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AN INVESTIGATION ON THE EFFECT OF CHRYSOTILE PARTICLE SHAPE AND ANISOTROPIC PROPERTIES ON THE RHEOLOGY OF CHRYSOTILE SUSPENSIONS B Ndlovu1, E Burdukova2, M Becker3, D Deglon4, J-P Franzidis5 and J Laskowski6 ABSTRACT Chrysotile, a polymorph of serpentine, is a phyllosilicate mineral that occurs as a major gangue mineral in many ores (eg Mt Keith nickel sulfide ore, Western Australia). The rheological behaviour of chrysotile stems from two main factors: its distinctive morphology and its electrical surface charge. It is believed that these factors are central to the problematic rheological behaviour and low solids throughput typically experienced in the processing of such ores. In this work, a study of the effects of chrysotile surface charge properties and particle shape on the rheology of chrysotile suspensions was conducted. It was found that the rheology of suspensions of pure chrysotile is characterised by extremely high yield stress values over a broad pH range (pH 4 to 11).The disparity in the point of zero charge and range of maximum yield stress for chrysotile is consistent with the anisotropic nature of chrysotile particles. A comparison of the rheological behaviour of quartz suspensions (non-fibrous) to that of chrysotile suspensions (fibrous) provides a practical indication of the effects of the fibrous nature of chrysotile relative to non-fibrous minerals. The long, thin fibres are easily entangled to form suspensions with much higher plastic viscosities and Bingham yield stresses than non-fibrous particles. Chrysotile particle shape and surface charge are central to the rheology of chrysotile suspensions, although shape appears to play a more significant role in this regard. This fundamental study would be beneficial to the ongoing research for improved recovery in the Mt Keith nickel sulfide ore as well as other chrysotile bearing ores. Keywords: chrysotile, anisotropic minerals, phyllosilicate, Bingham yield stress, plastic viscosity, electrokinetic behaviour, potentiometric titration, rheology



INTRODUCTION Depletion of high grade ores has resulted in several mining operations resorting to the processing of low grade ores which require very fine grinding in order to achieve sufficient liberation of valuable minerals. As a result, process stream rheology is becoming more important in mining processes today. These processes include wet grinding, classification, gravity separation and tailings disposal. In these examples, knowledge of the flow behaviour of the mineral constituents, particularly gangue minerals, is important and is indicative of the measures that will be required during the beneficiation of the ore. It is well known that the mineralogy of any suspension will have a significant effect on the overall rheology of that slurry (Eirich, 1956). Rheological measurements constitute an important research tool in characterising the properties of mineral suspensions and are also very useful in studying particle-particle interactions in mineral systems. Thus, the rheological analysis of ores on a mineralogical level is gaining importance in many unit operations, since the process efficiency is directly dependent on medium viscosity.
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Chrysotile is a complex phyllosilicate mineral that occurs as a major gangue component in many ores (eg the Mt Keith nickel sulfide ore, Western Australia). The rheological behaviour of chrysotile stems from two main factors: its distinctive shape (morphology) and its surface charge. These are believed to be the cause of the mineral’s problematic flow behaviour and it is these aspects that pose a major challenge in the overall processing of the Mt.Keith ore. Several studies have focused on the identification of factors that limit the recovery in low grade nickel ores (such as Mt. Keith ore). Senior and Thomas (2005) looked into the particle size and pH dependence of nickel sulfide flotation processes, and devised a flow sheet that raised nickel recovery in this regard. Studies by Ralston and Fornaserio (2006) revealed that serpentine present in a nickel ore reduced the nickel grade in the concentrate by entrainment as fine liberated particles or by true flotation as composite hydrophilic coatings on the negatively charged sulfide particles. This research on pure chrysotile will be beneficial to the ongoing research to improve recovery in the Mt. Keith plant as well as in other cases of chrysotile bearing ores.



Chrysotile morphology Chrysotile [Mg3Si2O5(OH)4] is a magnesium silicate. It forms through the hydrothermal alteration of olivines [(Mg,Fe)2SiO4)] and pyroxenes [(Ca,Na,Fe)(Mn,Cr,Al)(Si,Al)2O6)], after hydrothermal alteration (Kirjavainen and Heiskanen, 2007). Phyllosilicate minerals comprise of basic silica tetrahedral (T) and brucite octahedral (O) layers, which are the building blocks of this group of minerals. In the case of chrysotile, these T and O layers are bonded to each other to form T-O sheets. However, there is a mismatch in the atomic spacing between these layers, causing a strain in the T-O lattice. This is relieved by the extension of the brucite octahedral layer to form convoluted T-O tubes with the silica layer bent on the inside and the brucite layer exposed on the outer face of the tube (Klein & Hurlbut, 1993; Yada, 1971). The bending of the T-O sheets results in long, continuous spiral chrysotile microstructures .This internal spiral configuration means that the T-O edge is likely to occur at the end of each tube as well as run along the length of it. The structure of chrysotile is much more complex than the familiar plate/stacked composition of most other phyllosilicates. The continuous coiling of the microstructures results in the fibrous morphology of individual chrysotile particles. They exist as long, thin fibres/strings, which are able to orientate themselves in several different directions. Figure 1 demonstrates the flexibility and long, thin morphology of a chrysotile particle. This morphology causes individual fibres tend to become entangled both within themselves and with adjacent fibres.



Chrysotile surface charge distribution The surface charge properties of chrysotile have not been studied extensively and are not well understood. This is an anisotropic mineral with its surface charge characteristics dependent on the charge properties of brucite and silica which exist in equal proportions to make up chrysotile. Since the tubes curl in such a way as to expose the magnesium rich octahedral layer on the outside, it is expected that the surface charge of this site is likely to be similar to that of brucite, whilst the



FIG 1 - SEM micrograph of chrysotile showing the flexibility of chrysotile fibres.
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FIG 2 - The Zeta potential of chrysotile, brucite and silica (Ney, 1973).



T–O edges are more likely to depend on the surface charges of both the silica and brucite layers. Studies by Ney (1973) compared the zeta potential of chrysotile to that of brucite and silica (shown in Figure 2). Brucite is strongly positively charged over a broad pH range, whilst silica becomes increasingly negatively charged. Since these layers exist in equal proportions and carry sufficiently strong opposite charges, it is expected that the chrysotile zeta potential would undergo a change from positive to negative, (provided that the electrophoretic equations derived by Smoluchowski for isotropic and spherical particles are applicable to this case) and as dictated by the magnitude of the zeta potential of both the silica and brucite layers. However, chrysotile is strongly positively charged over a broad pH range, decreasing only when the zeta potential of brucite becomes less positive. In this way, chrysotile exhibits a zeta potential trend similar to that of brucite. This indicates that the zeta potential of brucite is the overall determining factor for the zeta potential of chrysotile particles. It must be noted that the zeta potential measurement represents the charge at the closest point of approach of the counter-ions to the surface of the chrysotile particle (outer Helmholtz plane) and although it provides a good estimation, it does not reflect the absolute magnitude of the surface charge at the particle surface. The pH at which the zeta potential is zero is the iso-electric point. The charge at the particle surface can be estimated more accurately using alternative methods. The pH at which the overall surface charge is zero is the point of zero charge. The studies by Ney (1973) reported an iso-electric point of approximately pH 10.5 for chrysotile. In the case of minerals with a simple structure and an isotropic surface charge (eg quartz (SiO2)), the iso-electric point corresponds to the point of zero charge of the mineral. At this point the attractive van der Waals forces dominate, resulting in maximum particle coagulation in aqueous suspension. Due to this, for isotropic minerals, the iso-electric point coincides with the point of maximum yield stress of the mineral slurry (Johnson et al, 1998). However, phyllosilicate minerals like chyrsotile are anisotropic and have more than one crystal plane. For these minerals, several discrepancies have been found in the correlation between the iso-electric point and the point at which maximum coagulation occurs (Rand and Melton, 1976). This can be attributed to the fact that electrokinetic measurements are inherently inappropriate for the estimation of surface charge of anisotropic minerals, as they make use of the Smoluchowski equation which is derived for strictly isotropic and spherical particles (Lyklema, 1995; Burdukova et al, 2007). Therefore, in the case of chrysotile, with its fibrous shape and anisotropic surface charge, the iso– electric point should rather be treated as an “apparent” iso–electric point, with no specific physical meaning. In this project, the Roberts-Mular (1966) titration method was utilised following its use in the studies of the anisotropic properties of talc (Burdukova et al, 2007).This method works on a principle of ion exchange and is independent of the shape of the mineral and therefore provides a more accurate estimation of the point of zero charge. However, it must be noted that as for all XXV INTERNATIONAL MINERAL PROCESSING CONGRESS (IMPC) 2010 PROCEEDINGS / BRISBANE, QLD, AUSTRALIA / 6 - 10 SEPTEMBER 2010
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anisotropic minerals, the point of zero charge of chrysotile does not coincide with the point of maximum coagulation. It may only be indicative of the pH at which the magnitude of the positive charge on one of the particle planes is equal to the negative charge on another plane. Studies by Burdukova et al (2007) and Luckham and Rossi (1999) have been beneficial in the use of rheological measurements to estimate the charge distributions of clay minerals with complex structures and anisotropic surface charges (e.g. talc, bentonite, kaolinite etc), and it is believed that these principles can be applied to the fibrous chrysotile mineral under study as well.



Rheology of chrysotile suspensions The rheological and surface charge properties of pure chrysotile are not yet fully understood due to the fact that it tends to exist in multiple silicate phases in naturally occurring ores. In addition, in its pure form, chrysotile is highly hazardous and requires special protective facilities for its handling. As a result, previous studies have been limited to chrysotile bearing ores. Burdukova et al (2008) compared the rheology of an ore containing chrysotile (Mt. Keith ore) to the rheological properties of the ores which contain swelling clays and clay group minerals (Kimberlite and Platreef respectively). It was found that Mt. Keith ore suspensions are characterised by high yield stresses as compared to the Kimberlite and Platreef ores. Since chrysotile is the major gangue mineral in the Mt. Keith ore, this suggested that chrysotile was mainly responsible for these properties. Since this work was carried out using naturally occurring ores, it created an environment that was both difficult to control and quantify (it could not take into consideration the surface charge characteristics of the mineral particles). However, the quoted work provided a framework from which a more detailed study can be conducted for more comprehensive and conclusive results. There are several factors that affect the rheology of chrysotile and it is believed that the shape and surface charge are central to the overall flow behaviour of chrysotile suspensions. Thus, the aim of this work is to investigate the effects of both the chrysotile surface charge and shape on the rheological behaviour of chrysotile slurries. Knowledge of the surface charge distribution of any mineral is imperative in understanding the attractive and repulsive forces that govern particle coagulation and dispersion in different chemical conditions. Therefore, the flow behaviour of chrysotile is subject to its surface forces, which vary with pH. An analysis of the effect of chrysotile shape is also essential in understanding the ease of flow and degree of entanglement that is associated with this uniquely shaped fibrous mineral. The long, thin fibres have a high surface area and as such are prone to particle-particle interactions and aggregation. A comparison of the rheological behaviour of chrysotile to that of a baseline mineral, quartz, gives an indication of the effects of chrysotile particle shape on its rheology. Quartz (SiO2) is a basic silicate with a simple morphology and well defined and studied surface properties. It is likely not to cause any rheological problems associated with irregular shaped anisotropic minerals, and provides a practical indication of the effects of the fibrous nature of chrysotile relative to non fibrous minerals.



EXPERIMENTAL Material characterisation The experimental work in this project required the use of pure chrysotile and quartz. Pure chrysotile was obtained from Wards Chemicals in a rock form, whilst quartz, which comprised of 99.5 per cent SiO2, was sourced from Alfa Aesar in a pre-ground form. The chrysotile was ground in a ceramic ball mill in an attempt to preserve its purity, but the fibrous nature of the mineral made size reduction difficult, with prolonged grinding resulting in long, thin fibres. The size of the resultant particles was estimated by means of light scattering, using a Mastersizer 2000 (manufactured by Malvern, United Kingdom), to obtain a P50 of 45 μm. However, light scattering analysis assumes spherical particle geometry, which in the case of chrysotile can be misleading. An SEM analysis provided a more accurate size approximation, showing that a representative fibre is about 0.1μm thick and 100μm long. A Malvern Mastersizer size analysis of the quartz used gave a P50 of 2.34 μm. Due to its hazardous nature, the necessary safety precautions were taken when handling chrysotile. All the experimental work was conducted in a specially built, well ventilated laboratory, with the proper personal protective equipment worn at all times. These specialised facilities were provided at the N.B Keevil Institute of Mining Engineering of the University of British Columbia.
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Potentiometric titration The point of zero charge of chrysotile was determined using the Roberts-Mular titration method. Suspensions of 2.00 g samples of chrysotile in 50 mL of 10-3 mol dm-3 NaCl were prepared, with each suspension adjusted to a different pH value (ranging from pH 4 to pH 11), using hydrochloric acid and sodium hydroxide. The ionic strength of each solution was raised from 10-3 mol dm-3 to 10-1 mol dm-3 by the addition of the appropriate amount of dry NaCl crystals. The pH of the resulting solution was then measured to give a final pH. The difference in the initial and final pH values (ΔpH) is plotted against the final pH. The pH value at which ΔpH is zero is the net point of zero charge of the chrysotile used.



Yield stress determination The effect of pH on the yield stress of chrysotile suspensions was investigated using the vane technique (Boger, 1999). Tests were conducted using viscous slurries of 2 per cent chrysotile (by volume) in solutions of 10-2 mol dm-3 NaCl over a pH range pH 4 to pH 11. Using a 4-panel vane at a constant low shear rate of 0.001s-1 for 150 seconds, the torque was measured at each pH. For each pH, the maximum torque is used in the determination of the yield stress, taking into consideration the dimensions of the vane used (Rhee and Lee, 1999).



Rheology tests The rheology of suspensions of pure chrysotile was investigated as a function of solids concentration. Suspensions of pure quartz and pure chrysotile were made up at varying solids concentrations (0.10.8 per cent solids by volume for chrysotile and 10-40 per cent solids by volume for quartz), using 10-2 mol dm-3 NaCl solution as a background electrolyte. This creates a more controlled environment for the study of the surface charge characteristics of chrysotile. The solution pH was adjusted using sodium hydroxide and hydrochloric acid. Measurements were performed using a Haake Viscotester 550 (manufactured by Thermo Fischer Scientific, Germany) with a ribbed measuring bob and cup set. The tests were conducted in a shear rate controlling regime, with shear rates ranging from 20 s-1 to 200 s-1. The resulting rheograms demonstrated pseudo plastic behaviour and were modelled using the Bingham model (Mingzhao, Wang and Forssberg, 2004), which was used to calculate the Bingham yield stresses and plastic viscosities of the slurries.



Optical microscopy Optical microscopy was used in observing the interaction between chrysotile particles. Very dilute suspensions of chrysotile in 10-2 mol dm-3 NaCl solution were prepared and placed in a Petri dish using a pipette. They were positioned in the microscope stage and viewed in transmitted light. Images were obtained using the Olympus BX600 microscope, which was fitted with an Olympus U PMTVC digital camera (both manufactured by Olympus, Tokyo, Japan).



RESULTS Surface charge distribution of chrysotile The rheological behaviour of mineral suspensions is highly dependent on the surface charge of the suspended particles. At a given pH condition, the surface potential is indicative of the forces of attraction and repulsion that are likely to exist between particles. This, in turn governs the degree of coagulation and dispersion within the suspension. It has already been stated that the electrophoretic iso-electric point for chrysotile was determined at pH 10.5 (Ney, 1973). However, since these measurements are likely to be impaired by the problems arising from the complex hydrodynamics associated with the irregular long thin shape of chrysotile particles, potentiometric titrations were performed to give a more accurate estimation of the point of zero charge of chrysotile. The results are presented in Figure 3. The error bars represent the 95 per cent confidence limit of the average values. The results clearly show a point of zero charge of approximately pH 8.23 + 0.23 for chrysotile. This specific value was calculated using an error analysis estimated by a linear regression above and below the point of zero charge. Below this point of zero charge, the chrysotile plane is prone to the adsorption of OH- ions. Conversely, above the point of zero charge, the adsorption of H+ ions XXV INTERNATIONAL MINERAL PROCESSING CONGRESS (IMPC) 2010 PROCEEDINGS / BRISBANE, QLD, AUSTRALIA / 6 - 10 SEPTEMBER 2010
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FIG 3 - Potentiometric Titration curve for chrysotile.



FIG 4 - The yield stress of pure chrysotile suspensions as a function of pH.



is favored. The point of zero charge can be compared to the point at which chrysotile suspensions undergo maximum coagulation (and hence maximum yield stress), as shown in Figure 4. The error bars represent the 95 per cent confidence limit of the average values. These results demonstrate that unlike most minerals, chrysotile does not have a single peak value for the point of maximum yield stress. Instead, there exists a pH range over which chrysotile aggregation is apparent. This peak range of maximum yield stress lies between pH 5.5 and pH 9. At this stage, it is important to re-iterate that in the case of isotropic minerals, the yield stress peak corresponds to the point of zero charge. However, the results show that this is not the case for chrysotile. Whilst the measured point of zero charge lies within the range of maximum coagulation of chrysotile suspensions, it is not indicative of the entire range over which the yield stress is maximum. This confirms that in the case of chrysotile, the point of zero charge does not represent the point where the overall charge is zero. It may only indicate a “net” point of zero charge where the magnitude of the positive charge on one of the particle planes is equal to the negative charge on another plane. This disparity confirms that chrysotile does not behave in a manner consistent with an isotropic mineral. The yield stress curve for chrysotile shows that chrysotile suspensions are characterised by high yield stress values over a broad pH range. However there is a gradual change in the yield stress of the suspension as the pH is adjusted over the range pH 4 to pH 11. This trend can be viewed in three distinct regions, with an initial increase in the yield stress as pH changes from pH 4 to 5.5. In the second region, the yield stress reaches a maximum and plateaus at high yield stress values between pH 5.5 and pH 9, after which there is a significant decrease in the last region to pH 11. This trend is similar to that observed for the zeta potential of chrysotile (Ney, 1973); the range of maximum yield stress is also the range where the zeta potential of chrysotile was quoted to be positive. This correlation indicates that the surface charge of chrysotile is central to the interaction between chrysotile fibres. XXV INTERNATIONAL MINERAL PROCESSING CONGRESS (IMPC) 2010 PROCEEDINGS / BRISBANE, QLD, AUSTRALIA / 6 - 10 SEPTEMBER 2010
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The non-typical trend for the yield stress of chrysotile can be explained by considering the zeta potential of its composite brucite and silica layers which have opposing surface charges over a broad pH range. The magnitude of the forces of attraction is dependent on the magnitude of the difference in charge separation between the layers. Therefore, in the lower range of pH values, the attractive forces are not very strong as silica is only slightly negatively charged, and the aggregates which form at these conditions have low yield stresses. However, as the silica layer becomes more negative and brucite becomes more positively charged, stronger forces of attraction occur between the layers resulting in aggregates of increasing yield stresses. In the last region, these begin to decrease as the zeta potential on the brucite layer becomes less positive. Although chrysotile suspensions have high yield stresses over a broad pH range, the second region (pH 5.5 to pH 9) is of importance as it includes the range over which flotation operations are conducted. Since this is characterised by the highest yield stress values, chrysotile is likely to provide a hindrance to the flotation process at these pH conditions. Figure 5 demonstrates that at pH 7, chrysotile fibres coil and coagulate in dilute suspension. Even at low concentrations, the fibres become easily entangled and form aggregates. This analysis of the surface charge properties of chrysotile has verified that there is a correlation between the surface charge distribution of chrysotile fibres and the degree of coagulation and dispersion between particles in solution. However, it is still necessary to investigate the effects of the geometry of the fibres on the slurry rheology of chrysotile suspensions.



The effect of chrysotile shape on the rheology of chrysotile suspensions Having studied the surface charge characteristics of chrysotile, it is now possible to create a well controlled environment in which the surface charge properties of both chrysotile and quartz are well known. One mineral (chrysotile) is fibrous, and the other (quartz) is a simple hexagonal prism. This makes the contribution of the different shapes of the minerals more significant and allows for an analysis of the effects of fibrous morphology of chrysotile. Rheology tests were performed on suspensions of pure chrysotile and compared to rheological measurements of suspensions of pure quartz at pH 9. At pH 9, chrysotile is strongly positively charged (Ney, 1973) and forms suspensions with highly aggregated particles. Quartz particles, on the other hand, carry a strong negative charge and are dispersed. This is also the natural pH of the silicates and is a common condition for flotation systems. The results are shown in Figures 6 and 7. Figure 6 shows the plastic/ Bingham viscosities whilst Figure 7 gives the Bingham yield stresses of the fibrous and non-fibrous minerals. It is important to note, that in the case of the fibrous mineral (chrysotile), the rheology measurements were limited to low solids concentrations (


FIG 5 - An optical micrograph showing chrysotile aggregation in dilute suspensions at pH 7 (micron scale).
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FIG 6 - A comparison of the Bingham/ plastic viscosity of suspensions of pure quartz (non-fibrous) and pure chrysotile (fibrous).



FIGURE 7 – A comparison of the Bingham yield stress of suspensions of pure quartz (non-fibrous) and pure chrysotile (fibrous)



Forssberg, 1993). However, Figures 6 and 7 demonstrate that the fibrous mineral exhibits Bingham behaviour. In order to obtain comparable results for quartz, measurements had to be conducted at higher solids concentrations (>10 per cent solids by volume). Nonetheless, Figure 6 demonstrates that despite these high concentrations, non-fibrous suspensions have much lower plastic viscosities (about 100 times less in magnitude) than those of the fibrous mineral of low solids content. This comparison confirms the unusual behaviour of the fibrous mineral relative to more regularly shaped non-fibrous minerals and demonstrates the dramatic effect that the shape has on the
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rheology of chrysotile suspensions. This behaviour is due to the non-typical geometry of the long, thin chrysotile fibres. The fibres have a large surface area and as such are prone to particle-particle interactions and coagulation. In addition, the fibres are extremely flexible in solution and become easily entangled both within themselves and with adjacent fibres. The probability of inter-particle collisions and entanglement increases as the number of fibres increases in solution.



CONCLUSIONS There are many factors that contribute towards the rheology of chrysotile, however surface charge distribution and shape of the mineral are integral to the flow behaviour of chrysotile suspensions. The main objective of this study is to investigate the effects of both the surface charge and shape. The results of the study demonstrate that the chrysotile surface is positively charged over a broad pH range (pH 2 to pH 10). This results from the fact that the external surface of chrysotile is comprised by brucite, and thus its surface charge is the overall determining factor for this mineral. The disparity in the point of zero charge (pH 8.23) and the yield stress peak range (pH 5.5 to pH 9) are consistent with the anisotropic nature of chrysotile. The peak range of maximum yield corresponds to the range where the zeta potential of chrysotile is positive. This indicates that the chrysotile surface charge is significant in the forces of attraction and repulsion that govern coagulation and dispersion of chrysotile particles in solution. A comparison of the rheology of fibrous chrysotile to that of a non-fibrous quartz, reveals that the fibrous mineral exhibits Bingham behaviour, even at low solids concentrations (
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