
Table 2 shows particle size distribution after addition of PHA to the fine particle fractions of sulfide 
wastes. The fraction of >2 mm particles was considerable and formation of aggregates were observed. 
The percentage of >2 mm particles was higher for oxidized waste because it contained iron 
oxides/hydroxides which may easily interact with the PHA forming organic-mineral complex.  

Table 2 Particle size distribution in the experiment with PHA addition to the fine particle fractions of sulfide 
tailings. 

Particle fraction, mm > 2 1-2 1-0.25 0.25-0.16 < 0.16 
Experiment  Particle size distribution, % 
Ursk SW (<0.16 mm); L/S=1 51.89 5.72 2.21 0.9 39.3 
Ursk SW (<0.16 mm); L/S=0.5 50.58 5.89 2.82 1.11 39.6 
Ursk SW (<0.16 mm); L/S=0.2 43.83 6.32 4.56 2.18 43.1 
Ursk SW (0.25-0.16 mm); L/S=1 36.33 3.89 3.99 55.78 - 
Ursk SW (0.25-0.16 mm); L/S=0.5 38.89 3.76 5.32 53.99 - 
Ursk SW (0.25-0.16 mm); L/S=0.2 38.22 4.25 10.91 46.62 - 
Oxidized waste from Gornyk      
Gornyk SW (<0.16 mm); L/S=1 82.78 3.14 1.86 2.16 12.78 
Gornyk SW (<0.16 mm); L/S=0.5 77.71 5.52 3.71 1.1 11.95 
Gornyk SW (<0.16 mm); L/S=0.2 56.23 10.56 2.62 1.6 28.98 
Gornyk SW (0.25-0.16 mm); L/S=1 71.41 5.15 6.16 17.27 - 
Gornyk SW (0.25-0.16 mm); L/S=0.5 42.89 7.11 10.62 39.38 - 
Gornyk SW (0.25-0.16 mm); L/S=0.2 48.39 1.91 5.93 43.76 - 

These results were confirmed by the field experiment (fig. 2). It was shown that the particle size 
distribution of tailings material was changed after treatment by the PHA. Fraction of >2 mm particles 
was increased to approximately 50-80%. The complex geochemical barrier was formed at the top layer 
of sulfide tailings (pH increase, formation of organic-mineral complex). Thus, a complex geochemical 
barrier was formed at the top of sulfide tailings (pH increase, formation of organic-mineral complex).  

 
Figure 2 Images of the field experiment on prevention of aeolian transportation: a) blank experiment; b) 

addition of the PHA with limestone; c) visual changes in top layer after treatment. 

AMDs treatment by the PHA  

Drainage water from the tailings produced by the Belovo zinc processing plant (Belovo, Kemerovo 
region), the gold concentration plant (Ursk, Kemerovo region), the Altay polimetal Ltd. plant (Gornyk, 
Altay region), and the Karabashmed plant (Karabash, Chelybinsk region) were treated by the PHA 
(Bogush and Voronin 2011; Bogush et al. 2015). 

The PHA effectively removed potentially toxic elements (Hg, Cd, Pb, Zn, Cu, etc.) and increased the 
pH of all treated AMDs. Complete neutralization was achieved for the AMDs from the Belovo sludge 
pond and Karabashmed tailings. The amount of the PHA to be added depended on the AMD 
composition. For instance, an AMD/PHA ratio of 500–1000 was effective for the Karabashmed 
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tailings AMD, while an AMD/PHA ratio of 100–500 was effective for the Belovo sludge pond water. 
The metal concentrations of these treated AMDs met water quality standards. Using tested AMD/PHA 
ratios, partial acidity and metal removal was obtained after treatment of the highly acidic and 
contaminated AMDs of the Ursk tailings, the Belovo clinkers, and the old waste deposit (Gornyak). 
An increased AMD/PHA ratio was required for the more highly acidic and contaminated AMDs 
(Bogush et al. 2015). 

The flaky sediment (metal-organic residue (MOR)) that was formed after AMD treatment by the PHA 
can be removed by filtration through activated carbon or haydite sand. Activated carbon is best to use 
after treatment of highly contaminated solutions. However, it is cheaper to use haydite sand, especially 
for slightly acidic drainage (Bogush and Voronin 2011). 

Element Removal from AMD Using the PHA with Subsequent Thermal Treatment of the Metal–
Organic Residue 

Thermal treatment of MOR was proposed in order to produce a metal-concentrate residue and avoid 
waste sludge disposal to the environment. Organic matter can be removed completely from MORs by 
heating them at 450–500°C. Using higher temperatures would increase costs, loss of strategically 
important metals, and secondary environmental pollution by volatile harmful impurities. 

The metal-concentrate residues generally contained aggregates with different size range (20–350 lm). 
These aggregates were mainly composed of metal oxides and sulphates. Hematite (Fe2O3), which can 
be potentially applied as a pigment in colored concretes or as a raw material in cement clinker 
production, was detected as a main phase in the residue after thermal treatment of the PHA-Ursk 
AMD precipitate. Tenorite (CuO) was detected as a main phase in the residue after thermal treatment 
of the PHA-Belovo AMD precipitate. Thermal decomposition of the organic matter in the PHA and 
metal-organic residues is an exothermic process with significant calorific value (9–15 kJ/g).The metal-
concentrate residues can be used for metal production by the blast-furnace, pyroprocessing, and 
hydrometallurgical methods (Bogush et al. 2015). 

A novel, alternative method for AMD remediation and element extraction using the PHA with 
subsequent thermal treatment of the MOR (fig. 3) to minimize waste sludge production was proposed 
(patent RU N2011139274; Bogush et al. 2015). 

 
Figure 3 The schematic technological process for metal extraction from AMD using the PHA with subsequent 

thermal treatment (modified from Bogush et al. 2015). 
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Conclusions 

Potential application of the new peat-humic agent as an alternative material for AMD remediation and 
element removal was discussed in this work. The PHA effectively removed potential pollutants from 
AMD and neutralized moderately acidic acid mine drainage. The amount of the PHA to be added 
depended on the AMD composition. The PHA would be a low cost material for contaminant removal. 
On average, 1.7 L of the PHA can be produced from 1 kg of this peat. The production and 
transportation cost of 1 m3 of peat in Russia is about $ 10 (US). On average, 1.7 L of PHA can be 
produced from 1 kg of peat, and up to 1,000 L/h can be produced in a single reactor. At this rate, the 
production cost of 1 L of PHA is about $ 0.5, and so the sale price would be about $1. Two litres of 
PHA would be needed to treat 1,000 L of slightly acidic mine drainage (Bogush and Voronin 2011). 

The PHA can be used to modify kaolinite clay in order to create an organic-mineral complex and to 
intensify sorption properties of clay. The organic-mineral complex has adsorption capacity in about 2 
times higher than natural clay and can adsorb metals in extended interval of pH from 5 to 8.5. The 
modified materials (PHA and organic-mineral complex) can be considered for developing an artificial 
complex organic-mineral barrier in sludge pond base. This barrier can consist of natural (clay, 
limestone, peat) and modified materials (PHA and organic-mineral complex) which may considerably 
reduce penetration of drainage solution into bottom layers and ground water, neutralize AMD and 
concentrate potentially toxic elements.  

The PHA can be used to prevent effectively sulfide tailings dusting. The particle size distribution of 
tailings material was changed after treatment by the PHA. Fraction of >2 mm particles was increased 
to approximately 50-80%. The complex geochemical barrier was formed at the top layer of sulfide 
tailings. 

A novel, alternative method for AMD remediation and element removal using a PHA with subsequent 
thermal treatment of the MOR was proposed. This new method can solve two problems: 1) effective 
treatment of AMD from potential pollutants and production of treated water which can be used in 
mining industry; 2) extraction of strategically important metals (Cu, Zn, Pb, Ni, Co, Ag, Au, etc.) from 
AMD.  
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