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Abstract  

This study reports on mine water treatment with apatite containing bone meal 
filters. Bone meal has earlier been used to immobilize lead, copper and zinc from 
solution by formation of metal phosphates. Two different mine waters were 
tested, one neutral and one acidic. Trace elements, especially lead, was efficiently 
retained by the bone meal in the acidic system. In the neutral system pH was too 
high for apatite dissolution and the decrease in metal concentrations were thus 
only due to physical filtering. 
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Introduction  

By-products as reactive materials to immobilize trace elements in metal 
contaminated waters are an interesting alternative to raw materials because it 
saves natural resources and reduces the costs (Hodson 2001; Sartz 2010). Bone 
meal mainly consists of hydroxyl-apatite Ca5[OH|(PO4)3], lime hydrate (Ca(OH)2) 

and calcite (CaCO3) (Cheung et al 2002) and has in earlier studies been proven to 
adsorb both metals and non-metals in contaminated waters. Bone meal 
immobilizes for instance lead, zinc and cadmium by formation of insoluble metal 
phosphates (Azab and Peterson 1989; Hodson et al 2001; Abdel-Halim and 
Shehata 2003; Frogner Kockum et al 2006; Sneddon et al 2006; Nwachukwu and 
Pulford 2008; Rieuwerts et al 2009) like for instance pyromorphite (Pb5(PO4)3OH) 
(Xu and Schwartz 1994). Previous studies indicated that cadmium and lead was 
bound to the phosphate in apatite (ion exchange with calcium). In column studies 
by Frogner Kockum et al (2006) it was shown that lead was partly adsorbed to 
bone meal, and partly precipitated as lead phosphate. 

Adsorption capacities of elements in bone meal follow the following order: 
Al>Zn>Pb>Cu>Cr>Cd>Co>Ni (Frogner Kockum and Bendz 2007). The ability to 
reduce concentrations of lead and zinc is especially relevant in mine water 
treatment, as these elements often are elevated in various mine waters. Earlier 
analyses of bone meal has shown that the effective surface area is 20.9 m2/g 
(Frogner Kockum and Bendz 2007) and that the neutralization potential is largest 
between pH 4 and 6 (Frogner Kockum et al 2006). Modin et al (2011) however 
concluded that bone meal may have unsuitable hydraulic properties because of its 
small particle size (< 2 mm). This means that bone meal filters can stop working 
due to clogging before reaching the capacity for sorption.  
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Pilot-scale studies were performed at a waste deposit in Malmö, Sweden. Five tons 
of bone meal were treating water from an infiltration area of approximately 1°000 
m2 (Ahlquist 2006). Results from the pilot-scale study are shown in Table 1. 

Table 1 Reduction of trace elements in water from a municipal waste deposit. The metal 
contaminated water was treated with bone meal January 2005 – April 2006 (Ahlquist 
2006). 

Trace Element Reduction (%) 

As 63 

Cd 94 

Cu 91 

Hg 94 

Pb 97 

Zn 74 

Methods  

Neutral and acid mine waters 

Filters were tested for two different mine waters: (1) acidic (pH 3.5-4) mine water 
with high concentrations of iron and aluminum (6 and 15 mg/L respectively) and 
(2) neutral (pH 7) mine water with lower concentrations of iron and aluminum (4 
and 2 mg/L respectively). Concentrations of lead and zinc were 0.2 and 15 mg/L 
and 0.7 and 1.2 mg/L for the acidic and neutral mine waters, respectively. In the 
neutral mine water, lead and zinc were mainly associated with particles (> 0.4 
µm). General parameters and major and trace element concentrations are shown 
in Table 2. 

Filter design 

Filters had a volume of 1 m3 and an upflow filter design was used to achieve good 
contact between the water and the filter material (Figure 1). Before building of the 
filters some smaller percolation tests were made in order to decide how much of a 
coarser material that would be needed to obtain the desired hydraulic 
conductivity. The ratio of bone meal/coarser material was decided to be 20/80. 
The coarse material used in the filters was iron tailings from a nearby mine. 
Detailed availability tests on the iron tailings showed it was close to inert, i.e. 
leaching or addition of contaminants from the filter material was not expected. 

The acid filter was in operation during October 2010 to October 2011 (except for 
the winter months November-March). Flow through the acid filter was 6 L/h to 
begin with (L/S 0-260 (liquid/solid ratio)) and was then increased stepwise to 60 
L/h (L/S 260-1 500) and eventually 500 L/h (L/S 1 500-2 200). The neutral filter 
was in operation during October 2010 to June 2011, also during the winter 
months. Flow through the neutral filter was 5 L/h October to December (L/S 0-
4 000) and 2.5 L/h January to June (L/S 4 000-10 000).  

Samples were collected for analysis of pH, Eh, electrical conductivity, 
alkalinity/acidity, inorganic anions and major and trace elements at the outlet of 
the filters (outflow at the top). 
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Figure 1 Schematic of the filter design. Mine water was introduced from the bottom of the 
filter and samples were taken at the top (outflow). 

 

Analytical 

Electrical conductivity, pH and redox potential were determined immediately after 
sampling using relevant electrodes. Alkalinity (end-point pH 5.4) and acidity were 
determined through titration with HCl and NaOH, respectively. Inorganic anions 
(chloride, fluoride and sulphate) were analysed with ion chromatography. 
Elemental analysis was performed using ICP-MS. 

Results and Discussion 

Neutral mine water 

The trace elements of highest concern in the neutral mine water were lead and 
zinc, and the concentration of these metals needed to be reduced before the water 
could be released to the recipient. When passing through the bone meal filters, 
concentrations of lead and zinc decreased (Figure 2), but the levels were still 
unacceptably high to be directly released to recipient. Almost no changes could be 
seen when comparing general chemical parameters (pH, electrical conductivity 
etc) before the filter (mine water) to after the filter (Table 2) and the 
concentration decrease that occurred was probably due to physical filtration, i.e. 
the metal containing small particles were filtered in the filter. 
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Figure 2 Zinc- and lead concentrations in the neutral system plotted against L/S ratio. 
Average concentrations of zinc and lead in ingoing water are shown in Table 2. 

Table 2 General parameters and major and trace elements at the inlet (ingoing water) 
and outlet (outgoing water) from the two different systems. The values are average values 
from the total test period for both filters. 

  Ingoing water Outgoing water 

Parameter Unit Acid system Neutral 
system 

Acid system Neutral 
system 

pH - 4.9 7.3 6.2 7.1 

Electrical 
conductivity 

µS/cm 890 270 960 300 

Alkalinity meq/L 0.0 0.6 0.6 0.7 

Redox mV 140 -26 -20 -40 

      

Al µg/L 15 400 2 000 6 000 1 300 

Mn µg/L 4 600 660 3 000 540 

Fe µg/L 6 000 3 700 3 100 2 300 

      

Pb µg/L 240 710 53 350 

Zn µg/L 15 000 1 200 5 900 800 

Cd µg/L 22 9.1 13 7.7 

Cu µg/L 1 950 5.7 630 4.7 

 

Acid mine water 

When the acid mine water passed the bone meal filter pH increased, alkalinity was 
added and the redox state changed from oxidizing to reducing conditions (Table 
2). Figure 3 shows how concentrations of iron, copper, lead and zinc varied during 
the entire test period (plotted against L/S ratio). The bone meal filter efficiently 
reduced concentrations of copper, lead and zinc up to approximately L/S 1 000, 
where after the concentrations increased (Figure 3). Also, concentration of iron 
started to increase at the same time. This could imply that the capacity of the filter 
was exceeded at around L/S 1 000. 
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The mechanism for immobilization of the trace elements would either be sorption 
onto secondary iron- and aluminum oxy(hydr)oxides, precipitation as metal 
phosphates – or carbonates or a combination of sorption and precipitation. Bone 
meal was less efficient as a zinc scavenger, compared to for instance lead. This was 
probably due to the pH which was a little bit too low to fully immobilize zinc by 
sorption and possibly also less likelihood of zinc phosphate formation than lead 
phosphate formation. 

 
 

  

Figure 3 Iron-, copper-, zinc- and lead concentrations in the acid system plotted against 
L/S ratio. Average concentrations of the metals in ingoing water are shown in Table 2. 

Comparison between acid and neutral filters 

Figure 4 shows variation in pH in ingoing respectively outgoing water for the two 
filter systems. The large difference in trace element removal between the two 
systems (acid and neutral) was probably largely dependent on pH, as the high pH 
in ingoing water in the neutral system did not allow for any dissolution of 
phosphates from the bone meal and consequently no possibilities for metal 
phosphate formation. Additionally, the contaminants (lead and zinc) in the neutral 
mine water were mainly associated with particles (more than 80 %), which makes 
sorption onto iron- and aluminum phases more difficult. 
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Table 3 Removal rate of the trace elements lead, zinc and copper for the two filters. 
Calculations for L/S and removal rate are based on the mass of bone meal in the filter. 
The concentration of copper of incoming water in the neutral system was too low to allow 
any removal rate calculations. 

Element Acid water 

L/S = 2 280 

Neutral water 

L/S = 10 000 

Pb 0.25 g/kg bone meal 2.50 g/kg bone meal 

Zn 10.6 g/kg bone meal 2.50 g/kg bone meal 

Cu 1.90 g/kg bone meal - 

 

 

Figure 4 pH in ingoing mine water and out from the bone meal filters. Top figure shows 
the neutral system and bottom figure shows the acid system. 

 

Removal rate for lead, zinc and copper was calculated, the results are shown in 
Table 3. For lead and zinc, an approximate theoretical capacity of 10 g metal/kg 
bone meal can be expected, for copper the same figure is 1 g Cu/kg bone meal 
(Frogner Kockum et al 2006; Frogner Kockum and Bendz 2007). 
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For the neutral filter, the removal rate was lower than theoretical calculations for 
both lead and zinc. This was however not surprising, as the lower trace element 
concentration reduction in the neutral system was not a consequence of exceeded 
capacity for the bone meal, but more likely due to other factors (high pH in ingoing 
water and contaminants mainly associated with particles). In the acid system, 
theoretical capacity was exceeded for copper, while zinc removal was as what 
would be expected. The maximum (theoretical) removal rate for lead was not 
reached in the acid system. 

Conclusions 

Lead and zinc concentrations were reduced with 100 % and 86 % respectively for 
the acid system, but only with 50 % (lead) and 33 % (zinc) for the neutral system. 
Lead was efficiently immobilized in the acidic system by a combination of apatite 
dissolution and subsequent formation of lead phosphate as well as sorption onto 
iron and aluminum precipitates. 

Concentration of zinc was reduced in the acid system, but still rather high. This 
could be due to a combination of less efficient immobilization of zinc by 
phosphates, as compared to lead, and also the pH that is a little bit too low to 
completely immobilize zinc by sorption onto precipitated iron- and aluminum 
phases. 

In the neutral system pH in ingoing neutral mine water was too high for phosphate 
dissolution from the bone meal. The contaminants were mainly associated with 
particles, which also affected sorption onto iron- and aluminum phases. Trace 
element removal was probably largely due to physical separation of metal 
containing particles in the filter.  
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