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abstract The AmDTreat computer program (http://amd.osmre.gov) is widely used to compute costs
for treatment of coal-mine drainage. Although AmDTreat can use results of titration with industrial
chemicals to accurately compute costs for treatment of net-acidic or net-alkaline mine drainage, such
empirical data are rarely available. To improve the capability of AmDTreat to estimate (1) the quantity
and cost of caustic chemicals to attain a target pH, (2) the chemistry of treated eﬄuent, and (3) the volume of sludge produced by the treatment, a titration simulation is being developed using the geochemical program PHReeQC (wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc) that will be coupled to
AmDTreat. The simulated titration results can be compared with or used in place of empirical titration
data to estimate chemical quantities and costs. This paper describes the development, evaluation, and
potential utilization of the PHReeQC titration module for AmDTreat.
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introduction
The incremental addition of caustic chemicals (NaoH, Cao, Ca(oH)₂, Na₂Co₃, and NH₃) to a metalladen solution generally will increase pH; however, the amount of caustic needed to attain a target
pH and the corresponding eﬄuent composition and sludge volume can not be determined without empirical titration (dosing) data or the application of geochemical models to simulate titration with the caustic chemical(s). In addition to the precipitation of iron, manganese, and
aluminum, compounds of magnesium (mg(oH)₂) and, to a lesser extent, calcium (CaCo₃;
Ca₆Al₂(so₄)₃(oH)₁₂•26H₂o) may precipitate as the solution pH increases to alkaline values. The
precipitation of such phases can consume substantial quantities of treatment chemicals and increase the quantity of sludge produced (means and Hilton, 2004). Furthermore, the pH will not
change linearly with each unit of chemical added because hydrolysis reactions with dissolved metals and Co₂ tend to buffer pH (ott, 1988; Cravotta and Kirby, 2004).
The AmDTreat computer program is widely used to estimate costs for active and passive treatment of mine drainage (mcKenzie, 2005). The treatment cost depends on the chemical used and
increases with the quantities of chemical added and sludge produced. Although AmDTreat can
use titration data to compute chemical costs for treatment of net-acidic or net-alkaline mine
drainage, such data are rarely available. Typically, the amount of chemical to neutralize the eﬄuent is assumed to equal the measured “hot” acidity or computed “net” acidity (skousen et al.,
2000; Cravotta and Kirby, 2004). However, for the same net acidity, the chemical requirement
may differ for oxidized and unoxidized solutions. For net-alkaline eﬄuent that may require active
treatment to pH 10 to remove ferrous iron or manganese, AmDTreat wrongly assumes that no
caustic chemicals and associated infrastructure would be needed and, thus, underestimates treatment cost. Furthermore, AmDTreat does not provide information on the potential quality of the
eﬄuent produced by the speciﬁed treatment.
This paper describes the development and potential utilization of a geochemical titration
module for AmDTreat to estimate (1) the quantity and cost of selected caustic chemicals to attain
a target pH, (2) the concentrations of dissolved metals in treated eﬄuent, and (3) the volume of
sludge produced by the treatment. empirical and simulated titration data are presented as preliminary examples of this new method to reﬁne cost estimates for chemical usage and sludge disposal.
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Methods
empirical titrations of acidic, metal-laden eﬄuent from the “Cal Pike” coal-mine site in western
Pennsylvania were conducted in the ﬁeld to document effects of on-site chemical treatment. A
Hach Digital Titrator was used with a cartridge that had been ﬁlled with industrial strength liquid
caustic (6.1 N NaoH = “20 %” NaoH). Filtered (0.45-μm pore size) eﬄuent samples were collected
to document changes in solute concentrations with treatment to different pH endpoints. Concentrations of major anions (so₄²⁻, Cl⁻) were analyzed by ion chromatography, and concentrations of
major cations (Ca, mg) and selected trace metals (Fe, mn, Al) in acidiﬁed subsamples were analyzed
by inductively coupled plasma optical emission spectrometry at a commercial laboratory. The alkalinity and “hot peroxide” acidity (hot acidity) were titrated to pH of 4.5 and 8.3, respectively.
The data on pH and associated changes in concentrations of solutes resulting from the addition of caustic chemicals to the Cal Pike eﬄuent were evaluated using the geochemical program
PHReeQC (Parkhurst and Appelo, 1999). Titration simulations were developed using the initial
chemistry of the eﬄuent plus solubility data for compounds that could precipitate and control
solute concentrations under equilibrium conditions. The pH was speciﬁed to increase incrementally, and the corresponding amount of chemical needed to attain that pH and the resulting solute
concentrations and mineral saturation indices were computed. Temperature of 16°C, initial dissolved oxygen concentration of 0.5 mg/l, and redox speciation based on the H₂o/o₂ couple were
speciﬁed for these computations.
AmDTreat 4.1c (U.s. oﬃce of surface mining Reclamation and enforcement, 2006) was used
to estimate costs for the active treatment of the Cal Pike eﬄuent with different caustic chemicals
on the basis of the net-acidity and the PHReeQC titrations. To summarize the costs of chemicals
for treatment to speciﬁed pH values, estimates of chemical purity, eﬃciency, and unit costs that
are used as default values for these computations by AmDTreat were extracted for spreadsheet
calculations. Costs also were estimated for sludge disposal. The quantity of sludge produced was
estimated as the sum of unreacted caustic chemical, based on the eﬃciency factor, and the decrease in metals relative to initial concentrations. The metals were assumed to have precipitated
as hydroxide or carbonate compounds (Fe(oH)₃, Al(oH)₃, mn(oH)₂, mg(oH)₂, CaCo₃).

results and Discussion
The untreated Cal Pike eﬄuent had pH of 2.8 and elevated concentrations of dissolved constituents (Fe = 44.1 mg/l; Al = 34.1 mg/l; mn = 48.1 mg/l; mg = 122.2 mg/l; Ca = 105.2 mg/l; so₄ =
1505 mg/l). The measured hot acidity of 498+40 mg/l as CaCo₃ and computed net acidity of
456+20 mg/l as CaCo₃ were comparable to “cold” acidity of 343, 368, and 464 mg/l as CaCo₃ estimated by titration with liquid caustic (20 % NaoH) to pH of 7.0, 8.5, and 9.5, respectively (Fig. 1).
General agreement among different estimates of acidity for the Cal Pike eﬄuent implies that dissolved Co₂ was not an important source of acidity compared to contributions from dissolved metals and protons.
The empirical and simulated titrations of the Cal Pike eﬄuent with NaoH revealed characteristic pH buffering at pH of 3 to 5 and 9 to 12 (Fig. 1). Buffering at pH 3 to 5 has been interpreted

Figure 1 Data for titration of “Cal Pike” eﬄuent with NaOH at 16 °C. Measured (open symbols) and
simulated ( ﬁlled symbols) values for amount of NaOH added, as CaCO₃ equivalent concentration,
and corresponding pH. Measured titration used 20 % liquid caustic solution
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Figure 2 A, Data for measured (symbols) and simulated (solid lines) titration of “Cal Pike” eﬄuent
with NaOH at 16 °C without gas exchange. B, Saturation indices for minerals and other solids as a
function of pH for simulated solutions
to result from the formation of aqueous Fe³⁺ and Al³⁺ hydroxyl complexes and the consequent
precipitation of ferric and aluminum hydroxide compounds (ott, 1988; Cravotta and Kirby, 2004).
sharp decreases in the measured and simulated concentrations of iron and aluminum to values
less than 0.1 mg/l as pH increased from 2.8 to 5 (Fig. 2) are consistent with solubility control by
ferric and aluminum hydroxide compounds. likewise, buffering at pH 9 to 11 can be interpreted
to result from hydrolysis reactions involving mn²⁺ and mg²⁺ and the precipitation of pyrochroite
(mn(oH)₂) and brucite (mg(oH)₂). At pH greater than 10, concentrations of Ca²⁺ also decreased
(Fig. 2A, Table 1), which is consistent with solubility control by ettringite (Ca₆Al₂(so₄)₃
(oH)₁₂•26H₂o; Fig. 2B). Precipitation of ettringite, gypsum (Caso₄•2H₂o), schwertmannite
(Fe₈o₈(oH)₄.₅(so₄)₁.₇₅), and/or basaluminite (Al₄(oH)₁₀so₄) also could account for decreases in the
measured so₄²⁻concentration (Fig. 2).
Nearly complete removal of iron without aeration at pH values less than 7 was simulated by
the precipitation of Fe(oH)₃. solubility control by this phase implies that iron was already in the
ferric oxidation state. In contrast, negligible removal of manganese was observed at pH values
less than 9 (Fig. 2A). The observed concentrations of manganese were approximately simulated
Table 1 Estimated quality of Cal Pike eﬄuent treated with sodium hydroxide to speciﬁed pH,
under conditions with no gas exchange with atmosphere
Solute
conc.
(mg/L)
Fe
Al
Mn
Na
Ca
Mg
SO4
Alk

pH
2.8

Treated to specified pH
6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

44.09
0.08
0.03
0.01
0.01
0.01
0.01
0.01
0.02
0.05
0.14
0.42
34.08
0.00
0.00
0.00
0.00
0.01
0.04
0.13
0.40
1.28
4.04 12.77
48.10 45.80 45.80 45.80 45.80 45.69 45.32 45.21 26.65
2.79
0.33
0.04
200.4 402.7 402.8 402.9 402.9 403.0 403.3 403.6 419.9 442.0 618.8 689.1
105.2 105.2 105.2 105.2 105.2 105.2 105.2 105.2 105.2 105.2 105.2
81.2
112.2 112.2 112.2 112.2 112.2 112.2 112.2 112.2 112.2 112.2
22.7
2.4
1505.1 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1478.3
-206.8
0.1
0.4
0.5
0.7
0.7
0.7
1.7
4.9
14.5
41.8 127.1
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Table 2 Estimated cost of sodium hydroxide for treating Cal Pike eﬄuent to speciﬁed pH, under
conditions with no gas exchange with atmosphere
Estimated quantity and cost
of chemical and sludge
Pure NaOH (g/L)
Equivalent (g/L as CaCO3)
Quantity (lb/1000 gal)
Cost ($/1000 gal)
Sludge (gal/1000 gal; 5%)
Sludge cost ($/1000 gal)

Acid
Treated to specified pH
eq
mg/L 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
CaCO3
0.36 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.38 0.42
0.46 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.48 0.53
2.96 2.96 2.96 2.96 2.96 2.97 2.97 3.21 3.54
$1.06 $1.06 $1.06 $1.06 $1.06 $1.07 $1.07 $1.15 $1.27
14.13 14.14 14.14 14.14 14.15 14.19 14.18 16.40 19.12
$0.85 $0.85 $0.85 $0.85 $0.85 $0.85 $0.85 $0.98 $1.15

10.5

11.0

0.73 0.85
0.91 1.06
6.12 7.15
$2.20 $2.56
35.03 41.34
$2.10 $2.48

without aeration by the precipitation of pyrochroite (mn(oH)₂; Fig. 2B). simulated solute concentrations as a function of pH for scenarios without and with pre-aeration (oxidation) were similar
among NaoH, ammonia (NH₃), hydrated lime (Ca(oH)₂), and quick lime (Cao; Cravotta et al. 2010).
However, simulated treatment with soda ash (Na₂Co₃) and other carbonate compounds produced
different pH and concentration trends for divalent metals resulting from the precipitation of
FeCo₃, mnCo₃, CaCo₃, and other carbonate minerals at near-neutral pH.
Given chemical consumption and sludge production estimates for speciﬁed pH endpoints,
treatment costs were computed (Table 2). Although this paper shows results only for NaoH, costs
can be evaluated for simulations with different chemicals and aeration scenarios (Cravotta et al.,
2010). Users of AmDTreat may specify unit costs, chemical eﬃciency, and sludge density to vary
estimates.

conclusions
The simulated titration results and corresponding estimates of eﬄuent quality and sludge volumes can be used to evaluate potential costs for treatment with different chemicals. After coupling the PHReeQC titration simulation as an add-in module to AmDTreat, titration simulations
will indicate an approximate quantity of caustic chemicals to achieve speciﬁed pH values and the
corresponding chemical concentrations in treated eﬄuent. The user will be able to consider these
results in place of empirical data for treatment with various caustic chemicals, and then specify
the chemical type and quantity to achieve the desired pH in the active treatment screen of
AmDTreat.
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