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Abstract

The adhesion behaviour of gold particles to agglomerates and the dynamic change of the agglomerate during adhesion have been investigated in this paper. It is shown that gold particles can be adsorbed on the oil-carbon agglomerates, and that the gold recovery with a given time or the adhesion rate of gold particles to agglomerates can be significantly improved by using xanthate collectors, and that the longer the xanthate carbon chain, the greater the gold adhesion rate to agglomerates. The gold particles adsorbed on the agglomerates do not severely affect the adsorption activity of the agglomerates, i.e. the recycling use of the agglomerates to get gold-rich agglomerates is feasible. It can be seen from the morphology of gold adhesion to agglomerates by using the SEM that Single gold particle, gold flock, and even gold ‘bullion’ can be detected on the agglomerates. These flocks and bullions are probably formed with the movement of initially adsorbed gold particles along the surface of the agglomerates.  Both composition and structure of agglomerates change during adhesion. The oil component tends to diffuse out of the agglomerates, and the oil content decreases with agitation.  The gold particles can also adsorb inside the agglomerates due to the deformation of the agglomerates resulting from agitation impact.
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Introduction

A process called CGA (coal-gold–agglomeration) for recovering gold has been proposed just since early 1980’s[1,2] although the combined use of some carboniferous materials and oils was found as early as 1921 when the combination of oil and coal was of use in collecting and purifying minerals and ‘flue dust’ or fines from steel and iron mills was patented in Britain [3]. House et al [4] reported a successful pilot trial on the ‘sludge’ in Australia, which had been placers and hard rock ores in origin and resulted from sluicing methods used for recovering gold in the early part of last century. Zhao et al [5,6] designed different new types of contacting tanks to realize the adhesion of gold from a heap leaching residue and an amalgamation residue to agglomerates. Although there are different derivative flow sheets for the CGA, the contacting and adhesion process of gold particles with agglomerates should be its essential part. In this process, the agglomerates can be compared to a kind of carrier or absorbent of gold particles. Cadzow et al [1] discovered that under normal agglomerate recycling operation the agglomerates (called CARBAD media) remained discrete pellets neither growing nor disintegrating, with an equilibrium size of the media of approximately 3 mm diameter. Calvez et al [7] examined the relationship between agglomerate surface area and ratio of oil to coal, and the effect of available surface area of agglomerates on gold recovery. Meanwhile, by scanning the surface and cross-section of agglomerates with the SEM it was observed that gold particles were attached at the agglomerate surface as clusters or as individual grains, and gold particles more securely were embedded between coal particles, and some grains were situated within deep surface of agglomerates. Gaidarjiev et al [8] observed the adhesion of gold particles on the surface of agglomerates by taking digital photos of loaded agglomerates. Anyway, few papers are concerned with the systematic research about the mechanism of gold adhesion on agglomerates. 

This paper will put its focus on the behavior and morphology of gold particle adhesion to agglomerates and the dynamic change of the agglomerates during adhesion.
Experimental Details

  Main materials

1. Gold powder purity 99.99%. Its nominal size is minus 50 (m, but it was observed with the SEM that most particles are less than 10 (m, and actually are not perfect spheres. 

2. Beach sands, 100%–100mesh (-150 (m), and mainly consist of quartz.  

3. Potassium amyl xanthate (KAX), yellow pellet form, bulk density 0.62g/cm3, water soluble, purity over 90%, used as an aqueous solution of concentration 0.5%.

4. Sodium decanethioxanthate (DX), Synthesized in the laboratory, shiny yellow powder, water-soluble, and used as an aqueous solution of concentration 0.5%. With the aid of UV spectrometer scanning it is found that aqueous DX is not so stable as KAX since its UV adsorption peaks deform after its solution is agitated for a while.

5. Oil-carbon agglomerates are pre-formed by agglomerating pure oil tetradecane plus a surfactant with graphite in the laboratory as described in literature [9]. Their density is 1.2g/cm3, and the estimated normal mean size 1mm (100%+0.6mm). The agglomerates consist of graphite powder (about 72%), oil (about 23%) and a small amount of water (about 5%), and their outer appearance is nearly round. 

   Methods

1.Adhesion experiment 

 The adhesion process is carried out in a 600ml beaker with two baffles opposite to each other, and the impeller has four stainless steel blades and its agitating speed is fixed at 1100 rpm. In other words, the agitating input energy of this system is 2.26 kW/m3 or the mean velocity gradient in the fluid is 1505 s-1. The adhesion experiment includes the following procedures: wetting the mixture of gold powder (20mg) and sands (40g) with 400ml de-ionised water for 5 minutes, adding collector and agitating for 5 minutes, adding agglomerates and contacting for a given time, screening the mixture on a 0.5mm sieve in water to separate the agglomerates from the pulp, filtering the agglomerates containing gold, and drying the agglomerates overnight at 80(C in a drying oven and weighing them. The adhesion of gold to agglomerate is assessed by the recovery of gold in these ‘dry agglomerates’. In short, the adhesion experiment comprises of conditioning, contacting, separation and drying procedures.

2.Analysing gold content   

 The gold content in the dry agglomerates is analyzed in the following major steps: roasting the dry agglomerates to ash at 850(C in a baking oven overnight, dissolving the ash by using concentrated nitric acid and hydrochloric acid, and then analyzing the diluted gold solution by using Perkin-Elmer 1100B atomic absorption spectrophotometer.

 3. Scanning the morphology of gold particle adhesion

The agglomerates bearing gold particles after different contacting periods of time are scanned by the SEM (Scanning of Electronic Microscopy). The morphology includes the outer appearances of whole agglomerate and the profiles of ‘fracture’ sections. The outer appearances of whole agglomerate or the images of agglomerate surfaces are obtained by directly scanning the whole agglomerate put on a piece of fleecy clothes. However, to get the section images of one agglomerate it is split by cutting about one quarter of its diameter and then carefully fracturing the agglomerate to avoid possible smirch of the knife edge brought in from the surface. Then, the fractured agglomerate sample (a semi-sphere of an agglomerate) is put on a glass slice, and mounted on it with a little drop of resin and dried for a few minutes in an oven. All these operations are run under a microscope.   

 4. Measuring the composition of the agglomerates

The composition of these agglomerate samples is measured by thermal analysis. This D.T.G (Differential ThermoGraviometer) analysis is conducted on a machine STA-1500. Each agglomerate sample contains 7 to 8 agglomerates, and does not have visible water on agglomerate surface. The sample is weighed in a silica crucible, and then put in the machine for the D.T.G. measurement. Alumina is used as the reference sample.

Results and Discussion

A. Gold adhesion to agglomerates
A set of experiments through using different collectors mainly with different chain length was conducted. This set of experiments has also taken contacting time into account to form so-called adhesion kinetics. The experimental procedure is as follows. The mixture of gold (20mg) and sands (40g) was contacted with the agglomerates (30g) by the use of different collectors, and some samples (about 2.5g each time) were taken out at every predetermined time for analyzing gold content. The results are shown in Fig.1.
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    Fig.1 Adhesion of gold with different collectors (50 mg/L).

It can be seen that with more contacting time, the gold recoveries increase in all cases, but there are large differences in the recovery increase rates among different collectors. Within the tested contacting time (50 minutes), the gold recovery for decanthioxanthate (DX) reaches the maximum recovery (100%). For shorter chain collector (KAX), the gold recoveries increase much more slowly, and for the case of the absence of any collector the gold recovery always increases with the contacting time nearly at a small linear slope. Therefore, the addition of collectors is a great promotion to gold adhesion in order to speed up the gold adhesion process although the adhesion process can happen without any collector. In a quantified system, Wu et al [10] discussed the gold attachment probability to agglomerates, and found that addition of KAX can triple the attachment probability of gold particles on the basis of no use of any collector while longer chain collector DX can further double the attachment probability of gold particles to agglomerates compared with shorter chain collector KAX. According to the general principles of mineral reagents, the difference of collecting ability among them might primarily result from the length of the non-polar part. With respect to organic geometry, the length of one CH2 group in hydrocarbon is about 1.26 Å. So, longer chain collector is able to insert into the oil film on agglomerate surface more deeply and firmly, or the longer collector adsorbed on agglomerate surface is able to capture gold particles in a larger range. Besides, higher hydrophobicity of gold surface with longer chain collector is another reason, and in this way results in greater hydrophobic interaction force between gold particles and agglomerates [11].

To economically recover gold particles, it is necessary to probe the viability of cycling gold-bearing agglomerates. The following experiments were designed to investigate the adsorption activity of agglomerates in multiple cycles.

In each cycle, the fresh mixture of gold and sands and fresh water (20mg+40g +400ml) was used, and contacting time period was 20 minutes, and then a small amount of agglomerates (about 2.5 g of agglomerates) was sampled and analysed. The content of gold in the agglomerate sample was used to assess the cycling process. The results of a set of five cycles are shown in Fig.2 
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     Fig. 2 Influence of recycling agglomerates on its activity

It can be seen that the gold content in agglomerates increases with the number of cycles in a linear way. This coincides with House et al’s result [4], and indicates that the adsorption activity of agglomerates surface dose not reduce with increased cycling number. Hence, it is likely that gold-rich agglomerates be produced by increasing cycles and therefore the cycling use of agglomerates should be feasible in practice.

B. The morphology of gold adhesion to agglomerates

Scanning the morphology of gold adhesion is likely to give us a clear idea about the adhesion process. The samples to be scanned were prepared by the same way as described in the method of adhesion experiment except greater concentration of gold particles and no addition of sands in the mixture. At predetermined contacting duration, a few agglomerates were taken out for scanning. The images of gold adsorption to agglomerates after different contacting periods are shown as follows.


[image: image9..pict]
Fig 3 agglomerate surface after 5 minutes contact with gold particles (x250) 

The shiny spots on the surface are gold particles adsorbed. The adsorption forms of gold on the surface are varied, either single particle or the gold particle aggregates (gold clusters). Maybe these gold aggregates are formed in the aqueous or after adsorption on the agglomerate. The location of gold adsorption on the surface is randomly either on ‘graphite particle’ or in the caves between graphite particles. It means that the surface is uniform in adsorption activity, and probably a graphite particle is covered by oil film and behaves like the oil in the caves.
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Fig.4 agglomerate surface after 1hour contact (x400)

In the middle, there is a gold plate, which is about 100(m long. In this plate, some ‘holes’ are visible. Obviously, this block is composed of several smaller gold flocks. Morphologically, the block is a flat with some thickness. It is likely for the smaller flocks near the block to combine with it with agitation proceeding. The ‘holes’ are graphite-oil films, which link gold flocks. In addition, some soft-looking fluffs float on the surface.
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Fig.5 agglomerate surface after 2 hours contact (x200)

This ‘peanut-shaped’ gold bullion is about 200(m long with about diameter 100(m. Some graphite-oil films are scattered on its surface. This ‘gold bullion’ may result from the movement of adsorbed gold flocks along the agglomerate surface, i.e. somewhat like a ‘snowball’ effect, indicating how strong the adsorption force.
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Fig.6 part of fracture plane after 17 hours contact (x70)

The agglomerates after 17 hours agitation is readily fractured with a knife. This image comes from a part of a fracture plane. The two gold stripes are imbedded 20 (m and 150 (m deep beneath the agglomerate surface separately. The width of the two stripes is about 20(m. The former goes alongside the edge, and the latter is nearly a straight line, and goes across the agglomerate like a chord. The two stripes meet at their ends, and construct an exact ‘arrow’ or a ‘mathematical sect’, and its sect length is about 0.7mm, almost equal to the diameter of the agglomerate. This indicates that the agglomerate’s deformation after long-time agitation is quite remarkable.

From the above scanning images, some conclusions can be derived. Surface adsorption of gold particles on agglomerates is rapid and randomly either on graphite surface or in the caves between the graphite particles on the agglomerate surface.  Gold particles can be adsorbed on agglomerate surface in various forms: single particles, particle aggregates, big gold ‘plates’ and ‘bullions’. The various forms of the gold assembly maybe are formed either in the aqueous because of flocculation of gold particles at the presence of KAX and oil, especially for those smaller aggregates, or on the surface as a result of the movement along the surface like ‘snow-rolling’ of absorbed gold particles or aggregates, especially for those larger aggregates. The fact that large sized gold plates and bullions can be firmly attached on the agglomerate surface indicates that the adsorption force is very strong. 

After a period of agitation gold particles tend to infiltrate the surface and themselves pile up to form the edge of agglomerates with some thickness, so at this time gold particles adsorb actually on gold particles which has already adsorbed before. Agglomeration deformation always accompanies the whole adhesion process, and it is this type of deformations which results in gold particles further into the inside of agglomerates and generates fresh agglomerate surface, so theoretically agglomerates can infinitely be recycled to adhere gold particles except complete depletion of the oil within the agglomerates. Meanwhile, the adsorbed gold particles constantly snowball or grow with the procession of adhesion.

On the other hand, due to gold particles distinguished color in SEM images of the agglomerate, if the gold particles are considered as an indicator to probe the location change of gold particles within the agglomerates during agitation, now the agglomerates change during agitation has been qualitatively confirmed. Agglomerates are made of solid graphite and liquids (oil and water), i.e. a type of ‘pseudo-solid’ in terms of strength; their strength is not enough to resist deformation during vigorous agitation. This type of deformation, one hand, generates fresh agglomerate surface, and resultantly contributes to the ‘infinity of agglomerate activity’, and also results in gold particle ‘intrusion’ inside agglomerate. On the other hand, this deformation might accelerate the oil diffusion out of agglomerates. However, the oil change in agglomerates cannot be detected from these images since the oil is transparent under the SEM. So, the quantitative research of agglomerate content change has been investigated in the following section by another method DTG.
C. Dynamic change of agglomerate composition
Agglomerate is a mixture of solid graphite and liquids: oil and water, and its composition can be changed or determined by varying their ingredients at the agglomerate preparation step within a limited range. From the above SEM images, it has been seen that there is a deformation during long-term agitation. So, the composition change during this long-term agitation also deserves detailed understanding since the composition of agglomerate ultimately plays important role in the adhesion process.  

Here, one set of very simple experiments is designed to investigate the composition change over a rather long period of agitation time just for a mixture of agglomerate and water in the absence of gold particles and sands. The agglomerates are prepared by agglomerating graphite with tetradecane, and the fraction of size +1.4mm –1.7mm agglomerates formed is used for agitation. Then, the agglomerate samples are taken after pre-determined agitation durations, and air-dried for about 1 hour to drain water on the surface. 

The changes of agglomerate content are shown in Fig.7. With increase of agitation time the oil content reduces in a linear way although the slope of this line is not very sharp, around 0.5% per hour. Accordingly, the agglomerates would become fragile after long-term agitation because of severe reduction of liquids (oil +water) amount, and on the other hand, the activity of agglomerates presumably decreases with the proportion of oil in the agglomerates declining. With regard to short time agglomerate recycling, say 3 hours (about 6 cycles for each cycle 0.5 hours), the absolute amount of oil change is quite small, and therefore the properties of agglomerates are relatively stable. This agrees with the ‘surface or activity infinity’ within a certain period of time exhibited by previous recycling experiments. 


[image: image5.wmf] Fig.7 Composition change of agglomerate with agitation time

On the other hand, liquids in agglomerate, including water and oil, tend to diffuse out of agglomerates. So, after long-time agitation this results in agglomerate drying, being fragile, and ultimately their reduction of adsorption activity. As a matter of fact, agglomerates have a definite life, and exceedingly long-time recycling of agglomerates could take risk at break-up and should be avoided. However, it is likely that the lifespan of agglomerates can be extended by continuously adding a little amount of oil during agitation to maintain the constant composition of agglomerates. 
Conclusions

1. The gold adhesion process is significantly improved in the presence of chemical collectors. For xanthate collectors with different carbon chain lengths, the longer is the collector carbon chain, the more efficient is the attachment of gold to agglomerates. 

2. After attachment, gold particles hardly detach off the agglomerates. The gold grade in agglomerates increases with the number of cycles in a linear way. This indicates that the adsorption activity of agglomerate surface dose not reduce with increased cycling number. Hence, it is likely that gold-rich agglomerates be produced by increasing cycles and therefore the cycling use of agglomerates would be feasible in practice. 

3. Single gold particle, gold flock, and even gold ‘plate’ and ‘bullion’ can adsorb on the agglomerates. At first, gold particles adsorb on agglomerates, and then with longer contacting time, gold flocks and bullions can be detected on the surface of the agglomerates. These flocks and bullions are probably formed with the movement of adsorbed gold particles along the surface of the agglomerates.  Importantly, the gold particles can also adsorb inside the agglomerates due to the deformation of the agglomerates during vigorous agitation.

4. Both composition and structure of agglomerates change during adhesion process. The oil component tends to diffuse out of the agglomerates, and so the oil content decreases with agitation. Agglomerate structure always deforms during agitation. In a long-term contact or with multiple cycles of agglomerates, some gold particles enter inside the agglomerates due to the structural deformation caused by the impacts arising from agitation. For short periods of agitation, these changes of composition and structure are not significant, and do not severely deteriorate the adsorption activity of agglomerate surface.
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