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ABSTRACT 
Ferric iron complexation and precipitation reactions are noted to be important mechanisms affecting pyrite 
oxidation and subsequent pollutant generation and transportation. In particular, the ferric complexation raises 
the total dissolved concentration of ferric iron which affects transport of dissolved ferric iron. Total dissolved 
ferric iron in the aqueous phase is used to determine the rate of pyrite oxidation hence the calculation of the 
actual values of ferric ions is necessary. Therefore, simulation of such reactions is an interesting subject of the 
environmental studies. This paper attempts to describe a method for modelling of these reactions. Both 
reactions are assumed to be relatively fast so that local chemical equilibrium always exists at every point of the 
system. For modelling purpose, a multi-purpose computational fluid dynamics (CFD) package called PHOENICS 
incorporating a finite volume Discretisation scheme has been modified. It is found that the precipitation reaction 
removed ferric iron from the solution phase in the direction of the groundwater flow where the pH is above 3. 
The concentrations of ferric iron are mainly restricted to the unsaturated zone. 
 
INTRODUCTION 
Complexation involves reaction between simple cations (usually metallic), and anions called ligands (Reddi & 
Inyang, 2000). Complexation facilitates the transport of potentially toxic metals such as cadmium, chromium, 
copper, lead, uranium, or plutonium. Such reaction also influences some types of surface reactions. A complex 
is an ion that forms by combining simpler cations, anions, and sometimes molecules. The ligand includes many 
of the common inorganic species found in groundwater such as 

−−−−−−− 2
3

3
4

2
4 and,,,,, COPOSOBrFClOH . 

The ligand might also comprise various organic molecules such as amino acids. It should be noted that −OH  
is a very important ligand in aqueous solutions (Pankow, 1991). The simplest complexation reaction involves the 
combination of a metal and ligand as follows: 
 

lMLlLM ⇔+                                                     (1) 
 
A more complicated case of complexation reaction is the reaction series that forms when complexes themselves 

combine with ligands. An example is the hydrolysis reaction of +3Cr . The metal is distributed among at least 
three complexes. Such series involve not only hydrolysis reactions but also other ligands such as 

−−− BrFCl and,  (Domenico & Schwartz, 1990).   
Complexation reactions are important in studying the transport of metals in the subsurface. In assessing the total 
metal concentration in the pore fluid, the complexes must be considered in addition to the free metal ion 
concentration. Because of the complexation reactions the actual quantities of metal transported downstream in 
the pore fluid might be more than the concentrations of metal ions alone might indicate (Reddi & Inyang, 2000). 
Most inorganic reactions involving complexes are kinetically fast. Thus, equilibrium concepts can be used to 
examine these reactions quantitatively. Calculation of the distribution of metals among various complexes 
involves the solution of a series of mass-action equations. 
Mineral precipitation and dissolution reactions are described by the mass action law for a solid and the reacting 
ions. The general form of the dissolution reaction of a solid is:  

)()()( aqaqsdc dDcCDC +⇔       (2) 

where, 
)(aq  = aqueous phase 
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)(s   = solid phase 
 
The reaction above is described by a solubility product of the form: 
 
 

[ ] [ ]
[ ] sp

dc

dc

K
DC
DC

=      (3) 

where, 

SPK = solubility product which is an equilibrium constant specific to a solid. 
 

The left-hand side of Equation 3 is called the ion activity product ( IAP ). For a pure solid, [ ] 1=dc DC .  

When a system is at equilibrium, then, IAPK sp =  

If system is not at equilibrium, the degree of disequilibrium can then be given by the following expression (Walter 
et al., 1994a, b): 











=

spK
IAPogSI l      (4) 

where, 
SI  = saturation index. 
 

(i) In the case of supersaturation, 0>SI , the mineral tends to precipitate;  

(ii) When 0=SI , the mineral and the solution are in equilibrium;  

(iii)  When 0<SI , the solution is under saturation and mineral tends to dissolve. 
 
It should be mentioned that the dissolution and precipitation of minerals are two of the important chemical 
reactions in terms of their control on chemistry of groundwater that affect solute transport (Domenico & 
Schwartz, 1990). These processes have significant effects on the mass transfer taking place in groundwater 
systems (Reddi & Inyang, 2000). Dissolution reaction supplies dissolved material into the pore water whereas a 
precipitation process removes it from pore water (Lerman, 1979; Reddi & Inyang, 2000). Hence, these reactions 
must be considered in the model. 
In this paper a numerical finite volume model was developed using a multi-purpose CFD package called 
PHOENICS (CHAM, 2000). The necessary coding was supplied to PHOENICS in FORTRAN language in order 
to take into consideration all extra sources and sink terms in the governing equations. All these modifications 
were carried out in a subroutine called GROUND and were linked to the PHOENICS solver by the PHOENICS 
input file called Q1.   
 
FERRIC IRON COMPLEXATION REACTIONS 
One of the most important metals, which forms relatively strong complexes with ligands of −OH  (hydroxides) 

and −2
4SO  is ferric iron. Ferric complexation raises the total dissolved concentration of +3Fe  a hundred to a 

thousand times in particular at 5≈pH (Jaynes et al., 1984a). Therefore, the ferric complexation reaction is 
noted to be an important reaction, which affects transport of dissolved ferric iron and must be considered in the 
present model. Furthermore, total dissolved ferric iron in the aqueous phase is used to determine the rate of 
pyrite oxidation hence the calculation of the actual values of ferric ions is necessary.                                                  
Table 1 shows the ferric iron complexes, their mass action and equilibrium constants included in this model 
(Jaynes et al., 1984a; Pankow, 1991; Walter et al., 1994a, b; Stumm & Morgan, 1996; and Wunderly et al., 
1996).  
Instantaneous equilibrium is assumed for all of these +3Fe  complexation reactions according to the appropriate 
mass action expressions. In the case of non-equilibrium, kinetic expressions may be substituted for any reaction 
by adding terms to the differential rather than algebraic equation set (Jennings et al., 1982). 
The mole balance equation for ( )TFe  is:  
 
( ) { } ( ){ } ( ){ } ( ){ } ( ){ } ( ){ } { } ( ){ }−++−+++ +++++++= 244

4
224

0
32

23 2 SOFeFeSOOHFeOHFeOHFeOHFeOHFeFeFe T  
(5) 
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Table 1. Ferric iron complexes, Log of the equilibrium constants and their mass action expressions 
(Jaynes et al., 1984a; Pankow, 1991; Walter et al., 1994a, b; Stumm & Morgan, 1996; and Wunderly et al., 

1996). 
Reaction Kogl  Mass action 
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where, a factor of 2 is included in term ( ) +4

22 OHFe  since there are two +3Fe  in each ( ) +4
22 OHFe  species.      

              
By substitution of the appropriate mass action equations, the concentrations of all complex species may be 
eliminated as follows: 
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(6)  
where, 

1
*K , 1K , 2K , 2

*β , 3
*β , 4

*β , and 22
*β  are the stability constants for +3Fe complexes. 

Equation 6 can be rearranged as follows: 
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Now consider the following mass transport partial differential equation: 
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Substitution of Equation 7 into the mass transport equation for += 3FeCi  yields: 
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Modified transport equation of SO4
2- 

Because the ligand −2
4SO  is involved in ferric complexation reaction, modification must be made to take this 

into account in the transport equation of −2
4SO . 

By assumption that the ligand −2
4SO  only forms complexes with ferric iron (Table 1, two last reactions), the 

mole balance equation for ( )TSO4  will be: 

( ) { } { } ( ){ }−+− ++= 244
2

44 SOFeFeSOSOSO T
                                                                                        (11) 

 
Substitution of mass action equations into Equation 11 yield: 
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Substitution of Equation 12 into the mass transport Equation 8 gives: 
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where, 

          { } { }{ }[ ]2
32

41
31 KFeSOKFeC +−+ ++=                                                                     

(14)                       
 
 
FERRIC IRON PRECIPITATION REACTIONS 
In open cut mine spoil the only important source of +3Fe  is the in situ oxidation of ferrous iron as given below: 

 OHFeHOFe 2
3

2
2

2
1

4
1

+→++ +++                                       

(15) 
+3Fe  formed by this reaction may react with pyrite to produce additional +2Fe  −2

4, SO and +H . Alternatively, 

the +3Fe  released may be hydrolysed and precipitated as amorphous ferrihydrite (Jaynes et al., 1984a, Walter 
et al., 1994a, b) according to Equation 16 as given below: 

 ( ) ++ +⇔+ HsOHFeOHFe 3)(3 32
3                                    

(16) 
 
Modelling of precipitation reactions 
All reactions will be assumed to be relatively fast so that local chemical equilibrium always exists at every point 
of the system (Rubin & James, 1973).  
The solubility product for Equation 16 may be expressed as: 

              [ ] [ ] 33 / ++= HFeK                               
(17) 

where, 
K = solubility product of amorphous ferrihydrite based on the stoichiometric relationship (16). 

 
 The rate of dissolution or precipitation of a solid phase can be estimated by the rate of change of concentration 

in pore fluid ( )tC ∂∂ /  (Lerman, 1979). Thus to incorporate an equilibrium precipitation-dissolution reaction, the 
following transport equations can then be written to describe the system in question: 
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where, 

fhC  = amount of precipitated ferrihydrite per bulk volume of solids; 

φ   = porosity; 

[ ]  = concentration operator. 
 
It is assumed that the precipitate occurs as very thin layers on non-reacting surfaces, thus not affecting the other 
processes or the groundwater flow (Rubin, 1983; Eriksson & Destouni, 1997). 
Adding Equations 18 and 19 and rearranging the new equation gives: 
 

[ ] [ ] [ ] [ ][ ] [ ][ ]++ ±±
∂
∂

−
∂

∂
=

∂
∂

HFe
j

j
j

termsSourcetermsSource
x

q
x

D
t

32

2 ψψψφ     (20) 

where, 

                         [ ] [ ] [ ]++ += HFe3ψ  (21)                              
Equation 20 now can be solved by defining the appropriate initial and boundary conditions. The required [Fe

3+] 
and [H +] concentrations can then be obtained from [ ]ψ  by combining and rewriting Equations 17 and 21 as 
follows: 

                            [ ] [ ] [ ]ψ−+ ++ HHK 3
  (22) 

 

                            [ ] [ ] [ ]++ −= HFe ψ3  (23) 
 
Initial and boundary conditions 
The following initial and boundary conditions can be specified for problem at hand: 
 
 

[ ] [ ] [ ] initinitj HFext ++ +=≥= 3,0,0 ψ   

[ ] [ ] [ ]
influ

3,0,0 




 +==≥ ++ HFeqxt rej ψ                              

      [ ] [ ] [ ] initinitj HFext ++ +=∞=≥ 3,,0 ψ  (24)  

                                                                     
The nonlinear Equation 22 was first solved for [ ]+H  using the Secant method (Yakowitz & Szidarovszky, 1989). 
The ferric iron concentrations were then calculated from Equation 23. The calculation were done with FORTRAN 
language and supplied in group 19 of GROUND subroutine in PHOENICS CFD package (CHAM, 2000).  
 
MODELLING SETTING AND INPUT DATA 
A one-dimensional simulation was performed to take into account the complexation reactions. The accuracy of 
the model was evaluated and compared with those results obtained by POLS model developed by Jaynes et al. 
(1984b). Such comparisons and model input data were previously presented in Doulati Ardejani et al. (2002) and 
Singh & Doulati Ardejani (2003).  
 
ONE - DIMENSIONAL RESULTS  
Figure 1 shows the ratio of ferric iron to ferrous iron versus time in the outlet of the spoil profile for two different 
cases where the complexation reactions were incorporated (upper curve) and without complexationreactions 

(lower curve). The complexation reactions increased the 
++ 23 / FeFe  ratio. 

The normalised concentration of ferric iron as a function of depth for a reaction time of 5 years with and without 
complexation reactions was illustrated in Figure 2.  Because of the complexation reactions more ferric iron 
transported downstream in the pore fluid. Therefore, although not shown here, more pyrite was oxidised due to 
the complexation reaction. 
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Figure 1. Fe3+/ Fe2+ in the water leaving the 

profile. 
 

Figure 2. Normalised concentration of ferric 
iron vs. depth over a 5 year period with and 

without complexation reactions. 
 
TWO - DIMENSIONAL RESULTS  
A two-dimensional simulation was also performed to show the capability of the model for considering the effects 
of the ferric iron precipitation reaction.  The two-dimensional cross-sectional dimensions are 50 m horizontally by 
20 m vertically and this domain is discretised into 40×20 control volumes of size 1.25 m horizontally ×  1 m 
vertically. The groundwater flow system was assumed to be steady. An average recharge value of    0.3 m/yr 
was considered for the upper boundary (spoil surface). For the simulation it was assumed that reactive pyrite 
was contained only in a 12.5-m-wide segment of the unsaturated zone of the spoil. The spoil surface was 
maintained as a first-type boundary condition for oxygen equal to its atmospheric concentration (0.21 mol/mol). A 
zero concentration gradient boundary conditions were specified above the water table for the oxygen transport 
model. To avoid non-linearity problems, no ferric complexation reactions were allowed to take place. The two-
dimensional results are given for oxygen concentration and the fraction of pyrite oxidised in the spoil (Figure 3).  
 

 
 

Figure 3. Two-dimensional simulation results after 5 years: (a) oxygen concentration; (b) pyrite fraction 
oxidised. 

The depletion zone of oxygen is due to the chemical oxidation of ferrous iron as well as pyrite oxidation (Figure 
3.a). As Figure 3.b shows that more than about 15 % of pyrite was oxidised in the section above the water table 

where the concentration of oxygen is high. In the zone where the oxygen decreased to less than 3 3/ mmol , 
only about 1 % of the pyrite was oxidised. 
Ferric iron concentrations are shown in Figures 4 and 5 for the simulation time of 5 years and 10 years 
respectively. In Figures 4.b and 5.b the effects of the ferric precipitation are included. In Figure 4, because the 
chemical oxidation of ferrous iron is the main source of ferric iron generation no significant ferric iron was 
generated. As illustrated in Figures 4.b and 5.b, the precipitation reaction removed ferric iron from the solution 
phase in the direction of the groundwater flow where the pH is above 3. The results for the solution pH are not 
presented here.  
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Figure 4. Fe3+ after 5 years of simulation: (a) without precipitation reaction; (b) including precipitation 
reaction. 

 
In Figure 5, bacteria were allowed to be active. The ferric concentrations are mainly limited to the unsaturated 
zone, but as time progresses (Figure 5.a) some is being transported below the water table. In the case where 

pyrite is present below the water table, +3Fe  is converted back into 
+2Fe  through the +3Fe -pyrite reaction. 

By incorporating the ferric iron precipitation reaction (Figure 5.b), aqueous ferric iron was removed from the 
solution phase in the saturated zone where the pH is greater than 3.5. 

  
Figure 5. Fe3+concentration after: (a) 10 years (without precipitation reaction); (b) 10 years (including 

precipitation reaction) of simulation. The role of bacteria was considered. 
 
CONCLUSIONS 
A numerical finite volume model using a multi-purposes CFD package called PHOENICS has been developed to 
simulate the ferric iron complexation and precipitation reactions taking place in acidic mine drainage 
environments. In such sites, the calculation of the actual amounts of ferric iron is important to determine the rate 
of pyrite oxidation and therefore the subsequent leaching generation. It was found that the complexation 
reactions increased the ++ 23 / FeFe  value. The precipitation reaction removed ferric iron from the solution phase 
in the direction of the groundwater flow where the pH is above 3. The simulation of such reactions is an 
interesting subject of the environmental studies and gives realistic results and provides a better understanding of 
the complexity of the acidic mine drainage environments.   
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