NaOH and H,S(g) flowrates increased, leading to wastage of
sulphide reagent within the reaction solution. Associated disadvantages of excess
sulphide within the mother liquor after precipitation include odour problems and
recycling difficulties. Wastage of sulphide was also apparent in the large quantities of
unabsorbed, unreacted sulphide present in the NaOH sulphide trap.

The sulphide concentrations increased rapidly and then remained constant, fluctuating
slightly during nickel removal. A constant pH was maintained during reaction resulting
from the equilibrium established between the rates of metal precipitation and NaOH
addition. The sulphide concentration levelled off because the solution became saturated
with H;S(aq) at the stable, acidic pH maintained during reaction, and thus no further
sulphide accumulated in solution.

After the initial decrease in pH, the pH during the reaction was acidic pH (3.35 - 3.60).
Around the region of the alkalinity entry point into the reactor local volume elements of
higher pH occurred. However, since the rate of reaction was greater than the rate of
macromixing, global acidic pH values were recorded and the pH values at the top and
the bottom of the reactor were equivalent. When H,S(g) = 0.2L/min the decrease in pH
was slower than for the higher H,S(g) flowrates since there were fewer protons generated

by the precipitation reaction.

The constant acidic pH at which the reaction occurred allowed for only H,S(aq) species
to persist in solution, with HS ions provided solely by the alkalinity supplied. The acidic
pH shown was a global effect resulting from the instantaneous speciation of H,S(aq) to
HS' (equation 1-1), facilitated by the alkalinity, followed by the instantaneous reaction of
Ni** and HS to form NiS, generating protons (equation 5-21) which reduced the pH.
Thus, the alkalinity added to the reactor was insufficient to raise the pH above acidic
values during reaction but did facilitate the reaction, by promoting speciation of a

portion of sulphide to HS', which kept the pH acidic due to the generation of protons
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from NiS precipitation. The alkalinity was used to neutralise the protons released by
speciation and not those released dunng reaction. Jandova et al (2004) used slow,
controlled addition of aqueous (NH,),S to enable efficient selective precipitation of
copper at pH =1 and nickel and cobalt at pH = 3.0. Jandova et al (2004) supplied the
bisulphide ions to the reactor and precipitation was faster than speciation of bisulphide
into H,S(aq) which would have occurred since the reaction solution had an acidic pH. In
this study, as described above, the sulphide was speciated to HS" within the reactor due
to addition of NaOH and not supplied as bisulphide ions as with Jandova et al. (2004).

An increased sulphide concentration was noted after nickel sulphide precipitation was
complete, despite the dissolution of precipitates. The sulphide concentration in solution
increased as a result of the increasing pH due to speciation of H,S(aq) to HS (equation
1-1). Thus, further sulphide accumulated in solution as the HS species since during

reaction the solution was already saturated with H,S(aq).

7.2.2 Varying the Ni:S molar ratio

The following experimental results show the effect of varying the ratio of the nickel to
sulphide ion concentrations, demonstrating the dissolution of NiS precipitates when
excess sulphide ion was present in solution at neutral to alkaline pH values. Synthetic
NiSO, solution was used with a concentration of 200ppm Ni** (Figure 26). The
proposed mechamism for dissolution is the formation of aqueous polysulphide ions
complexed to the NiS precipitate molecules. Luther et al (1996) reported on stable
polysulphide complexes of various heavy metals including nickel. The proposed

complexes of nickel are NiS(HS) I, NiS(HS) 5 and NiS(HS) 5 analogous to those of copper
(CuS(HS) ; CuS(HS) 5 CuS(HS) ") and it follows that the mechanisms would then also be
similar (Shea and Helz, 1988). The existence of these nickel polysulphide complexes has
not been confirmed by molecular experimental data since species such as MS(HS) J 1s

indistinguishable from M,S,. The latter structure has been experimentally confirmed. The
reaction stoichiometry suggests this type of complex may be forming, for which NS,
may be a maturation product (Luther et al, 1996).
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Figure 26: Nickel and sulphide concentrations (mg/L) for batch precipitation of nickel
from NiSO, using Na,S using varying ratios of Ni:S [BO4, BO1, BO5 and B06] closed
symbols = nickel, open symbols = sulphide

Table 11: pH after batch precipitation of nickel from NiSO, using Na,S for various ratios
of Ni:S

Run Ratio Ni:S Irfigsl Ni+ pH after reaction
(ppm)

BO4 1:0.5 198.2 8.27 £0.02

BO1 1:1.0 201.1 8.86 +£0.05

BO5 1:1.5 206.7 11.23 £ 0.05

BO6 1:20 179.5 1147 £0.04

When NiS = 1:1 (BO1), the sulphide and nickel concentrations in solution were
completely depleted owing to the formation of NiS precipitate. When the Ni:S was 1:0.5
(BO4) the sulphide concentration was completely depleted upon reaction but nickel ions
remained in solution because there was insufficient sulphide to precipitate the nickel 1ons
completely. The final pH values obtained after reaction for experiments where NiS =

1:0.5 and 1:1 were approximately 8.27 and 8.86, respectively.

When the ratio of Ni:S was increased to 1:1.5 (BO5) and 1:2 (BO6), the sulplude
concentrations were initially depleted to the stoichiometric requirement for the reacted
nickel, but then, as the runs progressed, continued decreasing although no further
reagents were added to the solutions. Initially, the nickel ions in solution for both regent

ratios were completely precipitated as NiS and thus were no longer present in solution.



Chapter 7: RESTUILTS AN DISCTRSION - 73-

However, as the runs continued the nickel concentrations increased steadilvup to 71 and
51 mg/L at 22 nunutes for NiS = 1:1.5 and 1:2, respectively. "This Is equivalent tw 34%
and 28% of the initial nickel solution. The pH values [or these muns were 11.23 and 11.47
for Ni:S = 1:1.5 and 1:2, respectively; which are more alkaline values than Ni:S = 0.5:1
(BO4) and 1:1 (BOI1).

During nus BO3 (NS = 1:1.5) and B0 (NS = 1:2) the mickel 1ons 1 solution increased
while the sulphide 1ons 10 solunon deereased with time. This evidence suggests thar when
there is excess bisulphide in solution there is dissolution ol nickel sulphide precipitates by
the [ormauon of polpulphide complexes, The semt-batch data shows that H.S(aq} can
be present at a concentration of 200ppm without alfecting the stabiliy of the NS
precipitate i it will not dissolve in H.S{ag). The pH values of these solutions after
reaction were above pH 7 and thus the formation of stable nickel polysulphide
complexes with the bisulphide 1on was possible (Luther et al., 1996).

Empirical evidence is supplied in Figure 27 and Figure 28, which show the filtrate after
the maction solution was filtered through a 0.22um fiker. The opacity of the filerate
increased with increasing time during the run for both BD5 (IN1S — 1:1.5) and B06 (Ni:5
= 1:2}, thus indicating that partcle sizes decreased 1o at least below 0.22pm as the run
progressed. The increase m filtrate opacity dunng the run also suggests that the
polysulphide 1ons formed were black. The inntial NiSO, synthetic solution before

sulphide addition is represented by sample 1.

et

inmin  2min 3mun [Onun 15nun 20min

- L LI

Figure 27; Ni:S = 1:1.5 [B05] showing the mereasing [iltrate opacity wath ume alter initial

addition of reagents
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Figure 28: Ni:S5 = 1:2 [B26] showing the increasing filtrate opacity with tme after inital

addiion of reagents

Metal sulphides usually form nepatively charged kophobie colloids (the charge on the
dispersion 1s constant), wrmed sols (Jackson, 1986). Figure 29 shows settlability data of
NiS precipitates formed as soon as possible after mixing (minimal contact time berween
the nicke] and sulphide reagents). No settling was apparent for Ni§ = 1:1.5 (B05) and 1:2
(BOG) up to 8 hours after 22 minutes of mixing. It may be that settling of a portion of the
precipitates occurred before this nme, but this could not be observed due to the opacity
ol the soluuon, Complete sewling was wisible after approximately 1 week. Thus, the
presence of excess sulphides increased the settling time when the mixing time of the rwo
reagents was long. When the sulphide was suppbed o excess (BI5 and BJ6), the
supersaturation of the system increased resulting in the formation of precipitates of
smaller sizes (Shnel and Garside, 1992). As the contact ume of sulphide and nickel
reagents increased the precipitate sizes decreased further due to dissolution of

precipitates and thus setthing time was mereased.

When the ratio of NiS was 1:1 {(BZ1) serding occurred after + 3 days, despite the short
(30s) contact teme and even though no dssoluton of precipuates occurred, indicated by
the relatively low, constant concentrations of nickel and sulphide after inital precipitation
(Figure 26). Therefore, the colloidal suspension was stable, resisting flocculation thus
indicating that the zeta potental of the precipirates was not close to the soelectric poing
(Vergouw et al, 1998). It is unclear as to why precipuates formed when NiS = 1:1 do

not settle well, even after a short agitation time.
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When the ratio of Ni:S was not stoichiometric (Ni:S = 1:0.5 (B04) 1:1.5 (B05) and 1:2
(B0O6)) and mixing time was minimised (approximately 30s) the settling was complete
after 6 minutes with very similar settling trends exhibited by all three runs. Settling
occurred via the formation of flocculates, indicating that the zeta potential of the
precipitates was close to zero (Vergouw et al,, 1998). Flocculate formation was followed
by rapid cleanng of the Imhoff settling column. Flocculates were larger as the excess
sulphide in solution decreased. Initial zeta potential measurements of precipitates formed
in the above batch tests after a short contact time between Ni and S reagents are shown
below in

Table 12.

Table 12: Initial Zeta potential values of precipitates formed with varying molar ratios of
Ni:S (BO1, BO4 - B06)

Experiment Ni:S Molar Ratio Initial Zeta potential (mV)

BO4 1:.0.5 -9.47
BO1 11 -38.9
BO5 1:1.5 -39.5
BO6 1:2 -40.3

These values provide no conclusive information linking the initial Zeta potential values

to the settling trends shown or to flocculate formation.

The settling of BO4 decreased to a lower value because the settled volume was smaller as
there were fewer precipitates formed compared to the other runs. Thus, the presence of
excess or limiting sulphides and the resulting increased or decreased supersaturation,
respectively, did not adversely affect settling due to the formation of flocculates provided
the contact time of the sulphide and nickel reagents is short (Milligan, 1995).
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Figure 29: Settling data for the precipitation of NiS using from synthetic NiSO, (200ppm
Ni**) Na,S for various ratios of Ni:S

The following figure (Figure 30) shows the supersaturations based on initial global
concentrations for each of the batch experiments run varying pHi and Ni:S molar ratio.
Supersaturations were calculated using the HS™ ion concentrations as opposed to the total
free sulphide concentrations in solution, based on the inability of H,S(aq) to precipitate
nickel and the high pK, (17.4, Midgisov et al., 2001) value limiting the S* available for
reaction for the extent of the real pH scale. Supersaturations were very similar for all
experiments except when pHi = 4.24 (BO3) because there was a neglgible concentration

of HS' in the acidic sulphide solution compared to the alkaline ones.
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Figure 30: Supersaturations based on initial global concentrations for batch nickel
precipitation experiments using Na,S varying the initial pH (pHi) of the sulphide solution
[BO1, B0O2, BO3] and varying the ratio of Nt:S [B04, BO5, B06]

Despite the similarity in supersaturation values for all batch experiments where NiS
precipitation occurred (Figure 30), the settling of precipitates formed from a
stoichiometric molar ratio of Ni:S (BO1) occurred much more slowly compared to the
other molar ratios. Thus, the settling times and supersaturations, based on initial global
concentrations, do not have an apparent connection. Higher supersaturations produce
smaller particles because nucleation is the dominant particle rate process (Sohnel and
Garside, 1992). Therefore, experiments generating lower supersaturations should
produce larger particles which should theoretically settle faster than experiments with
higher supersaturations, because the settling velocity of smaller particles is slower due to
their decreased weight (equation 3-7). Although the supersaturations generated in the
gaseous system were much lower (10° - 10°) than those of the batch system (10" - 10"),
the primary nucleation was still the dominant particle forming mechanism and therefore
particle sizes generated remained too small to facilitate efficient settling for precipitates
formed after an extended contact time between reagents. However, when contact time of
the two reagents was minimised flocculation occurred and, as stated by Milligan (1995),
flocculation produces high sediment flux of small particles which cannot be explained by
simple Stokes’ settling of single grains (equation 3-7). When the contact time of nickel
and sulphide reagents was increased, flocculation was no longer apparent and thus
Stoke’s Law could be applied (equation 3-7). However, in this case, smaller particles and
the presence of polysulphide species in solution increased solution opacity and thus

hampered visibility and settling of larger particles, if any, could not be seen.
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Due to the flocculation of precipitate particles immediately after mixing, settling data
cannot be used to correlate the effects of supersaturation on particle size with varying
NS ratios. For increased contact time of the two reagents, flocculation did not occur
and settling of larger precipitate particles was not observed due to the opacity imparted
by the smaller particles in suspension and the polysulphide ions, the concentrations of
which increased as dissolution of precipitates occurred. Therefore, settling was

ineffective for rapid and efficient post precipitation phase separation.

7.2.3. High alkalinity (NaOH) flowrates

A series of experiments were performed as previously described, but with rates of alkali
addition an order of magnitude greater. In all cases tested complete nickel removal was
achieved in a relatively short ime (Appendix C). The times taken for complete reaction
for each of the flowrates of alkalinity and H,S(g) tested are shown below. The relative
error for expennment TO5, representative of the error associated with the high alkalinity
runs, is graphically shown in Appendix B. Appendix C displays the actual values shown
in Figure 31 in a tabular form.

Table 13: Time taken for complete reaction for experiments run with high alkalinity

input at various H,S(g) flowrates

HLS(o ix Time for

R PO 0 szs((gg)) ooy LES(E] N complete

reaction

(mmol/ min) (L/ min) (mmolV/min)  (mg/]) (minutes)
TO1 2.23 0.8 3.57 2155 25
TO2 2.23 0.5 2.23 217.4 2.5
T03 2.23 0.3 1.34 2105 2.5
To4 2.23 0.1 0.446 208.9 2.5
T05 1.75 0.8 3.57 182.6 35
T06 1.75 0.5 223 183.2 35
T07 1.75 03 1.34 217.0 3.5
TO8 1.75 0.1 0.446 199.7 35
T09 1.20 0.3 1.34 197.7 4.5
T10 1.20 0.2 0.893 217 .4 4.5
T11 1.20 0.1 0.446 217.1 4.5

The rates of nickel removal were found to be directly related to alkalinity.
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Figure 31: NiS precipitation using H,S(g) comparing different H,S(g) flowrates (0.1, 0.3,
0.5 and 0.8L/ min) when NaOH = 2.23mmol/ min [T01 - T04]

As seen in Figure 31, when NaOH = 2.23mmol/ min, the nickel was completely removed
after 2.5 minutes regardless of the H,S(g) flowrate supplied, which varied between 0.8 -
0.1L/min. Thus indicating that the rate at which the alkalinity was supplied controlled
the rate of nickel sulphide precipitation. The combined effects of the nickel sulphide
precipitation releasing protons and the alkaline effect of the NaOH supplied to the
reactor were the same since the rates of alkaline added and NiS precipitation were the
same for runs TO1 - TO4. The pH measured was the result of the speciation of the
sulphide. At higher H,S(g) flowrates more sulphide diffused into solution and speciated
releasing protons into solution, thus lowering the pH. Thus, the pH values range
between acidic and alkaline values for the range of alkalinity flowrates tested.

The sulphide concentrations in solution increased with increasing H,S(g) flowrate and
with increasing run time, since the H,S(g) input rate was constant throughout the run.
When the H,S(g) flowrates were low ie. H,S(g) = 0.1 and 0.3L/min, there was no
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sulphide present in solution during the time taken for the nickel concentration in
solution to be completely depleted. However, the rate of sulphide availability in solution
did not limit the rate of the reaction since the time taken for complete removal remained
at 2.5 minutes, as with all other H,S(g) flowrates tested. At low sulphide flowrates
(H,S(g) = 0.1 and 0.3L/min), there was no detectable sulphide in solution and negligible
sulphide in the NaOH sulphide trap. Since the flowrate of H,S(g) T04 (0.1L/min) was 3
times smaller than that of TO3 (0.3L/min), and the rates of nickel removal were the same
for TO4 and TO3 nickel hydroxide precipitation could have occurred in the former run.
The alkalinity converted the sulphide in the reactor solution into HS™ upon entering the
aqueous phase owing to the neutral and slightly basic pH values caused by the alkalmity
addition and thus nickel sulphide precipitation occurred to an extent. However, since the
rate of NaOH addition (2.23mmol/min) was greater than the rate of sulphide addition
(H,S(g) = 0.1L/ min), nickel hydroxide precipitation occurred to larger extent (T04).

When the H,S(g) flowrates were increased to 0.5 and 0.8L/min, there was sulphide
present in solution throughout the run including during the reaction, which occurred
simultaneously for the first two minutes. The rate at which sulphide was consumed by
the nickel sulphide precipitation reaction was slower than the rate of sulphide addition
because the alkalinity supplied was not sufficient to raise the pH sufficiently during
reaction and thus did not provide HS ions at a rate comparable to that of the intrinsic
reaction rate. The acidic pH values resulting from these higher flowrates indicated that
the sulphide in solution was present as H,S(aq) species and, hence, was unable to

contribute to the removal of nickel from solution.

A small portion of H,S(aq) dissociates to HS" and H*. The concentration is not sufficient
to significantly enhance the reaction rate, but the H* ions are sufficient to lower the pH

in an unbuffered system. The partial dissociation of the weak acid causes the low pH.

After the reaction was completed the pH increased, since the reaction no longer
generated protons due to NiS precipitation because all the nickel was depleted. During
reaction two H* ions were released for each NiS precipitate molecule formed. The
addition of OH ions neutralised protons and encouraged formation of HS™ by driving

the speciation to the right

HS=HS +H* pK, = 6.99 (Jackson, 1986)  (1-1)

Once all the nickel had reacted only one H* ion was released for each H,S dissolved in
solution due to speciation of H,S(aq) to HS', and some H,S(aq) remained. As a result the
pH increased as not all the OH ions were neutralised by H* liberated as H,S dissolves.
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As the pH increased more H,S dissociates so more H* were released and thus there was
a decrease in the rate of pH increase. The increasing sulphide concentrations indicated
that the sulphide in solution had not reached the saturation concentration for the pH
displayed on the graphs. After the reaction was complete the pH stabilised because the
rates of alkalinity and sulphide supplied remained constant and equilibrated. As the pH
stabilised and the solution was saturated with H,S(aqg), the sulphide concentration in

solution increased linearly at the rate of HS™ formation.
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Figure 32: Nickel Precipitation with H,S(g): nickel removal and pH with time NaOH =
2.23mmol/ min; H,S(g) = 0.3; 0.5; 0.81/ min [T01 - T03]

Figure 32 compares the experimental and modelled nickel concentrations and pH values
with time for NaOH = 2.23mmol/ min and H,S(g) = 0.8, 0.5, 0.3 and 0.1L/min. These
graphs were constructed using the concentrations of NaOH and H,S(g) available for
reaction after every 20s for the first 3.3 minutes of the reaction, based on their respective
flowrates, and the entire Ni** concentration (200ppm). Each 20s time interval was
thermodynamically modelled n OLI as a separate batch experiment, in combination
resulting in a pseudo-kinetic model of the semi-batch experiment (please see Appendix C
for values).
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The pseudo-kinetic OLI medel showed that the mve of nickel concentration derease
decreased as the HS{w) flowrae increased from 03L/min — &8L/nun. Dunng the
rnodelled reaction there was no sulphide present m the reacting solution because the
entire amount of sulphide inpuat a1 the specific time (based on expenmental {lowrates of
alkalimity and sulphide reagent) reacted with the nickel presem i solution, As stated
previously, the OLI model only considers the thermodynamic result whereas the

expennmental values melude the kinenic cffects.

Kinetically, not ail the sulphide in the reactor ar a specific time reacted becanse the
sulphide specics available were nat able to precipitate nickel [ie H.5{aq)]. However, the
OLl model allows the nickel present al time, 1, ta react with all the sulphide present in
solution, since, given infinite time the prabability of the presence of enough ractive
sulphide species (115 ] allows for the complete reacuon of the entire concentration of the
sulphide reagent at tha time. This is a deficiency in using thermodyiamic medels for

nan-cquilibrium systems.

Thus, the time taken for complete mickel 10on depletion takes 2 minutes at HS(z) =
C.8L/min and 2.33min and 2.67min {or HS{g] = 0.5 and 231/ min, respecovely, which
is significantly different to the cxperimentally determined constant linear decrease n
nicke] ion concentration with complete reacuon alter 2 3minutes Lor all HS{g) flowrates
tested.  The modelled pH values were lower as 118(g} flowrates mereased {rom
CAL min to S.8L/ min, which is the same trend as shown expenmentally, However, the
pH values are much lawer, but this is expected because the rates of nickel precipitation
were {aster and there 1s no excess, unreacled zaulphidr: prescnt 1 solution i the madelled
rcaction. In contrast, the modelled pl I values and nickel concentrations are very simular
for T18(g) = 0.1L/min. Tinwever, the nickel removal, and thus the pH change, was due
to tuckel hydroxide as well as nickel sulphide precipreation. Thus, when F1L5{g) 1s linuting
and the pl Lis sufficientl high nickel wdroxde precipuation 1akes place.
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Figure 33: Pseudo-kinetic modelling of nickel precipuavon [rom synthene NSO, when
H.S(g) = 0.1L/ min NaOH = 2, 23mmwol/ mun [TC4]

Figure 34 shows the precipitation of nickel using only NaOH ar a flowrate of
1.2Smumol/ min for the first 4.5 minutes of the run, Ar 4.5 minutes H,S(g) at a flowrate of
Q3L min was supplied to the reactor. Unfiltered saniples were taken penodically to
which 2.5ml of H( and HINO, each were added. The samples were then filtered and
sent to AAS to determine NI~ concentration. It was found that NiS precipuates do nor
dissolve on addimion of acid. Therefore the addition of acid dissolved any nickel
hydroxide precipitate formed but not mckel sulphide, and so the nickel precipitated as
sulphide was able to be determined. Tr was tound that although NIS precipitation docs
not oeeur at acidic pH vales due to their high solubility values (Figure 1) dissolution of
NiS preciptates did not cecur upon additon of acid. Nickel hndroxade was displaced by
nickel sulphide when F.S(g) was suppled alter 4.5 minutes as seen in the figure,
although the displacement precipitation process was slower than the precipiration of
nickel by hydroxide (Fignre 33) or sulplude (Figure 31). Thus, mickel sulphide
preferentially precipitated over nickel hydroxide even at alkaline pH values when

sulphide was not limiting, Addition of H,5(g) at 4.5 minutes
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PRt i
z | ‘
E st . . I
E i - i A ;
[ g u N =
E 4 ol o :
i 3 = Lipee g
£ 150 & o &
=
b & *
510 - 4 * |
= a * *
i @ 4
7= : " e

u ] c

2 x 4 4 K
Lanie Crrtiwlas)]
# salphide (my/L) & N2+ o T as NEOH)S
® Nias IS & o Lrop # plIibottom)

Figure 34: The precipitation of NI usmyg only NaOH = 1.23mmol/min for © - 45
minutes and HS(gl = 0.3L/nin for 4.5 — 8 minutes

Figure 35 below compares the ellects of three differcnt alkalinity flowrates (NaOH -
1.20, 1.75 and 2. 23mmol! min} at the same HS{g) Mowrate (3314 min). Thus, when the
alkalinity flowrate was lower, the pH was lower and there was a greater concentration of
sulphide in solution present as the unrcactive HS{aq). When the rate of alkalnuy
provided was sullicient to convent the ncoming sulphide to the reactive HY, then there
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was no aqueous sulphide present dunng reaction. This represents efficient use of the

added sulphide,
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Figure 35: Semt-batch precipitation of nickel using H.S(g) = 03L/min and NaOH =
1.22, 1.75 and 2.2 3mmol/ min [103, T97 and T04%]

The following diagram (Figure 36) shows the threshold above which excess sulphide was
present m soluton dunng reacuot leading to sulphide reagent wastage and thus process
inefficicney. The threshold is the boundary below which the rate at which NaOH enrers
solution was sutficient to shift the speciation to the formation of IS at a rae
comparable to the entering 118(g) flowrate. The threshold at which HS(g) dissolution
becomes apparcnt is significant for purposes of process opumuzation. Above this
threshold there 1s significant reagent wastage, cither accumulating in the reacting solution
or lost as unabsorbed H.S{g) 1o be collected m the NaOH trap.

For the experiments where HS() = 04T/ min and NaOHT = 1.25; 1.75; 2.23mmol/ nun
and H.S(gh = C30L mun and NaOH = 1.75 and 2.23 mmol/ min, no sulphide was present
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in solution during reaction and therelore these points lie below the sulphide usage
cfficiency threshold, The other cxperiments showed significam unused sulphide in
solution durdng reacton and are therefore powms which he above the threshold. A
possibility of operating below the sulphide usage etficiency threshold 1s that when
sulphide 15 limning, Ni{OH), precipitation mav oceur (Kgpion: = 10" } (Jackson,
1983),

The threshold rario of 1LS(g) to NaOH above which cxcess sulphide was presem 1n
solution, thus inefficient utilisation of sulphide cations, during reacton 15 1: 1.664 for the
range of HS(p) and NaOT I flowrates tested. A theoretical boundary was caleulated using
the stoichiometry of the reaction to confirm the expenmentally determuned threshold.
For a known NaCOH [lowrate, the rate of nickel precipitation was measured, The rate a
which the N¥' concentration decreased during reaction was compared w the rate of
| NaOI} —d[NiT']

i dt

requirement of the sulphide to nickel reagems required to form N5 as shown in equation

NaOH mpm }, and then funther compared the stolcluometnc

7-1. Thus the nickel removal rate was related to the rate of HS(g) consumption [See
Appendix D for sample calculation). As can be seen in Figure 36, there s good
agreernent between the theoretically derermined threshold and the expenimental points.
The exception was pout TO7, when F1,5(g) = 0.3L/ nun and NaOH = 1.75mmol/ min.
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Figure 36: Sulphide usage etficiency threshold; companng experimental and modelled
regions of HLS(g) mass wansfer resistance [TO1 - T11 ]
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7.2.3.1. Higbie’s penetration theory

Expenmems using low (LS1 - L25) and high {T21 -T24) alkaliniy flowrates indicated
that the precipitation of Ni§ from the synthetic NiSO, solution is controlled by 1he rate
of HS addition. Thus, Higbic's penetration theory was applied to semi-batch bubble
column experiments 101 - TO4 (Figure 37) and T03, 17 and 109 (Figure 38) o
determine the controlling factor on the precipitaion process. Highic’s theory was
experimentally validated for the ume scale of the reaction by comparing the sulphide
concentration in soluuoen experimentally determined to that predicied by the theoretical
expression (Appendix E). The solution used had equivalent ionic strength to the reaction
medium. The sulphide concentration was obtained from the calculated rate of sulphide
diffusion from the bubble into the reacting solution as detertrined by Higbic's theory:

NS = CAl min

In{ 16,18 «CH NSOM] /(18,18 40 NISO)
4

5520 4 v =-Gd00LE
R =L.060%
0325 _
1L562 = Dabdatn 1150 =% ‘
o030 r=0oixd  y--C000199x 3
B =T 9594 R = 294915
5I35 _—
thine 5]
e TES =000 min & 1% =230min
+ HZ% =C50 min & H% - 8L min
= Linear (1128 = 0,51/ hin) = Linear F285 = 231 min)
— - Lingpr (H2S o 200 rain) — < Lioear (H25 — 2Ly

Figure 37: llighie’s penetrauon theory apphed nickel sulphide precipitation from a
synchetic nickel sulphate sohaion using HS(g) promoted by alkaliniry addition In(18.18 +
C[NISOJ/(18.18 + CINSQ,J) vs ume {or differemt HS(g) flowrates when NaOH =
2.23mmol/mn [TC1 - T04]
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Figure 38: Highte's penctration theory appled nickel sulphide precipitation from a
syntheric nickel sulphate solunon vsing H,S(g) promoted by alkaliniry addinon In(18.18 +
C[NISO,/(18.18 + CINIBO.] vs time for the same HS(z) tlowrate = 0.3L/ min [T03,
TC7 and T29)

The rate of precipration was the same for the same NaOH {lowrare ar varying HS()
flowrates (Figure 37) and the rate of remwval increased when the rate of NaOH was
mcreased au the same HS(g) fownne (Figure 38) . Thus these hgures confirm that the
rate of precipitation expressed as In{18.18 + C{NiSO,]/(18.18 + CINISQ.]) (Mishra
and Kapoor, 1978} was comolled by the mte of alkalinity addmon. Thus the mass
wransfer cocfficient, £, cannot be calculated {rom the graphs constructed above since
the rate of reaction 1s muted by alkaliniry addition and not by the rae of H.S8(g) diffusion
o solution, Thus, in order 1o caleulate supersaturations the theoretical value for the
mass transter coeflicleny, &, , s vsed (equation 5-19), While the rae ol sulphide
absorption o soludon 15 a function of HS(g) flowrate, the availabiliy of reaction HS-
ions is contrelled by alkalimry addison. The results confirm the barch findings and
therefore supersaturanon cannot be calculated using the rotal sulphide in sohmion.

Companng, the graphs above 1o those constructed by Mishra and Kapoor (1978) funther
confirms 1that NaCH flowrate dictared the rare of removal of nickel. Mishea and Kapoor
(1978) found that the rate of precipitation decreased with decreasing gas flowrale av
constant bubble size and that the rate of precipitation ncreased with decreased bubble
stee, Suwce gas bubble sizes were copstant (+ S45mm) for all HS(yg) owrates wsted and



Chapter 7: RESULTS AND DISCUSSION - 88 -

the bisulphide species responsible for precipitation were liberated by the addition of
hydroxyl ions, the rate of alkalinity addition controlled the precipitation process.

7.2.3.2.Supersaturations

Supersaturations were based on HS' ion values since these are primarily responsible for
the precipitation of nickel in the system. The NiS precipitation system was modelled in
Excel® to obtain initial supersaturation values since the first measurements during
reaction were at 30s, which was too long an interval to evaluate supersaturation over
considering the speciation and reaction were almost instantaneous. Supersaturations for
the semi-batch precipitation of nickel sulphide were calculated and are displayed below in
Table 14 (Appendix F). Only the initial supersaturation values at t = 0.01s are shown
because 1t 1s assumed that supersaturations decreased as the run progressed since the
concentration of nickel decreased. For the semi-batch gaseous experiments, as the H,S(g)
flowrate increased the initial supersaturation increased. The rate of nickel removal was
strongly dependent on the alkalinity flowrate, thus the supersaturations were smaller

when the flowrates of alkalinity were lower.

Table 14: Supersaturations at time, t = 0.01s, using HS- for experiments T01, T02, T03,
TO7 and TO9

NaOH H:S(g)  Supersaturation

Run

mmol/min  L/min t =0.01s
TO1 2.23 0.8 4.94E +06
T02 2.23 0.5 2.35E +06
TO3 2.23 0.3 1.15E +06
T07 1.75 0.3 9.76E +05
TO9 1.20 0.3 6.45E +05

The batch aqueous supersaturations (Figure 30) were higher (10° - 10%) than the
gaseous semi-batch ones (10° - 10°) due to the mass transfer resistance in the gaseous
system which slowed the rate of sulphide availability (Hammack, 1994).

As stated earlier, supersaturations cannot be related to settling times. The presence of
excess sulphide in solution caused dissolution of precipitates, leading to decreased
precipitate sizes, preventing flocculation (based on batch settling results), and thus
causing increased settling times. Dissolution of precipitates was not apparent during
reaction but probably occurred during settling due to the large excess of sulphide present

in solution. Settling of larger precipitate particles was not observed, again due to the
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opacity imparted 1o solution by the smaller precipitates suspended in solution. Settling as
a phase separation process was not etfective for precipitates resulting from the use of

gascous HS[g), talang over 1 week to completely senle,

7.2.3.3.Particle size distributions (IPSI3s)

It was anemnpred 1o obialn PSDs of panicles formed trom both batch {Appendix G} and
semi-batch  reactor confizurations using  aqueous and gasecus sulphide reagents,
respectvely, PSDw wers desired so that a population balance model could be generated.
The desire was to confirm which particle processes dormnated 1n the vardous systems,
However, neither reactor conliguration utilised viglded parteles stable enough to be

measured because both seuling and flocculation of particles presented PS1Y measurement

difficulrics.

Particle measurement techniques emploved were laser diffraction using the Makvern
Mastersizer® and the electrical sensing zone method cmployed by the Beckman
Ceulrer® Counter. The followang graphs are PSDs {or the seme-baich precipitation of
NS wsing HS(g) = 031/ mun and NaOH = 1.73mimol’ min [TO7},

The PSDs obtained [rom the Coulter® Counter decreased n particle size and number
with time after the sample was obtaned trom reaction solution, as seen 1 Figure 39 [or
expenment 107 (NaOH = 1. 75mmoly mun, H,5(g) = 0.3L/ mun}.
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Figure 39: Repeat PS1)s measured wing the Beckman Coulter® Counter 1 minutes after
complete reaction when NaQOH = 1.73mmol/ min, H.S{2) = 331/ min [T37]






























































































































