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Ferrous Iron (FeFerrous Iron (Fe2+2+) ) 
Oxidation Oxidation in Oxidation Oxidation in 

Mine DrainageMine Drainage
StoichiometricStoichiometric
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Kinetic Reaction Kinetic Reaction 

BackgroundBackground



Oxidation & HydrolysisOxidation & Hydrolysis
(overall equations)(overall equations)

FeFe2+2+ + ¼O+ ¼O22 + H+ H++ =>=> FeFe3+3+ + + ½½HH22OO

FeFe3+3+ + 3H+ 3H22O  O  => Fe(OH)=> Fe(OH)33 + 3H+ 3H++

1 mg/L of D.O. = 7 mg/L Fe2+

1.8 mg/L as CaCO3 = 1 mg/L Fe2+



Ferrous Iron OxidationFerrous Iron Oxidation
Processes In AMD TreatmentProcesses In AMD Treatment

Homogenous Ferrous Iron Oxidation (HomOX)
(Passive & Conventional Chemical Treatment Oxidation Process)
A solution-based oxidation process whereby Ferrous Ions 

and hydroxide complexes (Fe2+, Fe(OH)+ & Fe(OH)2
0) 

react with dissolved oxygen to form ferric iron (Fe3+).

Heterogenous Ferrous Iron Oxidation (HetOX)
(AIS Treatment Oxidation Process)
A solid/solution interface oxidation process whereby Ferrous 

Iron (Fe2+) is sorbed to the surface of iron oxide (or other 
oxide surfaces) and in the presence of dissolved oxygen 
is catalytically oxidized to ferric iron (Fe3+).



Conceptual Ferrous Iron OxidationConceptual Ferrous Iron Oxidation
Homogenous (HomOX) – Solution-based Oxidation & Precipitation
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HomOXHomOX Reaction Rate DataReaction Rate Data

Fe2+Fe(OH)2
0

Fe(OH)1+

At [OAt [O22] = 1.26 ] = 1.26 mMmM and 25and 25°°C C 
(portions of figure reproduced (portions of figure reproduced 
from from WehrliWehrli 1990). Open circles 1990). Open circles 
(o) are from Singer & (o) are from Singer & StummStumm
(1970), and solid circles ((1970), and solid circles (••) are ) are 
from from MilleroMillero et alet al. (1987).. (1987).

Dashed lines are estimated rates Dashed lines are estimated rates 
for the various dissolved Fe(II) for the various dissolved Fe(II) 
species.species.



Homogeneous Ferrous Iron Oxidation Homogeneous Ferrous Iron Oxidation 
Kinetic EquationsKinetic Equations

AbioticAbiotic HomOXHomOX Rate Equations:Rate Equations:

Total Rate (M s-1) =
-(kHo,0+(kHo,1×K1/{H+})+kHo,2×β2,/{H+}2))×[Fe(II)diss]×[O2]

At 6<pH<8

Total Rate (M s-1) = -kHo,2×β2,/{H+}2×[Fe(II)diss]×[O2]
or

-d[Fe(II)diss]/dt = kH,/{H+}2×[Fe(II)diss]×[O2]
(Stumm & Morgan 1996)

kH = 2.7x10-14 M s-1 ; Ea
app = 237 kJ/mol at 25°C (6<pH<8) 

Millero et al. (1987) constants as converted by Dempsey et al. (2001)



Conceptual Ferrous Iron OxidationConceptual Ferrous Iron Oxidation
Heterogeneous (HetOX) – Surface-based Oxidation & Precipitation
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Constants in the Heterogeneous Constants in the Heterogeneous 
Ferrous Iron Oxidation (Ferrous Iron Oxidation (HetOXHetOX) Model) Model

Model Parameter Description

kHex (M-1s-1) Oxidation Rate Constant
Ea,x (kJ/mol) Activation Energy of Oxidation Reaction
Kx

app (Mx-1) Surface Complexation Constant

Γx (mol/mol) Sorption Site Density
∆H0

rxn,x (kJ/mol) Enthalpy of Sorption Reaction
{H+} Coefficient (x) Hydrogen Ion Coefficient
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HomOX Model AIS Test Results

Homogeneous versus Heterogeneous Homogeneous versus Heterogeneous 
Test Conditions: pH=6.81, DO=9 mg/L, AIS=0.413 g/L as Fe(III), T=10.1ºC

HomOX
< 3% of 
observed 
decrease
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Homogeneous versus Heterogeneous Homogeneous versus Heterogeneous 
Conditions:  DO=8 mg/L, AIS= 1 g/L as Fe(III), T=12ºC

AIS 
Oxidation 
is 100-fold 
faster at 
acidic pH

HomOX >
HetOX
at pH > 8



AMD AMD 
Feasibility/Feasibility/TreatabilityTreatability

InvestigationsInvestigations



BenchBench--Scale Testing Approach Scale Testing Approach 

Passive Treatment Test 
Aeration to 40% DO Saturation 
& pH increase from 6.1 to 6.3

Pre-aeration Test 
Aeration to 90% DO 

Saturation & pH increase 
from 6.1 to 6.9

AIS Treatment Test
Added Iron Oxides, Aeration & 

Mixing provided



SmallSmall--Scale Testing ApproachScale Testing Approach

Complete Mix 
Reactor

AIS
Recirculation Pump

Settling/AIS 
Recovery Tank

Reactor
Effluent

Continuous 
Flow

Effluent



AIS AMD TreatmentAIS AMD Treatment
for removal of iron from mine drainagefor removal of iron from mine drainage

(PATENT PENDING)(PATENT PENDING)

St. Vincent College AIS/SBR Demonstration Project

The First Full-Scale AIS AMD 
Treatment System



Summary of AIS BenchSummary of AIS Bench--Scale and Scale and 
SmallSmall--Scale StudiesScale Studies

AMD DischargesAMD Discharges -- Tests have been conducted Tests have been conducted 
on 6 AMD discharges from across Pennsylvaniaon 6 AMD discharges from across Pennsylvania
SmallSmall--Scale (100 gal) Batch TestsScale (100 gal) Batch Tests -- 7 tests 7 tests 
conducted with AIS ranging from 0.02conducted with AIS ranging from 0.02--1.35 g/L.1.35 g/L.

SmallSmall--Scale FlowScale Flow--through Teststhrough Tests -- 7 tests 7 tests 
conducted with steadyconducted with steady--state AIS ranging from 0.02state AIS ranging from 0.02--1.96 1.96 
g/L.g/L.

BenchBench--Scale Batch TestsScale Batch Tests -- 26 tests conducted 26 tests conducted 
with initial AIS from 0.01with initial AIS from 0.01--2.4 g/L; pH from 5.32.4 g/L; pH from 5.3--6.8; 6.8; 
temperature from 10temperature from 10--2323°°C.C.

FullFull--Scale DemonstrationScale Demonstration –– ongoing study at the ongoing study at the 
Lower Lower SaxmanSaxman Run AMD discharge over the past 2 years Run AMD discharge over the past 2 years 
with a 10,000 gal Sequencing Batch Reactor (SBR)with a 10,000 gal Sequencing Batch Reactor (SBR)



Recent Test Results & Model Simulations Recent Test Results & Model Simulations 
Activated Iron Solids (AIS) ComparisonActivated Iron Solids (AIS) Comparison

SW Borehole Batch Test 4
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Simulates Passive 
Treatment Approach

Simulates Passive 
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with Pre-aeration

AIS Treatment is 
between 50 & 100-fold 

faster



Summary of AIS Tests With Summary of AIS Tests With 
Addition of Pulverized LimestoneAddition of Pulverized Limestone

Batch Test 1
Ave. pH = 6.2, T=15, DO=6.2, Fe(III)=2025

0
20
40
60
80

100
120
140
160

0 30 60 90 120 150

Time (min)

C
on

ce
nt

ra
tio

n 
(m

g/
L)

Ferrous Iron Alkalinity

Batch Test 2
Ave. pH = 6.3, T=15, DO=7.4, Fe(III)=1860
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Test was with 100% of Untreated AMD 
and 2 times the required limestone

Test conducted by mixing 50% of 
Untreated AMD with 50% treated 
AMD from Batch 1 to Simulate 

AIS/SBR Conditions

St. Michaels AMD Discharge is 
net acidic by 280 mg/L & calcite 
solubility modeling indicates an 

ALD can not achieve net alkalinity



Iron Oxide Technologies, LLCIron Oxide Technologies, LLC

System Designs Developed to System Designs Developed to 
Treat Acidic Mine DrainageTreat Acidic Mine Drainage



Activated Iron Solids/Sequencing Batch Reactor Activated Iron Solids/Sequencing Batch Reactor 
(AIS/SBR) Treatment(AIS/SBR) Treatment

For Removal of Iron from Mine DrainageFor Removal of Iron from Mine Drainage
(PATENT PENDING)(PATENT PENDING)

AIS/SBR 
Tank Assembly

size varies

Treated 
Effluent

Alkaline 
Material 

Doser

Waste AIS AIS layer after settling

Mixer/Aeration

Decant 
System



AMD Treatment in a AMD Treatment in a 
TwoTwo--StageStage FlowFlow--Through AIS SystemThrough AIS System

(PATENT PENDING)(PATENT PENDING)

AIS 
CSTR

size varies

Alkaline 
Material 

Doser

Inflow

Mixer/Aeration

Not-to-Scale
Tank Volume Varies

Treated 
EffluentAIS 

CSTR
size varies

Mixer/Aeration

Stage 1 Reactor

Settling TankStage 2 Reactor

Waste AIS
To Thickener

AIS Recirculation



Why Choose AIS Why Choose AIS 
Treatment ?Treatment ?



Comparison of Various AMD Treatment Technologies & Comparison of Various AMD Treatment Technologies & 
Costs for the Crabtree DischargeCosts for the Crabtree Discharge

Characteristics: Flow = 5.5 MGD; pH = 6.1; Iron = 70 mg/LCharacteristics: Flow = 5.5 MGD; pH = 6.1; Iron = 70 mg/L

$ 9.5$ 9.5$ 0.350$ 0.350$ 0.7$ 0.7< 1< 1141455Lime TreatmentLime Treatment

25 25 
(90)(90)44

125 125 
(500)(500)22

22

Detention Detention 
TimeTime
(hrs)(hrs)

$ 6.1$ 6.1$ 0.125$ 0.125$ 3.0$ 3.0<1 <1 
(~3)(~3)33

10 10 
(30)(30)44

PrePre--aerationaeration
/Aerobic Pond/Aerobic Pond

$ 7.0$ 7.0
( $9.0)( $9.0)

$ 0.100$ 0.100
($ 0.180)($ 0.180)

$ 4.5$ 4.5< 1 < 1 
(~20)(~20)33

50 50 
(200)(200)22Aerobic PondAerobic Pond

$ 4.1$ 4.1$ 0.115$ 0.115$ 1.2$ 1.2< 1< 10.50.5AIS TreatmentAIS Treatment

2525--year year 
Project Project 
Costs Costs 

((×× million)million)

O&M O&M 
Costs Costs 

((×× million)million)55

Capital Capital 
CostsCosts

((×× million)million)

Effluent Effluent 
Total Total 
Iron Iron 

(mg/L)(mg/L)

Treatment  Treatment  
SystemSystem
AreaArea11

(acres)(acres)
Treatment TypeTreatment Type

1. Treatment system area includes actual treatment area/volume plus land support area (e.g., embankments, access roads, 
solids handling facilities and etc.);

2. Value in () is the homogeneous oxidation model required area/detention time versus the 20 GDM removal rate;
3. Value in () represents predicted cold weather effluent iron from the aerobic pond system;
4. Value in () is for critical cold weather sizing of the Aerobic Pond;
5. O&M costs have included iron solids recovery, but not disposal costs or beneficial reuse of the iron oxide solids.;



AIS Solids AnalysisAIS Solids Analysis

0.0146146123mg/kgChloride
0.1711,710123mg/kgSulfate
0.5695,69065mg/kgSilica
0.05<1,0001,000mg/kgPotassium
0.1<2,0002,000mg/kgSodium
0.05<1,0001,000mg/kgMagnesium
0.6826,8201,000mg/kgCalcium
0.1021,020500mg/kgAluminum
0.1151,150100mg/kgManganese
50.2502,000100mg/kgIron

Dry Weight Basis

29.70.01%Solids Content (Wet)

% ContentResultDetection
Limit

Unit

Laboratory Analysis of AIS Sample from the Saxman Run AIS/SBR 
Demonstration System



AIS Solids AnalysisAIS Solids Analysis

1.54Silicate as SiO4

100.11Total
0.20Manganese Oxide as Mn(OH)3

0.22Aluminum Oxide as Al(OH)3

0.58Gypsum as CaSO4

1.52Calcite as CaCO3

96.06Iron Oxide as Fe(OH)3

% Dry
Weight

AIS Constituent

AIS Composition Based on Analytical Results



AMD Treatment Solids ComparisonAMD Treatment Solids Comparison

----1.51.53.63.6µµmmAve. Particle DiameterAve. Particle Diameter

11--4%4%30%30%30%30%%%Final Solids DensityFinal Solids Density

6060--80%80%

0.10.1

1%1%

ActiveActive
TreatmentTreatment

Iron Oxide Conc.Iron Oxide Conc.

Settling RateSettling Rate

Iron ConcentrationIron Concentration

Sludge ConcentrationSludge Concentration

ParameterParameter

%%

cm/mincm/min

g/Lg/L

%%

UnitsUnits

96%96%

1.51.5
3333
7%7%

AIS AIS 
SolidsSolids

5050--95%95%

----

----

----

Passive Passive 
SystemsSystems

1Dempsey & Jeon (2001) 

Contamination with 
solids, organics and 

calcium minerals

Contamination with 
calcium and 

magnesium minerals



Calcium Solubility as a Function of pHCalcium Solubility as a Function of pH
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As pH increases the As pH increases the 
solubility of calcium solubility of calcium 
(as calcite) decreases.  (as calcite) decreases.  
This solubility is used This solubility is used 

in lime (in lime (CaOCaO) ) 
softening of waters for softening of waters for 
industrial and drinking industrial and drinking 

water use.  water use.  

Calcium precipitation also contributes to sludge volumes and denCalcium precipitation also contributes to sludge volumes and density issues in sity issues in 
passive and conventional chemical treatment of AMD and can contrpassive and conventional chemical treatment of AMD and can contribute 50% or ibute 50% or 

more of sludge volume affecting longevity and maintenance/operatmore of sludge volume affecting longevity and maintenance/operation costs.ion costs.

Acidic pH of AIS Acidic pH of AIS 
Treatment Treatment 

minimizes the minimizes the 
precipitation of precipitation of 

calcium (as calcite).   calcium (as calcite).   



Potential Beneficial Reuse of Potential Beneficial Reuse of 
Iron OxidesIron Oxides

PigmentsPigments –– HedinHedin EnvironmentalEnvironmental
Pollution AbatementPollution Abatement -- (Municipal, Agricultural & (Municipal, Agricultural & 
Industrial Wastewater Treatment, Groundwater Remediation)Industrial Wastewater Treatment, Groundwater Remediation)

Sorption & PrecipitationSorption & Precipitation (inner and outer sphere)(inner and outer sphere)
Trace Metals (Ag, Trace Metals (Ag, BaBa, Cu, , Cu, CdCd, Cr, Hg, Ni, , Cr, Hg, Ni, PbPb, Zn), Zn)
Trace Anions (arsenate, Trace Anions (arsenate, arsenitearsenite, chromate, phosphate, , chromate, phosphate, 
selenateselenate, , seleniteselenite))
Organics (pesticides, cyanides, Organics (pesticides, cyanides, PAHsPAHs).).

RedoxRedox (electron transfer process)(electron transfer process)
RedoxRedox BufferBuffer
DeDe--halogenationhalogenation ((TCEsTCEs, CCl, CCl44))
Organics (Cyanide, Organics (Cyanide, NitrobenzenesNitrobenzenes))
Metals (MnMetals (Mn2+2+, Cr, Cr6+6+, U, U6+6+) ) 

Metallurgical UseMetallurgical Use -- (e.g., powdered metals)(e.g., powdered metals)

????????



Summary of AIS Treatment Advantages?Summary of AIS Treatment Advantages?

Increased Reaction Rates decrease detention times Increased Reaction Rates decrease detention times 
and treatment system size.and treatment system size.
Lower land area and capital costs in comparison to Lower land area and capital costs in comparison to 
passive treatment.passive treatment.
Easier maintenance and replacement in comparison Easier maintenance and replacement in comparison 
to passive treatment.to passive treatment.
Lower O&M costs in comparison to conventional Lower O&M costs in comparison to conventional 
active treatment.active treatment.
Lower solids recovery and handling costs than Lower solids recovery and handling costs than 
passive treatment and conventional chemical.passive treatment and conventional chemical.
Greater purity and less contamination than passive or Greater purity and less contamination than passive or 
conventional active treatment solids.conventional active treatment solids.
Greater potential to develop beneficial reuses for iron Greater potential to develop beneficial reuses for iron 
oxide solids.oxide solids.
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