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Development of effective strategies for remediation of groundwater 
contamination is needed for protection of soil and water bodies. Emerging passive 
remediation technologies such as permeable reactive barriers (PRB) require 
materials that are efficient in removing contaminants through degradation, 
precipitation, or sorption of contaminant species [1]. Because the long-term stability 
of immobilized contaminants is dependent on their chemical state, investigation of 
contaminant removal processes under the expected conditions is critical to the 
design operation, and evaluation of remediation units [2]. 

The contamination of surface and ground waters by acidic is nowadays an 
environmental problem of international scale. In the effort to remediate these 
contaminated groundwater pumping or extraction ex-situ treatment, and a discharge 
of the treated water have often been employed in combination with above 
groundwater treatment. However, recent studies have shown that solubility 
constraints and low-permeability zones may prevent pumping from removing 
sufficient mass of a contaminant to achieve, regulatory water quality standards, and 
additionally the high economical cost associated makes this solution unrealistic in 
the case of acid mine drainage [3]. A potential solution to many groundwater 
pollution problems is the installation of PRB into aquifers affected by drainage 
water derived from mine waste materials typically. PRB to particular chemical 
contaminants consist of a water permeable material with specific chemical reactivity 
towards one or more chemical constituents via mechanisms such as adsorption, 
exchange, oxidation-reduction, or precipitation. Between the different reactive 
materials postulated, Apatitell™, primarily amorphous form of a carbonated 
hydroxy-apatite that has random nanocrystals of apatite embedded in it, resulting in 
efficient and rapid precipitation of various phosphate phases of metals. This material 
stabilizes metals by chemically binding them into new stable phosphate phases and 
other relatively insoluble phases in the soil, sediment or in a PRB [4]. 

Removal efficiency of acidity. 
Apatite is an excellent material for neutralizing acidity through P04

3", OH", 
and substituted CO32", exerting control over chemical activities of other species 
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leading to the precipitation of oxihydroxide and carbonate-metal phases. The 
nominal composition of Apatite II could be described as Caio-xNax(P04)6. 
x(C03)x(OH)2 where x < 1. Batch experiments with acidic waters with pH values 
between 2 and 4 shown the capability of Apatite II to neutralize those waters. 
Typically pH values were buffered between 6.5 to 7.0, that could be explained 
taking into account the dissolution reaction of Apatite II as [5]: 

Ca10.xNax(PO4)6-x(CO3)x(OH)2 

xH2C03 + 2H20 (1) 
14H+ -» (10-x)Ca2+ + xNa+ + (6-x)[H2(P04)]" 

Due tot he fact that the phosphate content is higher than the carbonate 
content the phosphate system (F^PCV/HPCV2) is the principal component on the 
buffering of the pH. The degree of protonation of the phosphate and carbonate in the 
intermediate reactions depends upon the pH. The dissolution of Apatite provides a 
constant supply of H2PC>4" anions that would be used for the precipitation of the 
corresponding metal phosphates. This excess dissolution leads to the strong pH 
buffering exhibited by Apatite II as a result of reaction (1). 

Column experiments simulating dynamic conditions shown the high 
capacity to neutralize highly acidic waters (pH=2) with high flow-rates (up to 0.5 
m/d). While Apatite II was available on the column, Figure 1, the pH values was 
around 6 to 6.5, and calcium and total phosphor content are 550 and 280 mg/L 
respectively. The molar ratio of those concentrations is in agreement with the fact 
that hydroxyapatite is the mineral phase controlling the dissolution with a theoretical 
molar ratio of (Ca/P=5/3). After 175 bed volumes the amount of Apatite on the 
column is practically consumed and the pH of the column effluent achived is 2, the 
value of the influent solution. Additionally the levels of phosphor and calcium 
became below the detection limits. 
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Fig. 1. Evolution of pH, and total calcium and phosphor concentrations in a column 
experiment. Effluent composition: H2SC>4 at pH=2.0. Flow rate 0.22 ml/min 

Removal efficiency of heavy metals . 
Preliminary studies on the removal efficiency of heavy metals were 

performed in batch reactors, selecting zinc as the key component of the acid mine 
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drainage scenarios. The evolution of the dissolution of the material was followed by 
the changes of the calcium and phosphor content while the removal efficiency was 
followed by the decrease of zinc levels under the different experimental conditions 
evaluated.. The evolution of pH allow to obtain values close to 7 for the lower phase 
ratios achieving up to pH 8 for the samples with higher apatite to acid effluent ratios, 
as can be seen in Figure 2a. This reaction is very fast and, and less than 100 minutes 
is enough to achieve this values. Additionally, the removal of Zn is also very 
effective as could be seen in figure 2b, and very fast. Zinc was removed in the three 
cases quantitatively(>99%) and this was achieved in many cases in less than 15 
minutes, as is the case of the run with 5/100 phase ratio. 
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Fig. 2. Evolution of a) pH changes and b) zinc concentration changes as a function 
of time in treating acid solutions of H2SO4 of pH=4 in batch experiments 

Metal removal seems to be faster than the equilibration of pH, due to the fact 
that the system buffering the pH is initially controlled by the formation of the 
zinc/phosphate phase. Equilibrium pH achieved in these batch experiments are in 
agreement with those predicted if the mineral phase controlling the solubility is 
Apatite II instead of carbonated based phases as calcite also present on the material. 
The dissolution of Apatite was accompanied with the dissolution of phosphate and 
calcium. Values of total phosphor in solution varied between 3 to 10 depending ion 
the phase ratio, while the content of calcium moves from 10 to 120 mg/L. 

Removal capacity of metallic and non metallic species. 
Preliminary studies on the neutralization capacity of Apatite, using dynamic 
conditions, shown a similar tendency to neutralize the acidity of the effluent and the 
associated effect of promote the removal of zinc, lead and arsenic from acidic 
solutions. The concentration of the different analytes as function of the volume of 
effluent treated are collected in Figure 3 for acidic effluents no containing iron (a) 
and acidic solutions containing iron (b). 

In the case of treating solutions no containing iron, levels of Zn and Pb were 
always below the limit of detection of the analytical technique used while As was 
not retained within the experiment. As could be observed on the solubility-pH 
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functions (Figure 4) the precipitation of these divalent metal ions is achieved at 
values higher than 6 and then pH below this values the formation of the respective 
metal hydroxides is not favored. 
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Fig. 3. Breakthrough curves for Apatite II columns performance on Zn, Pb and As 
removal from an acid solution of pH 2 a) containing Fe and b) non containing Fe 

When the solution to be treated containing iron, a different behavior curve 
was obtained as it is shown in Figure 3b. Arsenic is remove from solution so 
efficiently as other metal cations present (Zn, Pb and Fe). The increase of pH above 
6, is promoting the hydrolysis of iron, and promoting probably the co-precipitation 
and/or adsorption. The removal of arsenic, could not be explained by the formation 
of neither calcium nor magnesium arsenate and could be associated to the adsorption 
onto the iron hydroxides as has been described previously on limestone columns [6]. 
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Fig. 4. Variation of the metal concentration of the different cations in equilibrium 
with the corresponding metal phosphates. Thermodynamic data from the Wateq4f 

database [7] 

Breakthrough points take place when most of the Apatite was already 
consumed and then the pH decrease below 6 is accompanied by a significant 
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increase in the metal content of the outlet. It is interesting to note that Zn, Fe and As 
showed concentrations higher than the inlet value (C/C0>1). This is attributed to the 
dissolution of the solids previously formed. According to this behavior, a 
remediation system based on the reactions described must be removed when 
symptoms of exhaustion appear. 

Experiment results shown that Apatite II could be a potential candidate as 
reactive material on PRBs for in-situ treatment of contaminated ground waters by 
acid mine drainage episodes. Apatite II could buffer acidity to values between 6 to 
6.5 promoting the attenuation of heavy metal ions in the form of metal phosphates. 
Those metal ions are not efficiently removed by limestone as has been demonstrated 
in preliminary studies with acidic water from mine dumps and ponds. Formation of 
those metal phosphates is associated with minimum losses of porosity of the column 
material, not diminishing the life time of the column in a substantial form. Then, 
laboratory feasibility studies demonstrated the effectiveness of Apatite II relative to 
other reactive media to be use as reactive material in a permeable reactive barrier 
(PRB). Materials used in the field must be effective, inexpensive and readily 
available in multiple-ton quantities to be able to treat large volumes of water, or soil. 
Some of the candidate materials that have been researched include zero valent iron, 
zeolites, apatites, MgO, carbonates, pecan shells, compost, peat moss, cottonseed 
meal, and lime. In order to be cost-effective and produced in multiple ton quantities, 
suitable materials will be produced by mining operations, agricultural waste 
production, or industrial waste production, with few modifying steps that must be 
relatively. 
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