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Abstract Alkaline chemicals are commonly added to
discharges from coal mines to increase pH and decrease
concentrations of acidity and dissolved aluminum, iron,
manganese, and associated metals. The annual cost of
chemical treatment depends on the type and quantities of
chemicals added and sludge produced. The AMDTreat
computer program, initially developed in 2003, is widely
used to compute such costs on the basis of the user-spec-
ified flow rate and water quality data for the untreated
AMD. Although AMDTreat can use results of empirical
titration of net-acidic or net-alkaline effluent with caustic
chemicals to accurately estimate costs for treatment, such
empirical data are rarely available. A titration simulation
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module using the geochemical program PHREEQC has
been incorporated with AMDTreat 5.0+ to improve the
capability of AMDTreat to estimate: (1) the quantity and
cost of caustic chemicals to attain a target pH, (2) the
chemical composition of the treated effluent, and (3) the
volume of sludge produced by the treatment. The simulated
titration results for selected caustic chemicals (NaOH,
CaO, Ca(OH),, Na,COs, or NH3) without aeration or with
pre-aeration can be compared with or used in place of
empirical titration data to estimate chemical quantities,
treated effluent composition, sludge volume (precipitated
metals plus unreacted chemical), and associated treatment
costs. This paper describes the development, evaluation,
and potential utilization of the PHREEQC titration module
with the new AMDTreat 5.0+ computer program available
at http://www.amd.osmre.gov/.
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Introduction

Since its release in 2003 by the U.S. Office of Surface
Mining, Reclamation, and Enforcement (OSM), the
AMDTreat computer program has been widely used by
mining regulatory authorities, industry, and watershed
groups in the USA and other countries to estimate costs for
treatment of acid mine drainage (AMD) (McKenzie 2005).
AMD, as used here, includes mine water, whether acidic or
alkaline, that is enriched in metals and requires treatment.
AMDTreat uses site-specific information to estimate the
costs to construct and operate a variety of active or passive
treatment facilities specified by the user. The annual
operation cost of the specified treatment depends on the
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flow rate and chemistry of the untreated AMD, the physical
and chemical characteristics of the sludge produced, and
the types, quantities, and efficiency of any treatment
chemicals used. AMDTreat permits a user to consider the
effects of these factors and numerous other environmental
and engineering variables for the evaluation of AMD
treatment strategies. As with prior versions of AMDTreat,
the main purpose of AMDTreat 5.0+ is to facilitate stan-
dardized, present-cost estimates of the total capital costs
for design and construction of an AMD treatment facility
plus the long-term costs of annual operation and mainte-
nance (McKenzie 2005). The unit cost data for construc-
tion, materials, chemicals, and sludge removal have not
been changed for AMDTreat 5.0+; a user still has the
option of modifying the unit values with site-specific
information.

Purpose and Scope

To improve on the capabilities of AMDTreat, a standard-
ized geochemical model was developed as an additional
module to simulate chemical reactions resulting from
titration (chemical dosing) of acidic or alkaline, metal-rich
waters. The module considers the use of a variety of caustic
chemicals and other treatment steps such as pre-aeration.
This paper describes the development and potential utili-
zation of this new geochemical titration module for the
AMDTreat 5.0+ program (available at http://www.amd.
osmre.gov) to estimate: (1) the quantity and cost of
selected caustic chemicals (NaOH, CaO, Ca(OH),, Na,.
CO3;, or NH3) to attain a target pH of 6-11, (2) the con-
centrations of dissolved metals, major ions, including
sulfate, bicarbonate, iron (Fe), aluminum (Al), manganese
(Mn), magnesium (Mg), calcium (Ca), sodium (Na), and
total dissolved solids (TDS) in the treated effluent, and (3)
the volume of sludge and associated cost for its disposal.
Empirical and simulated titration data for six different test
cases are presented as example applications of this program
to estimate treated water quality, chemical usage, and
sludge production. With the associated estimates of costs to
attain water-quality goals, strategies for site-specific AMD
treatment can be optimized based on environmental and
economic considerations. Although use of the titration
module does not require expertise in geochemistry, an
understanding of chemical reactions that take place during
AMD treatment and the limitations and assumptions of the
modeling approach are needed to understand the results of
the program output.

Treatment of AMD

AMD is commonly treated to neutralize acidity, increase
pH and alkalinity, and promote removal of dissolved Al,

@ Springer

Fe, and Mn and other contaminants of concern. Conven-
tional treatment to decrease the concentrations of dissolved
metals in AMD at active mining operations typically
involves the addition of industrial strength alkaline (caus-
tic) chemicals (Table 1) and aeration, possibly with the
addition of polymers to facilitate the precipitation and
settling of metal-rich (Al, Fe, Mn) hydroxide and possibly
sulfate and carbonate phases (solids) (Skousen et al. 1993,
2000; U.S. Environmental Protection Agency 1983). Con-
centrations of trace contaminants (Zn, Cd, Cu, Pb, Cr, As,
Se, and others) in the effluent may also be attenuated
during such treatment by adsorption and coprecipitation
reactions with Al, Fe, and Mn oxide, hydroxide, and other
compounds (e.g. Cravotta 2008; Kairies et al. 2005;
Webster et al. 1998). After treatment, the near-neutral to
slightly alkaline effluent (pH 6-9) may be discharged to the
environment or used for industrial water supply (Curtright
and Giglio 2012; Veil et al. 2003). The metal-rich precip-
itate, or sludge, that accumulates at the treatment facility
may be disposed of in landfills or old mines or processed
for beneficial uses (Hedin 2002; Sibrell et al. 2009).

Generally, with the addition of a caustic chemical
(NaOH, CaO, Ca(OH),, Na,COs, or NH3), the solution pH
will increase and solutes may reach saturation with respect
to various solid phases. As the solids precipitate, the
associated solute concentrations will decrease. For exam-
ple, the precipitation of AI(OH);, Fe(OH);, and MnO, at
circumneutral pH (6-8) can yield effluents containing less
than 0.1 mg/L of concentrations of Al and oxidized forms
of iron (Fem) and manganese (Mnm, MnIV) at equilibrium
with the respective solids (Fig. 1). However, alkaline pH
(8.5-10) may be required to precipitate manganous
hydroxide (Mn(OH),), ferrous hydroxide (Fe(OH),), and/
or to accelerate the oxidation of Fell and precipitate
Fe(OH); (Fig. 1). Thus, because Fe! and Mn" are pre-
dominant contaminants in AMD from underground coal
mines (Cravotta 2008; Rose and Cravotta 1998), treatment
with caustic chemicals to achieve pH values greater than
8.5 is commonly practiced at active coal-mining opera-
tions. These mines commonly have large or highly variable
discharge volumes and limited area for treatment, which
necessitate rapid precipitation of metals and settling of
solids.

Cost savings may be achieved if chemical dosing is
optimized to achieve the ideal pH to remove target metals
while minimizing the removal of other constituents. Spe-
cifically, dissolved sulfate (SO427), magnesium (Mg”),
calcium (Ca”), and CO, tend to be abundant in AMD
from coal mines (Cravotta 2008). The inadvertent precip-
itation of these constituents, including dissolved CO, as
carbonate, can consume substantial quantities of treatment
chemicals and increase the quantity of sludge produced.
Furthermore, some caustic chemicals may not dissolve


http://www.amd.osmre.gov
http://www.amd.osmre.gov

Mine Water Environ

Table 1 Caustic chemical compounds used for neutralization of coal mine drainage

Common Formula  Unit weight Acid CaCOs; Titration units ~ Mixing Purity Cost per  Sludge

name (g/mol) equivalents® factor” factor® efficiency factor® factor unit® density’

50 % liquid NaOH 39.998 1 1,440 - 1.0 0.99 $1.59/gal  0.02-0.05
caustic®

20 % liquid NaOH 39.998 1 3,276 0.164 1.0 0.99 $0.70/gal  0.02-0.05
caustic"

Caustic soda ~ NaOH 39.998 1 0.80 - 1.0 0.99 $0.36/Ib  0.02-0.05
solid

Hydrated lime Ca(OH),  74.096 2 0.74 0.618 0.8 0.96 $0.10/1b  0.05-0.10

Pebble CaO 44.011 2 0.44 0.468 0.7 0.94 $0.11/1b  0.05-0.10
quicklime

Ammonia NH; 17.030 1 0.34 0.142 0.9 0.99 $0.50/1b  0.02-0.05

Soda ash Na,CO; 105.99 2 1.06 0.884 0.6 0.99 $0.14/1b  0.02-0.05

Baking soda ~ NaHCO;  84.009 1 1.68 - 0.9 0.99 $0.20/1b  0.02-0.05

Limestone CaCOs3 100.09 2 1.00 - 0.3 0.85 $0.011/1b  0.05-0.10

 Equivalents (eq/mol) are the moles of acid (H™) that can be neutralized by each mole of the chemical compound

© CaCO; conversion factor is the equivalent weight of a chemical needed for neutralization of a weight unit (g/g) of acidity expressed as CaCOs.
For example, this factor may be multiplied by the annual acid load expressed as metric tons (t)/year CaCO; to obtain a crude estimate of the
annual amount of solid chemical needed as t/year. For liquid caustic, the conversion factor indicates liters of solution needed to neutralize 1 t of
acid as CaCOs

¢ Titration units factor is used to convert the reagent quantity in moles of solid chemical per liter of water to required AMDTreat units in pounds
of reagent per gallon of water treated (all reagents except caustic soda) or gallons of 20 % caustic soda per gallon of water treated

4 Efficiency factor is an empirical estimate of the relative effectiveness of the chemical for neutralizing acidity on the basis of its ease of mixing
and dissolution. Values are default numbers in AMDTreat. The efficiency factor can be used with the CaCOj; conversion factor and the purity
factor to obtain an improved estimate of the quantities of various caustic chemicals needed for treatment. For example, to neutralize 100 t of acid/
year as CaCOs, then 96 t of industrial grade hydrated lime (Ca(OH),) would be needed (96 = 100 x 0.74/0.8/0.96), of which 20 %, or 19.2 t,
remains undissolved and combines with precipitate as sludge

€ Unit costs are listed for “non-bulk” quantities; values and units are the defaults used in AMDTreat, though a tool is provided in AMDTreat to
convert to and from metric units. Cost for solid and 50 % saturated solution of NaOH were computed from default cost of 20 % liquid caustic

" Although the default value in AMD Treat is 5 weight % solids (50 g solids/1,000 g solution), iron-rich sludge produced by reaction with
caustic chemicals can have a wide range of solids concentrations. The solids concentration (proportion solids) is used to estimate sludge volume
and associated sludge disposal cost on a unit volume basis. Generally, Ca-based reagents produce denser sludge than Na- or NH;-based reagents
€ Industrial grade “50 % liquid caustic” is 50 % of saturation and contains 555 g NaOH in 1 L (13.9 N NaOH)

" The actual concentration of industrial grade “20 % liquid caustic” depends on the source. To relate solid and aqueous NaOH quantities, the
assumed 20 % solution concentration is 244 g/L (6.1 N), with a density of 1,244 g/L.

completely, which reduces chemical treatment efficiency.
The unreacted chemicals become components of the
sludge.

Different caustic compounds can yield different reaction
products. For example, the addition of lime (CaO and
Ca(OH),) to SO4-laden AMD may lead to the precipitation
of gypsum (CaSQO4-2H,0), plus some of the added lime
may not dissolve. Likewise, as pH is increased to values
greater than 9 by the addition of lime or other caustic
agents, compounds such as pyrochroite (Mg(OH),), et-
tringite (CagAly(SOy4)3(OH),,-26H,0), and Ca-Mg-car-
bonates may precipitate (Loop et al. 2004; Payne and
Yeates 1970). Carbonate minerals, such as calcite
(CaCOs;), generally tend to precipitate at elevated con-
centrations of dissolved CO, because the reaction of
hydroxyl (OH™) with dissolved CO, produces bicarbonate
(CO; + OH =HCO37). The production of HCO;™

consumes caustic chemical and tends to maintain pH near
neutral. Through the formation of carbonate species and
compounds, dissolved CO, depresses pH and, conse-
quently, can decrease the rates of oxidation of dissolved
Fe' and Mn" (Geroni et al. 2012; Kirby et al. 2009).
Aeration of the untreated AMD before dosing with caustic
chemicals can increase pH and decrease chemical usage by
facilitating the outgassing of dissolved CO, (Jageman et al.
1988; Means and Hilton 2004).

The amount of caustic chemicals required to neutralize
acidic water after CO, outgassing can be estimated from
the measured “hot” acidity or the computed “net” acidity,
expressed as CaCO; equivalents (Kirby and Cravotta 2005;
Skousen et al. 2000). This estimate of caustic equivalents
(Table 1) is the default that has been used by AMDTreat
and is generally appropriate for metal-laden, low-pH
solutions. However, on the basis of the hot acidity or net
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Fig. 1 Approximate solubilities of hydrous oxide (hydroxide) com-
pounds of iron (FeII or Fem), manganese (MnH, Mnm, or MnIV),
aluminum, calcium, and magnesium as a function of pH at 25 °C.
Computations used thermodynamic data from Ball and Nordstrom
(1991) and Wolery (1992), assumed activity equals concentration, and
considered only pH and formation of hydroxyl species; complexing
by SO427, which is not considered, could increase the total
concentration of dissolved Fe** and A+ species at equilibrium with
the solids (Cravotta 2008)

acidity, AMDTreat incorrectly indicates that no caustic
chemicals and associated infrastructure will be needed to
treat net-alkaline, metal-laden AMD or AMD containing
substantial quantities of dissolved CO,, Mg, Ca, or SOy4. In
practice, net-alkaline AMD is commonly treated with
caustic chemicals to increase the pH to alkaline values and
rapidly decrease the concentrations of dissolved Mn" and
Fe. Additional reactions with dissolved CO,, Mg, Ca, or
SO, which are not considered in the measured hot acidity
or computed net acidity, can account for a large fraction of
the chemical consumption and associated treatment costs
for such practices involving a high treatment pH (Kirby
and Cravotta 2005; Means and Hilton 2004). Furthermore,
because of differences in the solubilities of Fe™ and Fe''
compounds and Mn"™™Y and Mn" compounds as a function
of pH (Fig. 1), the actual chemical requirement for treating
a net-acidic (or a net-alkaline) AMD may differ for oxi-
dized and unoxidized solutions. Lastly, the basic AMD-
Treat program incorrectly assumes, by default, that all of
the dissolved Fe, Mn, and Al will precipitate from the
treated effluent, forming sludge. This assumption does not
consider equilibrium solubilities with respect to commonly
formed metal hydroxides, and does not provide information
on important water-quality characteristics of the treated
effluent, such as final pH, alkalinity, or concentrations of
residual metals, major ions, and total dissolved solids.
Precise estimates of the quantity of a caustic chemical
needed to attain a target pH plus the corresponding treated
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effluent composition and sludge volume can be determined
with empirical titration (dosing) of the mine effluent
(Means and Hilton 2004). Although AMDTreat can use
such empirical titration data to accurately compute caustic
chemical requirements and associated annual chemical
costs for full-scale treatment of net-acidic or net-alkaline
mine drainage, such data are rarely available. As an
alternative to empirical titration, geochemical models may
be used to evaluate the potential for oxidation, aqueous
speciation, and precipitation reactions that determine the
effluent composition produced by the addition of various
quantities of caustic chemical(s).

Methods of Data Collection and Computer
Programming

Empirical Titration and Chemical Analysis of AMD

Empirical titrations of acidic, metal-laden effluent samples
from six bituminous coal mines in western Pennsylvania
were conducted in 2003 and 2011 to document the effects
of chemical treatment to different pH values on the con-
centrations of dissolved metals and major ions. Titrations
were conducted in the field using a Hach Digital Titrator®
with a cartridge that had been filled with high-strength
caustic soda (6.1 N NaOH = “20 %” NaOH) obtained
from the treatment storage tank on site. Reagent grade 1.6
N NaOH was used for empirical titration at the Nittanny
mine. For Cal Pike, Ike, Millerstein, and Morris, the same
NaOH solution was used for both the actual treatment and
empirical titrations. However, for Manor and Nittanny, the
empirical titration used NaOH while the actual treatment
used quick lime (CaO). Initially, the raw water was titrated
to a pH of ~11. Subsequent titrations were conducted by
quickly adding the volume of NaOH indicated to achieve
various intermediate pH endpoints. At the endpoint of each
titration to different pH values, the effluent sample was
filtered (0.45 pm pore size) and preserved with HNO;.
Concentrations of dissolved major and trace elements (S,
Si, Ca, Mg, Na, K, Fe, Mn, Al, Zn, Ni, Co, Cu) in the
titrated subsamples and in the untreated and treated effluent
at each facility were analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES), with
detection limits for Al, Fe, and Mn of 0.2, 0.02, and
0.02 mg/L, respectively. Additionally, the untreated and
treated effluent at each facility were analyzed for major
anions (SO4>~, C17) by ion chromatography, plus alkalin-
ity to a fixed endpoint pH of 4.5 and “hot peroxide” acidity
(hot acidity) to a fixed endpoint pH of 8.3 (American
Public Health Association 1998a, b). Although the quantity
of chemical titrant, composition of effluent, and volume of
precipitate were measured for the empirical titrations, the
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mineral and chemical compositions of the precipitated
solids were not determined because these characteristics
generally do not affect sludge disposal costs. Furthermore,
although the empirical titrations demonstrated attenuation
of numerous trace metals during NaOH addition, trace-
metal removal was not considered in the AMDTreat pro-
gram because the incidental removal of trace constituents
along with Al, Fe, Mn, and associated major ions generally
do not affect caustic chemical consumption or sludge
production.

Programming of PHREEQC Titration Module
for AMDTreat 5.0+

The new AMDTreat 5.0+ computer program was modified
from AMDTreat 4.1c, written in the Visual FoxPro lan-
guage (McKenzie 2005), by adding a titration simulation
option using a version of the geochemical program
PHREEQC (Charlton and Parkhurst 2011; Parkhurst and
Appelo 1999, 2013) with the WATEQA4F thermodynamic
data base (Ball and Nordstrom 1991). The general
PHREEQC coding to “fix pH” by the addition of a com-
puted quantity of a specified caustic chemical was adapted
from example 7 of Parkhurst and Appelo (1999). The
titration model was initially calibrated to yield results that
approximately matched observed pH data and concentra-
tions of Al, Fe, Mn, Mg, and SO, during the empirical
titration of the Cal Pike AMD with NaOH (Cravotta et al.
2010a). After incorporating PHREEQC into a beta version
of AMDTreat 5.04, the titration model was refined to
simulate the empirical titration results for the five other
mine effluents, described later.

Although a wide variety of amorphous to crystalline
phases may precipitate and accumulate in AMD environ-
ments and treatment facilities (e.g. Bigham et al. 1996;
Bigham and Nordstrom 2000; Kairies et al. 2005; Loop
et al. 2004; Zhu et al. 2012), only a subset of compounds
has been programmed in AMDTreat 5.04 to limit solute
concentrations under equilibrium conditions (Table 2). Of
various solids initially considered as potential solubility
controls, a subset was identified that yielded concentrations
of Al, Fe, Mn, Mg, and SO, that were similar to the
measured concentrations (calibration) for the empirical
titrations. Solids that reached equilibrium (SI = 0) near the
pH at which solute concentrations began to decrease and
that yielded concentrations approximately the same as
measured values were “allowed” to precipitate in the
titration simulations (Table 2, bold font). Such phases
chosen as likely controls of Fem, Al, and Mn™ 1V (amor-
phous Fe(OH);, basaluminite, boehmite, birnessite) during
titrations are more soluble than excluded phases (goethite,
gibbsite, and pyrolusite) and generally are understood to be
precursors to the more crystalline solids. Additional

hydroxide and carbonate minerals also were identified as
possible controls of Fe!, Mn", Mg, and Ca. Generally,
solubility control of divalent cations by carbonates could
be important for effluents with elevated concentrations of
dissolved CO, or those treated with chemical compounds
containing carbonate (CaCOj;, NayCOjz;, or NaHCOj).
However, because of potential slow kinetics of carbonate
mineral precipitation (e.g. Langmuir 1997), the carbonate
phases were specified to precipitate only after becoming
highly supersaturated (SI > 2.5). Consequently, as dis-
cussed later, the precipitation of carbonates from the
solutions evaluated in this paper was avoided except where
simulated treatment with Na,CO53 was considered.

For each of the caustic chemicals listed in Table 1, two
end-member simulations with the PHREEQC titrations in
AMDTreat 5.0+ were developed as options: (1) no gas
exchange with the atmosphere or (2) limited gas exchange
with the atmosphere. The former simulates the immediate
addition of caustic chemical to fresh effluent that may
contain little or no dissolved O, and a high concentration of
dissolved CO,, whereas the latter simulates pre-aeration of
the effluent by forcing dissolved O, and CO, concentra-
tions to equilibrium with the atmosphere before permitting
oxidation reactions, mineral precipitation reactions, or the
addition of caustic chemicals. After the effluent is saturated
with O,, oxidation of Fel and Mn" is assumed to be
spontaneous (not kinetically controlled); no gas exchange
is permitted during chemical titration steps thereafter.
Oxidation reactions involving O, and Fe or Mn" typically
are not instantaneous, but are kinetically limited (e.g.
Stumm and Morgan 1996), so simulation of initial gas
exchange and equilibration with the atmosphere may more
accurately describe pre-aeration to outgas CO,, combined
with the addition of a strong oxidizing agent, as explained
later.

Water-Quality Input Screen for AMDTreat 5.0+

To incorporate the titration simulations, the Water-Quality
Input, Chemical Cost, and Sludge Removal screens of the
AMDTreat user interface were modified to add new data
input and output fields (see the images of these screens as
supplemental figures in the on-line version of this paper,
which can be downloaded for free by all subscribers). The
water-quality input screen of AMDTreat 5.0+ requires a
user to enter measured or estimated values for flow rate,
and concentrations of Fe, Al, Mn, pH, alkalinity, acidity,
sulfate, and DO plus optional data explained below. The
input concentrations of Fe, Al, and Mn are assumed to be
“dissolved,” which generally requires sample filtration
(<0.45 pm pore size) before preservation and analysis. In
order to activate the PHREEQC titration options in
AMDTreat 5.0+, a user also must input values for the
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Table 2 Mineral dissolution reactions and associated equilibrium constants (K) for PHREEQ model added to AMDTreat 5.04; Al(OH)3,

Fe(OH)3, and Mn(OH), are amorphous

Solid phase Equilibrium reaction Log K Source® AMDTreat® SI
name Limitc
Al(OH)3 Al(OH); + 3 H" = AT + 3 H,0 10.80 1 Aloh3a n.a.
Boehmite AIOOH + 3 H' = AI*" + 2 H,0 944 1 Boehmite 0.0
Basaluminite Al4(OH)0SO, + 10 H = 4 AP* + SO,>~ + 10 H,0 24.00 1 Basalumini 0.0
Portlandite Ca(OH), + 2 H" = Ca’>* + 2 H,0 22.80 1 Portlandit 0.0
Calcite CaCO; + H* = Ca®>" 4+ HCO5~ 1.85 1 Calcite 2.5
Dolomite CaMg(CO3), + 2 H" = Ca’t + Mg2+ + 2 HCO;3™ 357 1 Dolomite n.a.
Gypsum CaS032H,0 = Ca*" + S04~ + 2 H,0 —4.58 1 Gypsum 0.0
Ettringite CagAl 05(SO4)2.70(OH)15.4526H,0 + 12.48 HT = 6 Ca>* + 2.02 AP* + 2.79 61.82 4 Ettringite 0.0
S0,>” + 38.48 H,0

Brucite Mg(OH), + 2 H" = Mg*" + 2 H,0 16.84 1 Brucite 0.0
Siderite FeCO; + H™ = Fe?™ 4+ HCO;™ -0.12 1 Siderite 2.5
Fe(OH), Fe(OH), + 2 H" = Fe*™ + 2 H,0 12.76 3 Feoh2a 0.0
Fe(OH);3 Fe(OH); + 3 H" = Fe’™ + 3 H,0 489 1 Feoh3a 0.0
Schwertmannite FegOg(OH)4 5(SO4)1 75 + 20.5 H = 8 Fe** + 1.75 S04~ + 12.5 H,0 18.00 5 Schwertl75 n.a.
Jarosite KFe;(S04)-(0OH)s + 6 HY = K* + 3 Fe** + 2 S0,%~ + 6 H,0 1251 5 Karosite n.a.
Rhodochrosite MnCO; + H* = HCO;~ + Mn** —-0.06 1 Rhodochros 2.5
Mn(OH), Mn(OH), + 2 H = Mn?** + 2 H,O 1531 2 Mnoh2a n.a.
Pyrochroite Mn(OH), + 2 H" = Mn*" + 2 H,0 1520 1 Pyrochroit 0.0
Pyrolusite MnO, = 0.5 Mn>" + 0.5 MnO,*~ —17.82 1 Pyrolusite n.a.
Birnessite MngO;45H,0 + 4 HY = 3 MnO,*~ + 5 Mn** + 7 H,0 —85.55 2 Birnessite 0.0
Todorokite Mn,0;,3H,0 + 16 H" = Mn042_ + 6 Mn>* + 11 H,O —45.82 2 Todorokite  n.a.

* Sources of data for equilibrium constants (log K values) are “wateq” (1: Wateq4f; Ball and Nordstrom 1991), “Ilnl” (2: EQ3/6; Wolery 1992),
and “sit” (3: thermochime; Duro et al. 2012) data bases provided with PHREEQC (Parkhurst and Appelo 2013). Supplemental data were added
for ettringite (4: Myneni et al. 1998) and schwertmannite and jarosite (5: Bigham et al. 1996). Solid phase names in bold font were identified as
phases that may control the concentrations of solutes during empirical titration of the Cal Pike effluent. Other phases listed such as amorphous
Al(OH); and schwertmannite could be important in different cases. To improve model fits with empirical data, log K values for boehmite and
basaluminite were increased to values indicated to represent poorly crystalline, soluble Al phases

® AMDTreat heading is the abbreviation used in the heading of the AMDTreat PHREEQ titration matrix viewed at the Chemical Cost screen

¢ Mineral saturation index (SI) values are reported in the AMDTreat PHREEQ titration matrix for informational purposes. The SI limit is the
specified SI value at which the solid is modeled to precipitate. Selected oxide, hydroxide, and sulfate minerals shown in bold font are assumed to
precipitate upon reaching equilibrium (SI = 0); however, the carbonate minerals (calcite, siderite, rhodochrosite) are assumed to become highly

”»

supersaturated (SI = 2.5) before precipitating; where “n.a.

effluent temperature and concentrations of dissolved Ca,
Mg, Na, and chloride (Fig. S1). The temperature and dis-
solved major-ion data are necessary for aqueous speciation
calculations that use temperature-adjusted equibrium con-
stants to estimate potential for solid phases to precipitate
and remove dissolved constituents from the effluent. If
input data for Ca, Mg, and Na, are not provided, AMD-
Treat 5.0+ has the functionality of AMDTreat 4.lc,
without the PHREEQC titration options described below.

A user can input the values for acidity (hot acidity or net
acidity), total inorganic carbon (TIC), and Fe', or select
AMDTreat 5.0+ to estimate values for one or more of
these parameters from other input data. As with prior
versions of AMDTreat, net acidity (as mg/L of CaCO3;) is
computed considering a negative contribution from alka-
linity (American Public Health Association 1998b) and
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is indicated, the solid is not modeled to precipitate

positive contributions from H* (pH) and concentrations of
dissolved Fe', Fe", Mn, and Al in milligrams per liter
(Cg;’ Fe’ CMn& CAl’ respecuvel}’)

Net acidity = 50 -{10<3*PH> +3.€ll/5585+2.€l /5585
+2 €\ /54.94 4 3 - €41 /26.98) —alkalinity
(1)

Kirby and Cravotta (2005) showed that net acidity
computed with Eq. (1) is comparable in value to the
standard hot peroxide acidity method (American Public
Health Association 1998b). They also showed that if the
AMD is net acidic (net acidity >0; hot-peroxide acidity
>0), the ultimate pH of oxidized samples will be less than
5.0 and additional alkalinity would be needed to maintain
pH greater than or equal to 6.0. If the AMD is net alkaline
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(net acidity <0; hot-peroxide acidity <0), the ultimate pH
of the oxidized AMD will be greater than or equal to 6.0.
Means and Hilton (2004) and Kirby and Cravotta (2005)
also showed that the cold acidity or treatment acidity (prior
to complete oxidation and atmospheric equilibration) can
be larger than the hot acidity because of contributions by
dissolved CO, that are excluded from the hot acidity or
calculated net acidity.

Some AMD has low pH and no measurable alkalinity,
but may still have elevated concentrations of dissolved
CO, that is included in treatment acidity. Therefore,
AMDTreat 5.04 uses the TIC concentration instead of
alkalinity as input to PHREEQC for carbonate speciation
calculations. If a user chooses, AMDTreat 5.0+ estimates
the initial TIC from input values for alkalinity, pH, and
temperature, assuming equilibrium among dissolved car-
bonate species in accordance with the following:

TIC (mg/LasC) = (alkalinity/50000)/K; - [H]«
-{1 + Ky /[HA] +K, ~<-Kz/[H+]2)

(2)—

where [H"] = 107", and K, and K, are the temperature-
adjusted dissociation constants for carbonate species (Ball
and Nordstrom 1991). If alkalinity is 0 and/or pH is less
than or equal to 3.9, TIC is assumed to be 0.0001 mol/L,
which corresponds to an equilibrium partial pressure of
CO, (Pcoy) of 1072 atm. (10 times greater than the nor-
mal atmosphere Pco, of 107> atm.). AMD samples from
140 coal mines in Pennsylvania had Pco, values from
1072° to 107 atm. and were mostly undersaturated with
carbonate minerals (Cravotta 2008).

Because the solubilities of Fe'' and Fe'™ hydroxides
differ by orders of magnitude (Fig. 1), the proportion of
dissolved Fe that is Fe" or Fe' can be a major factor
affecting Fe precipitation and the residual dissolved Fe
concentration as pH is increased by the addition of a caustic
chemical. The initial distribution of Fe"" and Fe™" species is
estimated by PHREEQC using the input values for total
dissolved iron (undefined redox state) and Fe''. Thereafter,
the PHREEQC titration simulations assume that any Fe'' is
instantaneously oxidized to consume available DO (without
and with pre-aeration, as explained below). However,
because data on the initial concentration of Fe'' may not be
available or because measurable DO and Fe"' may indicate
redox disequilibrium, a user has the options to assume an
initial low value for DO (0.01 < DO mg/L < 1/7 total Fe)
or to use AMDTreat 5.0+ to estimate initial Fe" concen-
trations using the input values for total dissolved Fe and pH:

pH > 2.6 Felll —Fe .~ 140544pH+3.675995)—

pH<2.6 Fem =Fe 0:9999)

(3a)—
(3b)—

Fe'l =de—Fe'! (3¢c)—

These computations yield a greater proportion of Fe'™ to
Fe'' at progressively lower pH, until pH < 2.6, where
99.99 % of the total dissolved Fe is assumed to be Fe''.
The computations are based on an approximation of the
empirical relation between the ratio of Fe''/total Fe as a
function of pH of AMD from coal mines in Pennsylvania
(Cravotta 2008). The increase in the ratio of Fe'/total Fe
with decreased pH is consistent with commonly observed
Eh—pH relations of AMD and associated Fe mineral sta-

bilities (Cravotta 2008, Fig. 2).
Chemical Cost Screen of AMDTreat 5.0+

The Chemical Cost screen of AMDTreat 5.0+ displays the
new “PHREEQ” (as labeled) titration options (Fig. S2).
When the chemical cost screen is first activated, a user can
choose treatment by one of the five available caustic
chemicals: A. hydrated lime (Ca(OH),); B. pebble quick
lime (CaO); C. caustic soda (NaOH); D. anhydrous
ammonia (NHj3); or E. soda ash (NaCQOs). If none of the
titration choices is selected, the caustic quantity and cost
will be computed on the basis of the entered flow and net
acidity or hot acidity concentration, which is the method
used by all previous versions of AMDTreat. The option
labeled “Titration?” permits input of the empirical titration
result. The option labeled “PHREEQ” simulates titration
with the caustic chemical without interaction with the
atmosphere, whereas the option labeled “PHREEQ with
aeration” simulates pre-aeration and the subsequent addi-
tion of the caustic chemical. For the pre-aeration simula-
tion, the effluent DO is instantaneously saturated, or
equilibrated, to a partial pressure of O, equivalent to
21 vol% (Po, = 107%7® atm.) prior to any oxidation
reactions. However, because previous studies have indi-
cated that aerated mine water can have persistent elevated
concentrations of dissolved CO, compared to normal air
(Cravotta 2007; Geroni et al. 2012; Kirby et al. 2009), the
user has the option to choose among a range of values for
atmospheric CO, (Pco, = 107'°-1073 atm.) at “equi-
librium” with the pre-aerated water. On the chemical cost
screen, these values are listed as the negative of the log
Pco,, or pCO,, corresponding to 1.5-3.5, respectively,
where the latter value is approximately the pCO, of normal
air and the former is a factor of 100 greater than normal air.

For the PHREEQ titrations, the pH is programmed to
increase from the initial rounded pH value in 0.5 unit
increments to a maximum pH of 11.0. The corresponding
amount of chemical needed to attain each incremental pH
value, and the resulting solute concentrations, Pco,, and
mineral saturation indices are computed. As the pH
increases, selected mineral phases indicated in Table 2 (and

@ Springer



Mine Water Environ

3 1200
% CalPike 6.1 N NaOH Titration, Measured .
; ~ 10001 CalPike_NaOH_PHREEQC_eq ¥
% 8 800 | + CalPike_NaOH_PHREEQC_noeq
©
? b 600
c 1
S .
w© .
£35S 400 D S
~ g .
£ 200/ .
2 J . A
< 0 : ‘
3 4 5 6 7 8 9 10 1" 12
pH
3 1800
g Manor 6.1 N NaOH Titration, Measured
© 1500 Manor_NaOH_PHREEQC._eq
>
5 3 + Manor_NaOH_PHREEQC_noeq ¢
s O 1200 .
z ®
€5 o0 5 ¢
S® »
©
O =
£ 600 - &
:g . *> * * * *
= b d
5 300 C
9 *
< 0
3 4 5 6 7 8 9 10 1 12
pH
g 2800 .
% 2400 | Morris 6.1 N NaOH Titration, Measured pe
© __ Morris_NaOH_PHREEQC_eq
5 6’ 2000 + Morris_NaOH_PHREEQC_noeq
s O
Z8 1600+
S o
o ® 1
§ a 1200 ¢
Eg so0
2= ¢
5 400 S T T QL ¢ ¢S e
S ¢ E
<< 0 hd
3 4 5 6 7 8 9 10 1 12

pH

Fig. 2 Concentration of NaOH added and corresponding pH during
empirical (measured) and simulated titration of effluent from six
mines in Pennsylvania. Simulations use effluent composition data in

described in more detail in “Results and Discussion” sec-
tion) are programmed to precipitate on reaching saturation
to maintain equilibrium (saturation index of 0). Because of
apparent kinetic barriers to the precipitation of carbonate
minerals during empirical titration, the carbonate minerals
(CaCOs3, CaMg(CO3),, FeCO3, MnCO3) were programmed
to precipitate only after reaching a high degree of super-
saturation (a saturation index of 2.5). The precipitation of
solids decreases the concentrations of associated solutes in
the effluent to the maximum at equilibrium with the spec-
ified solids at the treatment pH. The results of the selected
PHREEQ titration simulation for a chosen chemical and
aeration option are summarized in a matrix of values for pH
and corresponding quantity of caustic titrant (in the tradi-
tional AMDTreat units, pounds chemical/gallon effluent or
gallon chemical/gallon effluent), remaining solute concen-
tration, TDS concentration (sum of solutes), estimated mass
of precipitate, and saturation indices for various compounds
(Fig. S3). The treatment water-quality matrix can be viewed
on screen before selecting the final target pH for subsequent
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Table 3 with AMDTreat 5.0+ for conditions with no gas exchange
with atmosphere (PHREEQ_noeq) and with initial gas exchange with
atmosphere (PHREEQ_eq)

cost analysis or can be exported to a spreadsheet for eval-
uation outside of AMDTreat.

After review of the water-quality matrix, a user must
accept a target pH in order for AMDTreat 5.0+ to compute
relevant costs. Once accepted, the annual quantity and cost
of the selected caustic chemical are displayed on the lower
right corner of the chemical cost screen (Fig. S2). Although
these are not used in capital cost computations, the user can
copy and paste the titration amount indicated for the
selected chemical and target pH as the “Titration?” input
in the Capital Cost screen (Fig. S4) to document the
anticipated annual chemical usage. Because the quantity of
precipitated solids is used to estimate the sludge volume
and costs, this estimate is automatically transferred to the
Sludge Removal screen.

Sludge Removal Screen of AMDTreat 5.0+

Previous versions of AMDTreat assumed that all the initial
Fe, Al, and Mn precipitated as hydroxides from the treated
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water and were the sole components of the sludge. By
inference, the treated effluent would not contain any dis-
solved Fe, Al, or Mn, and the sludge would not contain
unreacted caustic chemicals. If a PHREEQ titration option
is not chosen, the previous assumption that all Fe, Al, and
Mn are precipitated as Fe(OH)3;, AI(OH);, and Mn(OH), is
used as the default. However, the new AMDTreat 5.0+
estimates the sludge mass as the sum of: (1) unreacted
caustic chemical based on the mixing efficiency factor,
which varies greatly for different caustic agents (Table 1)
plus (2) estimated precipitated solids computed by default
or with the PHREEQ titration options.

The PHREEQ titrations estimate the mass of precipi-
tated solids based on the simulated decrease in Fe, Al, Mn,
Mg, and SO, concentrations at the selected pH. Various
hydroxide, sulfate, hydroxysulfate, and carbonate minerals
may precipitate removing solutes from the treated water.
To compute the sludge mass produced by treatment, Fe, Al,
Mn, and Mg are assumed to precipitate as Fe(OH)s,
Al(OH)3, Mn(OH),, and Mg(OH),, respectively, and SOy,
as gypsum (CaSO,4-2H,0), which in addition to the unre-
acted solid chemicals, can make up a large fraction of the
sludge (e.g. Means and Hilton 2004).

If either of the PHREEAQ titration options for any of the
caustic chemicals is selected and a target pH is accepted,
the total concentration of precipitated solids is automati-
cally transferred to the Sludge Removal screen (Fig. S5).
The solids concentration data are then used for computing
the sludge volume. The sludge volume and associated
sludge removal costs are estimated by adding the mass of
precipitated solids to the mass of unreacted chemical and
adjusting for the specified sludge density (percent solids)
displayed on the Sludge Removal screen. Users of AMD-
Treat may use default values or specify different values for
chemical purity and mixing efficiency, sludge density, and
unit costs to obtain a range of sludge cost estimates.

Results and Discussion: Empirical and Simulated
Treatment of AMD

Comparison of Empirical and Simulated Effluent
Compositions by Treatment with Caustic Soda

Empirical titration data for six mine discharge samples
with a range of compositions (Table 3) were compared
with results of treatment simulations by AMDTreat 5.0+
(Figs. 2, 3, 4). The comparison demonstrates the utility of
AMDTreat 5.04+ “PHREEQ titration” options to simulate
the pH and associated solute concentrations in treated
effluent. The Cal Pike data for measured and simulated
titrations were used for calibration of the PHREEQ titration
model incorporated with AMDTreat 5.0+ and thus were

emphasized in interim reports by Cravotta et al. (2010a, b).
The untreated Cal Pike effluent had a pH of 2.8, acidity of
500 mg/L as CaCOs;, and elevated concentrations of dis-
solved 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). In this paper, additional empirical
titration data for the Ike, Manor, Millerstein, and Morris
mine discharges (Means and Hilton 2004), plus the Nitt-
anny mine discharge sampled in 2011, are used as vali-
dation data sets to demonstrate the effects of variable pH
(2.8-6.0), acidity (16-982 mg/L. as CaCOs3), and concen-
trations of Fe (0.75-326 mg/L), Al (0.25-128 mg/L), Mn
(5.2-129 mg/L), Mg (57-652 mg/L), Ca (101-422 mg/L),
and CO, (1.2-19.2 mg/L as TIC) on the simulated titration
results. For all six cases, results of empirical titration with
NaOH are compared with simulated results by AMDTreat
5.0+ for treatment with NaOH (Figs. 2, 3, 4). Later, the
simulated results for titration of the Nittanny effluents with
CaO are compared with results of actual treatment with
CaO based on field samples of the treated effluent.

Titration of each of the six effluents with NaOH was
simulated for scenarios assuming no gas exchange with the
atmosphere (_noeq) and initial gas exchange and equili-
bration with the atmosphere (_eq) (Figs. 2, 3, 4). These
simulations demonstrate the potential effects of pre-aera-
tion and the addition of caustic chemicals on pH and
remaining solute concentrations in effluent. Because the
empirical titrations were “cold acidity” tests where atmo-
spheric interactions were intentionally minimized, the
caustic quantities and chemical compositions recorded for
empirical tests were generally consistent with the simula-
tions without aeration or gas exchange (Figs. 2, 3a, c, e, 4a,
¢, e). The caustic quantities indicated by the paired simu-
lations (_noeq vs. _eq) diverged as the pH increased to
intermediate values and then converged at high pH values
(Fig. 2). The divergence resulted because the divalent
metals (unoxidized Fe" and Mn") behaved conservatively
in the simulations without gas exchange (did not interact
with caustic) until high pH, where they precipitated. In
contrast, oxidized Fe'™ and Mn™"V reacted with caustic
and precipitated at lower pH values, as indicated by greater
acidity (titrant added) at low pH for the simulations with
initial atmospheric equilibrium (pre-aerated) compared to
those without gas exchange.

For each titration scenario, consumption of NaOH was
non-linear with respect to pH because of buffering at pH
3-5 and pH 9-11 (Fig. 2). Characteristic pH buffering at
pH 3-5 has been interpreted to result from the formation of
aqueous Fe and Al hydroxyl complexes and the conse-
quent precipitation of ferric and aluminum hydroxide
compounds (Kirby and Cravotta 2005; Ott 1988). Like-
wise, buffering at pH 9—11 can be interpreted to result from
hydrolysis reactions involving FeH, MnH, and Mg and the
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Table 3 Chemical
compositions of untreated
effluent from six mines in

Water quality input

Mine discharge name

Pennsylvania where empirical
titrations with NaOH were
conducted

Data presented in this table for
filtered (0.45 pm pore size)
samples were used as “test
cases” for water-quality input to
AMDTreat 5.0+ for comparison
of PHREEQ titration
simulations with empirical field

Cal pike  Ike Manor Millerstein ~ Morris ~ Nittanny
Design flow (gpm) 1,000 1,000 1,000 1,000 1,000 1,000
Typical flow (gpm) 160 270 470 184 269 50
Total iron (mg/L Fe) 44.1 24 326 4.12 0.75 40.7
Ferrous iron (mg/L Fell) 6.0 24 326 (6) 4.12 0.75 29.6
Aluminum (mg/L Al) 34.1 5.95 33 0.25 61 128
Manganese (mg/L Mn) 48 24 4.7 5.2 57 129
pH 2.8 4.2 3.0 6.0 3.0 3.0
Alkalinity (mg/L as CaCO3) 0 2 0 6 0 0
Total inorganic carbon (mg/L TIC) 1.2 1.2 1.2 14.2 1.2 19.2
Hot acidity (mg/L as CaCO3) 500 123 880 16 510 982
Sulfate (mg/L SO,4) 1,502 1,341 1,726 1,380 4,223 5,000
Chloride (mg/L Cl) 6.0 2.0 20.0 4.0 1.7 1.9
Calcium (mg/L Ca) 105 150 190 101 186 422
Magnesium (mg/L Mg) 112 134 57 113 460 652
Sodium (mg/L Na) 8 7.5 3.81 46 18 17.8
Temperature (°C) 16 16 16 16 16 16
Dissolved oxygen (mg/L DO) 0.8 1.8 2.2 0.6 0.11 4.1

titrations using NaOH

precipitation of Fe(OH),, pyrochroite (Mn(OH),), and
brucite (Mg(OH),).

The simulated and measured changes in Fe concentra-
tions during titrations (Figs. 3, 4) were complicated
because of poorly defined (mixed) and/or unstable oxida-
tion state of Fe. Generally, the simulations without atmo-
spheric equilibration indicated Fe concentration values that
were similar to measured values for Cal Pike, Manor,
Millerstein, Morris, and Nittanny (Figs. 3a, e, 4a, c, e). For
Millerstein (Fig. 4a, b) and Morris (Fig. 4c, d), simulations
with initial atmospheric equilibration indicated similar pH
and Fe concentration trends as those without atmospheric
equilibration, presumably because Fe' was the predomi-
nant oxidation state in the influent or the initial DO was
sufficient for oxidation of Fe" to Fe'"" before NaOH addi-
tion. However, measured pH and Fe values for Ike were
intermediate between those indicated by the two end-
member simulations (Fig. 3c, d), possibly because Fe'
began to oxidize to Fe"" during the empirical titrations. The
simulations for Cal Pike, Manor, and Nittanny without
atmospheric equilibration (Figs. 3a, e, 4e) indicate that
after precipitation of Fe™ that was initially present or
formed in the sample, concentrations of remaining Fe''
were relatively constant until pH increased to about 8.5
after which the precipitation of Fe''(OH), limited the Fe
concentrations to values less than 1 mg/L, until reaching a
minimum Fe concentration at a pH of approximately 10.5.
In contrast, the simulations with initial atmospheric equil-
ibration (Figs. 3b, d, f, 4b, d, f) indicate that concentrations
of Fe, which had oxidized to Fe', decreased to less than
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1 mg/L at pH 5 until reaching the solubility minimum for
Fe'"'(OH); at approximately pH 8.5; however, at pH values
greater than 8.5, the Fe concentrations increased with pH
because of the formation of Fe"(OH); .

As pH increased to approximately 6.5, the measured and
simulated concentrations of Al decreased to less than
0.5 mg/L. (Figs. 3, 4) because of the precipitation of Al-
hydroxide compounds, which have solubility minima at
approximately pH 6.5 (Fig. 1). At pH 6-8, both the sim-
ulated and measured Al concentrations are less than
0.5 mg/L (Figs. 3, 4); however, the simulated concentra-
tions are less than measured Al values. These differences
could indicate that the measured Al concentrations: (1)
include contributions by colloidal material that passed the
0.45 pm filters and/or (2) may be limited by the precipi-
tation of amorphous AI(OH); or some other compound that
has a higher solubility than the Al-hydroxide phase
(boehmite) specified to precipitate in the simulations. As
the pH increased to alkaline values, the simulated and
measured concentrations of Al increased because of the
formation of Al(OH); complexes. Nevertheless, at pH
values greater than 9, measured Al concentrations were less
than the concentrations indicated by simulations, indicating
some other phases could be limiting Al at high pH. At pH
greater than 10, simulated concentrations of Al and Ca
decreased (Figs. 3, 4) because of the precipitation of et-
tringite (C36A12(804)3(OH)1226H20) Although SO42_
concentrations were relatively constant during titrations
with NaOH, the precipitation of ettringite, schwert-
mannite (FegOg(OH)45(S04);75), and/or basaluminite
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Fig. 3 Measured (point symbols) and simulated (lines) chemical
concentrations as a function of pH during titration with NaOH;
measured Fe and Al values below detection limits are shown at half
the limit as open symbols. Simulations use starting effluent

(Al14(OH)(S0O,) could account for minor decreases in the
measured SO,>~ concentrations (Figs. 3, 4, and supple-
mental Fig. S6). With the addition of CaO or Ca(OH),,
gypsum precipitation also could become a primary sink for
SO,

The observed changes in pH and Mn concentrations
were consistent with simulations without atmospheric
equilibration, which indicates Mn" is the predominant
oxidation state for Mn in the AMD samples. At pH values
greater than 10, the Mn"" concentrations decreased because
of precipitation of pyrochroite, Mn(OH),, while those of
Mg also decreased because of precipitation of brucite,
Mg(OH), (Figs. 3a, c, e, 4a, c, e). In contrast, the simula-
tions with initial atmospheric equilibration (Figs. 3b, d, f,
4b, d, f) consistently indicated lower Mn concentrations
than measured at a given pH. The implication is that if Mn
could be oxidized before adding caustic chemicals, its
concentrations could be decreased at near-neutral pH val-
ues, thus avoiding the precipitation of Mg, which adds to
chemical consumption and sludge volume. Nevertheless,
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composition data in Table 3 and assume conditions with no gas
exchange with atmosphere (PHREEQ_noeq; left side) or with initial
gas exchange with atmosphere (PHREEQ _eq; right side)

the extensive oxidation of Mn at low pH values simulated
by the pre-aeration step is not realistic because of the slow
kinetics of abiotic oxidation (Stumm and Morgan 1996).
Thus, comparing the results for the two titration simula-
tions could be interpreted to indicate potential benefits
from the addition of strong chemical oxidants, such as
ozone (Sato and Robbins 2000) or permanganate (Skousen
et al. 1993). If a user wants to consider these additional
chemical costs, AMDTreat 5.0+ has another module for
Oxidant Chemical Cost that can be selected for that pur-
pose (below Chemical Cost on Water Quality Input Screen,
Fig. S1).

Cost Analysis for Simulated Treatment of Cal Pike
Effluent Using Different Caustic Chemicals

Titration of the Cal Pike effluent with each of the chemi-
cals available within the Chemical Cost Screen of AMD-
Treat 5.0+ (NaOH, CaO, Ca(OH),, Na,COs, or NH3) was
simulated to demonstrate possible differences in the
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Fig. 4 Measured (point symbols) and simulated (lines) chemical
concentrations as a function of pH during titration with NaOH;
measured Fe and Al values below detection limit are shown at half the
limit as open symbols. Simulations use starting effluent composition

estimated quantities and costs for the various caustic
agents. Simulated solute concentrations as a function of pH
for scenarios without and with pre-aeration were similar
among NaOH, ammonia (NHj3), hydrated lime (Ca(OH),),
and quick lime (CaO) (supplemental Tables S1 and S2).
Because the metals and associated major solutes generally
precipitated at the equilibrium pH values indicated for
hydroxide phases (Fig. 1), pH was the critical factor con-
trolling solute concentrations. Thus, regardless of the
caustic agent, the concentrations of Fe™ and Al decreased
to minimum values at pH 6-8 and then increased with pH
in accordance with solubility control by hydroxides.
Decreases in Fe'' concentrations were consistently indi-
cated at pH values greater than 8.5 and decreases in Mn""
were indicated at pH values greater than 9.5 (Figs. 1, 3, 4;
Tables S1 and S2). Additionally, with an increase in Ca
concentration from dissolution of CaO or Ca(OH), (Tables
S1 and S2), the partial removal of Al (as ettringite) at pH
values greater than 10 and SO, (as gypsum) were indicated
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data in Table 3 and assume conditions with no gas exchange with
atmosphere (PHREEQ _noeq; left side) or with initial gas exchange
with atmosphere (PHREEQ_eq; right side)

where saturation with these phases was achieved (e.g.
Fig. 3a, b). Of note, simulated treatment with soda ash
(NayCO3) (Tables S1 and S2) and other carbonate phases
not included with AMDTreat 5.0+ (NaHCO;, CaCOs)
produced simulated pH and concentration trends that dif-
fered from the other caustic chemicals. Dissolution of soda
ash and other carbonate additives created conditions at high
pH that favored the precipitation of FeCO3;, MnCO3, and
CaCOj; with consequent decreases in the concentrations of
associated divalent cations at pH values less than those for
precipitation of the corresponding hydroxides.

The titration simulations indicated that treatment using
NaOH, Ca(OH),, CaO, or NH; for similar aeration sce-
narios produced treated effluents with similar concentra-
tions of metals as a function of pH over the pH range of
6-10. Nevertheless, because of differences in the mixing
efficiencies and unit costs for chemicals, the estimated
quantities and costs of different chemicals to attain a target
pH ranged widely.
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To evaluate the needed quantities and costs of different
chemicals for treatment, a target pH of 10.0 or 8.5 may be
considered for reference, where a pH of 10 is the common
target for precipitation of Mn(OH), and a pH of 8.5 results
in direct precipitation of Fe(OH), plus additional precipi-
tation of Fe(OH)3, owing to enhanced kinetics of oxidation
of Fe' at high pH (e.g. Stumm and Morgan 1996). Because
a pH value of 8.0 or 8.5 is approximately the endpoint for
hot acidity titrations, it is a useful reference point to relate
the chemical equivalents on the basis of measured hot
acidity or computed net acidity and the corresponding
quantities of caustic chemicals computed by simulated
titrations.

To neutralize the net acidity of 500 mg/L as CaCO; for
the Cal Pike effluent, an equivalent amount of 0.50 g/L as
CaCOj3; was assumed for all chemicals. By multiplying the
equivalent value by the CaCO5 conversion factor for each
chemical in Table 1, the corresponding quantity of the pure
chemical was computed (supplemental Tables S3 and S4).
This is the default computation method for chemical
requirement used by AMDTreat. Then, the quantity of
industrial grade chemical, corrected for treatment effi-
ciency and purity, was estimated for treatment of 3785 L
(1000 gallons). Likewise, chemical requirements indicated
by the simulated titrations to different pH endpoints were
used to compute estimated treatment costs as a function of
pH for treatment of 3785 L (1000 gallons). For these
examples, default values for unit costs of chemicals,
chemical purity, chemical efficiency, and sludge disposal
(Table 1) were used to compute the annual treatment costs.

The equivalent quantities of NaOH, Ca(OH),, or CaO that
were estimated based on the net acidity (500 mg/L as CaCOs;
0.50 g/L chemical as CaCO;) were similar to estimates based
on titration simulations to a target pH 8.0 or 8.5 with pre-
aeration (Table S4), but were less than the estimated chemical
requirement to reach a pH of 8.5 without aeration. Generally,
in the absence of aeration (without oxidation) or addition of
carbonate, Mn" removal would not be expected until pH 10
(Fig. 3, Table S1). However, to achieve a target pH of 10 for
the removal of Mn" without aeration, the Cal Pike titration
simulations indicated approximately 10-15 % greater quan-
tities of the caustic chemicals would be needed than estimated
using net acidity equivalents.

To achieve a target pH of 10 or greater, approximately
the same quantity of a given caustic chemical would be
needed to reach that pH, with or without pre-aeration
(Tables S1 and S2). At such high pH values, Mn" removal
can be assured, along with the possible removal of Mg, Ca,
and SOy, depending on effluent composition and chemical
used. Nevertheless, treatment to such high pH values may
not be necessary to meet effluent goals if the dissolved
Mn" and Fe" can be rapidly oxidized before the addition of
caustic chemicals, and runs the risk of Al redissolution.

The pre-aeration simulation indicated that removal of Fe
as Fe(OH); and Mn as MnO, may be possible at near-
neutral pH (Fig. 3b; Table S2). Although these oxidized
phases are thermodynamically stable in the presence of O,,
oxidation of Fe'" and Mn" may not be achieved solely by
aeration because of slow oxidation kinetics at pH less than
8 (Stumm and Morgan 1996). To rapidly oxidize Fe"' at
neutral and lower pH, pre-treatment with an oxidizing
agent such as hydrogen peroxide (Cole et al. 1977; Leavitt
2010) could be considered, whereas to rapidly oxidize Fe'
and Mn", ozone or potassium permanganate could be
considered (Sato and Robbins 2000; Skousen et al. 1993).
By promoting oxidation (indicated by pre-aeration simu-
lation) before the addition of caustic chemicals (Table S2),
the estimated caustic chemical quantities for treatment to a
pH of 8.0-8.5 may be substantially less than those esti-
mated to achieve Mn" removal at higher pH without aer-
ation (Table S1). Treatment of an oxidized solution at pH
8.0-8.5 avoids Mg precipitation and thus uses a smaller
quantity of caustic chemicals and produces less sludge than
treatment of an unoxidized solution to pH 10. Because of
the simulated precipitation of Mg as Mg(OH),, the esti-
mated sludge volume for the Cal Pike effluent nearly
doubled from pH 9.5-10.5 (Tables S1 and S2). Thus, the
inadvertent precipitation of Mg not only consumes caustic
chemicals but also adds to the sludge volume, which
increases costs for the operation and maintenance of
treatment systems.

In contrast with the simulated treatment of the Cal Pike
effluent with NaOH, Ca(OH),, CaO, or NHj3, the simulated
titration with Na,COs; without aeration indicated the
potential for removal of Mn', Ca, and Mg as MnCOs;,
CaCOg;, and CaMg(CO3),. The potential for precipitation
of such carbonates was greatest at alkaline pH values
(>8.5) and was sensitive to the specified degree of super-
saturation (SI > 2.5) before “allowing” precipitation. As a
consequence of the precipitation of CaCO;, CaMg(COs),,
and other carbonates in the titration model, the estimated
sludge volumes produced by treating the Cal Pike AMD to
a pH of 8.0 with soda ash were 10 % greater than the
sludge volumes estimated for other chemical treatments
(Table S1). If MnCO; were to precipitate at lower levels of
supersaturation (0 < SI < 0.5), substantial removal of Mn!"
feasibly could be achieved at a pH less than 9. Thus, soda
ash and other carbonate based agents may have limited
usefulness for treatment of AMD with high concentrations
of Mn" and low concentrations of Ca and Mg.

The annual costs of chemicals plus the cost of sludge
disposal are routinely expressed in terms of cost per unit
volume of effluent treated (Tables S3 and S4). Because
these costs vary as a function of the pH of treatment,
specific pH and effluent concentration goals may be con-
sidered when comparing the costs of treatment with
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different chemicals. For example, regardless of the caustic
chemical used, the effluent compositions were predicted to
be similar for the treatment of the Cal Pike AMD to pH 10
to 10.5 without aeration and to pH 8.0 with pre-aeration
(Tables S1 and S2). Lime, as Ca(OH), or CaO, was the
least costly agent for treatment to pH 10 to 10.5 without
aeration or treatment to pH 8.0 with pre-aeration (Tables
S3 and S4). For treatment to a pH less than 9.0, ammonia
was indicated to be less expensive than caustic soda and
soda ash; however, caustic soda was less costly than
ammonia and soda ash for increasing pH to values greater
than 9 (Tables S3 and S4).

Comparison of Simulated and Actual Treatment
of Nittanny AMD with Lime

In this section, the titration simulation ability of AMDTreat
5.0+ is used to evaluate the actual CaO treatment of the
Nittanny Mine AMD, which was the most mineralized of
the six samples in this study. On the date the empirical
titration with NaOH was conducted, the untreated dis-
charge had a pH of 3, nearly 1,000 mg/L of acidity, and
elevated concentrations of SO, (5,000 mg/L), Fe (40.7 mg/
L; 29.6 mg/L as FeH), Mn (129 mg/L), Al (128 mg/L), Mg
(652 mg/L), and Ca (422 mg/L); similar chemistry was
observed on a previous sampling date (Table 3). The
untreated water flowed from mine spoil into an open pit
from which it was pumped to the treatment system. The
treatment added CaO slurry to the raw water; the effluent
was then discharged to a series of two shallow settling
ponds of approximately 0.2 ha each. Gypsum crystals
coated with iron oxide formed a hard crust on the bottom of
the second pond near the outflow where the treated effluent
was sampled. On both sampling occasions, the treated
effluent had pH of 7 but still had elevated Mn (5.5-9.9 mg/
L) and was marginally alkaline to moderately acidic (hot
acidity —1.5 to 42 mg/L; net acidity of 4-20 mg/L) with
decreased concentrations of SO, (2,700-3,100 mg/L), Fe
(<1.0 mg/L), Al (<0.08 mg/L), and Mg (150-240 mg/L),
and increased concentrations of Ca (930-1,070 mg/L).
Although the observed pH of the treated effluent was near
neutral for both sample sets, the pH was unstable during the
first sampling event when the acidity and Mn were greatest.
Within hours of sampling, the pH decreased to 3.5, pre-
sumably because of oxidation and hydrolysis of Mn" in the
absence of dissolved Fe.

The AMDTreat titration simulation with CaO to pH 7
did not produce the observed changes on chemical con-
centrations, particularly for Mn, Mg, Ca, and SO, (Fig. 5a).
To decrease concentrations to those in the observed data,
titration with CaO to a pH of 10 to 10.5 would be needed
(Fig. 5b). As shown in Fig. 5b, if the initial treatment with
CaO produced a pH of 10.2, then Mn and Mg feasibly
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could decrease to observed concentrations by the formation
of Mn(OH), and Mg(OH),. Likewise the added Ca would
increase saturation with respect to gypsum, promoting the
observed removal of SO,.

Although the field data were not collected at the inflow
to the treatment ponds immediately after initial dosing with
CaO, the pH at this location could have been near 10.2 and
then decreased within the ponds and thereafter as a con-
sequence of oxidation of dissolved Mn"'. Although reaction
kinetics are not included with the equilibrium simulations
offered with AMDTreat 5.0+, reaction rates could be a
critical factor affecting treatment performance and the
ability to predict effluent compositions. The assumption of
equilibrium conditions for geochemical systems has
validity when reactions are rapid or where time is sufficient
for reactions to be completed, such as slow-moving
groundwater (Blowes and Ptacek 1994; Cravotta 2008).
However, the equilibrium assumption may not be valid for
short residence times within treatment systems because of
kinetic factors affecting the exchange of gases and the
oxidation of Mn'" and Fe!l (Hem and Lind 1983; Kirby
et al. 2009). The empirical titration results with NaOH
were in good agreement with the AMDTreat simulations of
treatment with NaOH without aeration for the Nittanny
Mine effluent (Fig. 4E), indicating rapid equilibration
under these conditions. Nevertheless, gypsum supersatu-
ration was indicated by simulations of treatment with
NaOH or CaO. In fact, gypsum eventually precipitated
from the filtered effluent samples during sample storage,
forming fine crystals and causing slow decreases in Ca and
SO, concentrations. Thus, the new AMDTreat 5.0+ treat-
ment simulations may offer insights on treatment perfor-
mance, sampling design, and optimal treatment strategies;
however, the simulations should not be considered the final
answer.

Conclusions

New titration options using the geochemical program,
PHREEQC, were added to the chemical cost module in
AMDTreat 5.0+. These titration options permit a user to
select different chemical agents (NaOH, CaO, Ca(OH),,
Na,CO3, or NH3) and different equilibrium conditions for
dissolved gases (no exchange or limited exchange with the
atmosphere by pre-aeration to a specified CO, gas pres-
sure). The simulations indicate the incremental amounts of
a selected caustic chemical needed to increase pH to values
from 6 to 11, the corresponding solute concentrations (Al,
Fe, Mn, Mg, Ca, Na, SO,) remaining in the treated effluent,
and the resultant sludge volume. The simulations assume
that neutralization, gas exchange, and associated oxidation
and precipitation reactions are instantaneous and that
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Fig. 5 Measured (point symbols) and simulated (lines) titration of
“Nittanny” effluent with CaO compared to field results of CaO
treatment ponds. Symbols at pH values near 3 and 7 indicate observed
data values at inflow and outflow of treatment system, respectively;

equilibrium conditions are achieved among solid phases
and aqueous species.

Empirical NaOH titration data for AMD from six coal
mines were used to calibrate and evaluate the validity of
the titration model results. For these empirical titrations,
the oxidation of Fe and Mn was limited in extent by the
initial dissolved O, concentration and was simulated by
titrations without gas exchange. Most of the caustic con-
sumption was indicated to result from the precipitation of
initial Al as AI(OH); and Fe™" as Fe(OH); at pH values less
than 6, Fe' as Fe(OH), at pH values greater than 8.5, and
Mn" as pyrochroite (Mn(OH),) with Mg as brucite
(Mg(OH),) at pH values greater than 9.5. Although the
simulations without and with gas exchange produced dif-
ferent trends for Fe and Mn because of differences in
solubilities of reduced versus oxidized solids (Fe'" vs. Fe'
or Mn" vs. MnIH'IV), they produced similar trends for Al,
SO,4, Mg, and Ca. The simulated treatment after pre-aera-
tion demonstrated the potential for removal of dissolved Fe
and Mn at relatively low pH, possibly achieved by use of
chemical oxidants, thus avoiding treatment to alkaline pH
and the consequent precipitation of Mg(OH),, which con-
sumes caustic chemical and adds to the sludge volume.

The PHREEQC titration results can be used with or in
place of empirical titration data to evaluate alternative
treatment strategies, but should not be used as the sole
basis for treatment system design. The simulations do not
identify the actual mineral phases precipitating nor
describe kinetics of chemical reactions, mixing, particle
formation and settling, and other dynamic processes within
an active treatment system. Furthermore, no attempt has
been made to simulate geochemical processes such as
adsorption and coprecipitation that have been documented
to control trace element concentrations in AMD systems.

The new capability of AMDTreat 5.0+ to model major
chemical reactions that occur when mine drainage is trea-
ted is important for accurately estimating the two largest
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symbols (dashed outlines) at pH 10.2 indicate possible data values at
the presumed pH immediately after addition of CaO, before the pH
decreased due to Mn" oxidation within the treatment ponds

components of treatment costs—chemical requirements
and sludge production. Users can use the titration modeling
capabilities of AMDTreat 5.04 to examine the potential
relations among treatment chemical, effluent quality,
sludge quantity, and treatment costs. Specific capabilities
of the PHREEQ module in AMDTreat 5.0+ include:

e Ability to evaluate potential for nuisance mineral
precipitation;

e Ability to evaluate the effect of dissolved CO, on
treatment costs;

e Ability to evaluate the effect of pre-treatment oxidiza-
tion (degassing of CO, and ingassing of O,) on
treatment strategy, costs, and effluent quality; and

e Ability to evaluate the effect of various treatment
chemicals and treatment pH on TDS and sludge
volume.

AMDTreat 5.0+ retains the flexibility of previous ver-
sions by permitting use of default values or user adjusted
values for chemical purity, chemical mixing efficiency, and
sludge density plus unit cost values for all aspects of
treatment (materials, equipment, chemicals, construction,
and labor). With the new titration simulations, AMDTreat
5.0+ can be used to evaluate costs and effects of treatment
strategies with different chemicals to achieve a desired
effluent composition. Minimizing treatment costs while
ensuring effluent quality goals are met could help industry,
government agencies, and others involved in watershed
improvement projects. AMDTreat has an extensive website
where software can be downloaded free of charge and
additional information can be obtained. The web address is
http://www.amd.osmre.gov/.
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Table S1. Estimated quality of Cal Pike effluent treated with selected caustic chemicals to

specified pH, under conditions with no gas exchange with atmosphere

Concen- pH Treated to specified pH"

tration

(mg/L) 2.8 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

Caustic Soda (NaOH noeq)
Fe 44.17 0.50 0.45 0.43 0.42 0.42 0.42 0.43 0.43 0.11 0.15
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.91 2.89 9.13  28.95
Mn 48.19 48.19 48.19 48.19 48.19 48.19 48.19 48.19 28.83 3.49 0.45
Na 80 1925 1932 1938 208.6 2089 209.5 210.8 229.6 257.8 4493
Ca 1052 1052 1052 1052 1052 1052 1052 1052 1052 1052 105.2
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 22.9
SO, 1504.8 14743 14743 14743 1504.7 1504.7 1504.7 1504.7 1504.7 1504.7 1504.7
Alkalin -197.5 1.6 3.1 4.3 5.1 6.1 8.4 14.7 314 80.5 2342
TDS 1758 1954 1955 1957 2002 2003 2006 2011 2023 2061 2272
PPT 0 237 237 237 183 183 182 180 206 230 391
Hydrated Lime (Ca(OH),_noeq)
Fe 44.17 0.50 0.45 0.43 0.42 0.42 0.42 0.43 0.42 0.10 0.15
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.91 2.88 9.12 1.22
Mn 48.19 48.19 48.19 48.19 48.19 48.19 48.19 48.19 27.81 3.23 0.36
Na 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Ca 1052  266.0 266.7 267.1 280.1 280.3 2809 282.0 299.2 3233 4063
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 20.5
SO, 1504.8 14743 14743 14743 1504.7 1504.7 1504.7 1504.7 1504.7 1504.7 1343.2
Alkalin -202.5 1.6 3.1 4.3 5.1 6.1 8.5 14.8 31.6 81.1 29.8
TDS 1755 1930 1932 1933 1977 1978 1980 1985 1994 2029 1818
PPT 0 237 237 237 183 183 182 180 208 230 767
Anhydrous Ammonia (NH; noeq)
Fe 44.17 0.50 0.45 0.43 0.42 0.42 0.42 0.43 0.43 0.10 0.15
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.91 2.88 9.11  28.75
Mn 48.19 4820 4820 4820 4820 4820 48.20 4820 28.57 3.47 0.46
Na 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Ca 1052 1052 1052 1052 1052 1052 1052 1052 1052 1052 105.2
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 22.4
SO, 1504.8 1474.6 1474.6 1474.6 1504.9 15049 15049 15049 1505.0 1505.0 1505.2
Alkalin -202.5 1.7 3.3 52 8.1 15.6 38.8° 111.5 366.2 12714 6857.2
TDS 1755 1770 1771 1772 1804 1808 1823 1867 2002 2526 5805
PPT 0 237 237 237 182 182 182 180 206 229 392
Soda Ash (Na,CO;_noeq)

Fe 44.17 0.50 0.45 0.43 0.42 0.42 0.42 0.43 0.44 0.46 0.44
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.93 2.95 948  31.63
Mn 48.19 48.19 48.19 48.19 48.19 31.07 17.13 12.87 11.52 11.06 10.68
Na 80 2290 2748 3279 393.6 430.7 460.6 5054 6245 9774 29772
Ca 105.2 1052 1052 1052 1052 1052 1052 1052 1052 1052 80.9
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 87.1
SOy 1504.8 1474.5 14745 14745 15049 15049 15049 15049 15049 1505.0 1505.1
Alkalin -202.5 80.9 180.3 296.0 4074 4571 4979 5912 8589 16619 5969.6
TDS 1755 2038 2144 2266 2429 2479 2520 2617 2897 3738 8295
PPT 0 237 237 237 183 210 232 237 233 215 211

* Treatment to specified pH and associated water quality resulting from chemical reactions were simulated using
AMDTreat 5.0+ with “PHREEQ” titration option.



Table S2. Estimated quality of Cal Pike effluent treated with selected caustic chemicals to

specified pH, under conditions with initial gas exchange with atmosphere (pre-aerated)

Concen- pH Treated to specified pH"

tration

(mg/L) 2.8 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

Caustic Soda (NaOH eq)
Fe 44.17 0.08 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.05 0.14
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.91 2.89 9.13  28.95
Mn 48.19 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 0.45
Na 8.0 2321 2328 2334 2482 2484 2487 249.6 2522 2595 4493
Ca 1052 1052 1052 1052 1052 1052 1052 1052 1052 1052 1052
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 22.9
S04 1504.8 14743 14743 14743 1504.7 1504.7 1504.7 1504.7 1504.7 1504.7 1504.7
Alkalin -202.9 1.6 3.0 4.2 5.0 5.7 7.5 12.9 29.5 80.2 2342
TDS 1755 1946 1948 1949 1995 1995 1997 2002 2016 2060 2272
PPT 0 314 314 314 260 260 259 257 251 233 391
Hydrated Lime (Ca(OH),_eq)
Fe 44.17 0.08 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.05 0.13
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.91 2.88 9.12 1.22
Mn 48.19 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 0.36
Na 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Ca 105.2 300.6 3012 301.6 314.6 3147 3150 3159 3182 3247 4063
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 20.5
SO, 1504.8 14743 14743 14743 1504.7 1504.7 1504.7 1504.7 1504.7 1504.7 13432
Alkalin -202.9 1.6 3.0 42 5.0 5.8 7.6 13.2 30.0 80.9 29.8
TDS 1755 1917 1919 1920 1964 1964 1966 1971 1985 2029 1818
PPT 0 314 314 314 260 260 259 257 251 233 767
Anhydrous Ammonia (NH;_eq)
Fe 44.17 0.08 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.05 0.13
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.91 2.88 9.11 28.75
Mn 48.19 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 0.46
Na 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Ca 105.2 1052 1052 1052 1052 1052 1052 1052 1052 1052 1052
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 22.4
SO, 1504.8 1474.6 1474.6 1474.6 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1505.2
Alkalin -202.9 1.7 34 5.3 8.6 17.2 43.8 1282 397.8 12794 68573
TDS 1755 1722 1723 1725 1757 1762 1778 1830 1993 2529 5805
PPT 0 314 314 314 259 259 258 257 251 233 392
Soda Ash (Na,COs_eq)

Fe 44.17 0.08 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.05 0.15
Al 34.15 0.01 0.00 0.01 0.03 0.09 0.29 0.93 2.96 9.53  31.78
Mn 48.19 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28 1.28
Na 80 2756 3303 3935 463.0 4864 5083 5572 6955 11109 33278
Ca 1052 1052 1052 1052 1052 1052 1052 1052 1052 1052 79.6
Mg 1122 1122 1122 1122 1122 1122 1122 1122 1122 1122 92.8
SO, 1504.8 14745 14745 1474.6 1505.0 1505.0 1505.0 1505.0 1505.0 1505.0 1505.1
Alkalin -202.5 96.0 2149 3524 4720 5232 5721 6819 9939 1934.0 67354
TDS 1755 2046 2172 2318 2490 2544 2596 2711 3038 4025 9100
PPT 0 314 314 314 259 259 258 257 251 232 213

* Treatment to specified pH and associated water quality resulting from chemical reactions were simulated using
AMDTreat 5.0+ with “PHREEQ with aeration” titration option.



Table S3. Estimated cost of selected caustic chemicals for treating Cal Pike effluent to specified
pH, under conditions with no gas exchange with atmosphere

Estimated quantity and cost ACId/Eq Treated to specified pH
of chemical and sludge 165 60 65 70 75 80 85 90 95 100 105 110
aCO3
Caustic Soda (NaOH_noeq)
Pure NaOH, solid (g/L) 040 032 032 0.32 035 035 035 035 039 043 0.77 0.89
Equivalent (g/L as CaCO;)"° 0.50 0.40 040 040 044 044 044 044 048 054 096 1.11
Quantity (1b/1000 gal)* 1.33 133 134 145 145 145 146 1.60 1.80 3.18 3.68
Cost ($/1000 gal)’ 093 093 094 1.01 1.01 1.02 1.02 1.12 126 223 258
Sludge (gal/1000 gal; 5%)° 474 474 4.74 3.66 3.66 3.64 3.60 4.12 460 7.82 10.68
Sludge cost ($/1000 gal)’ 028 0.28 0.28 0.22 022 022 022 025 028 047 0.64
Total cost ($/1000 gal) 1.21 122 122 123 123 123 124 136 154 269 3.22
Hydrated Lime (Ca(OH),_noeq)
Pure Ca(OH), (g/L) 0.37 0.30 0.30 0.30 032 0.32 0.33 0.33 036 040 0.83 0.90
Equivalent (g/L as CaCO3) 0.50 0.40 040 041 044 044 044 044 049 055 1.12 1.22
Quantity (Ib/1000 gal) 3.23 324 325 351 3.52 353 355 3.89 438 896 9.79
Cost ($/1000 gal) 0.32 032 033 035 035 035 036 039 044 090 0098
Sludge (gal/1000 gal; 10%) 299 299 299 250 2.51 250 248 2.83 3.14 939 10.12
Sludge cost ($/1000 gal) 0.18 0.18 0.18 0.15 0.15 0.15 0.15 0.17 0.19 0.56 0.61
Total cost ($/1000 gal) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.56 0.63 146 1.59
Anhydrous Ammonia (NH; noeq)
Pure NH; (g/L) 0.17 0.14 0.14 0.14 0.15 0.15 0.16 0.18 0.28 0.59 2.59 8.64
Equivalent (g/L as CaCO3) 0.50 0.40 040 041 044 045 047 054 082 1.74 7.61 2541
Quantity (Ib/1000 gal) 128 129 129 140 142 149 1.71 2.60 553 2417 80.73
Cost ($/1000 gal) 0.64 0.64 0.65 0.70 0.71 0.75 0.86 1.30 2.76 12.08 40.36
Sludge (gal/1000 gal; 5%) 5.02 5.02 5.02 394 395 396 397 468 577 13.06 27.99
Sludge cost ($/1000 gal) 030 0.30 0.30 0.24 0.24 0.24 024 028 035 0.78 1.68
Total cost ($/1000 gal) 094 094 095 094 095 098 1.10 1.58 3.11 12.87 42.04
Soda Ash (Na,CO;_noeq)
Pure Na,CO; (g/L) 0.53 0.51 0.62 0.74 0.89 098 1.04 1.15 142 224 6.85 58.83
Equivalent (g/L as CaCO;) 0.50 0.48 0.58 0.70 0.84 092 0.99 1.08 134 2.11 646 5550
Quantity (1b/1000 gal) 7.15 8.63 10.35 12.47 13.67 14.64 16.09 19.94 31.36 96.04 824.60
Cost ($/1000 gal) 1.00 1.21 145 1.75 191 2.05 225 2.79 439 13.45 11544
Sludge (gal/1000 gal; 5%) 8.86 9.72 10.71 10.85 12.08 13.08 14.02 16.16 22.38 59.59 482.67
Sludge cost ($/1000 gal) 0.53 0.58 0.64 0.65 0.72 0.78 0.84 097 134 3.58 28.96
Total cost ($/1000 gal) 1.53 1.79 2.09 240 2.64 2.83 3.09 3.76 5.73 17.02 144.40

* Treatment to specified pH and associated water quality resulting from chemical reactions were simulated using
AMDTreat 5.0+ with “PHREEQ” titration option.

" Equivalent quantity of pure chemical in grams to treat 1 liter of solution computed using CaCO; conversion
factor in Table 1. The chemical equivalent for acidity of 500 mg/L as CaCOs is reported for comparison with
estimated chemical quantities for treatment to specified pH.

¢ Chemical quantity in pounds per 1,000 gallons estimated using efficiency factor in Table 1.

4 Cost estimated using unit cost values and efficiency factors in Table 1. English units for quantities and costs are
used for consistency with default settings of “AMD Treat.”

¢ Sludge quantity estimated assuming 5% or 10% solids concentration, as specified, for precipitated metal
compounds (Fe(OH);, AI(OH);, Mn(OH),, Mg(OH),, CaSO42H,0), based on decrease in metal or sulfate
concentration (Table S1), plus unreacted chemical additive, based on efficiency factor (Table 1).

Sludge cost estimated by multiplying computed sludge volume by unit cost of $0.06/gal, which is default setting
of “AMDTreat.”



Table S4. Estimated cost of selected caustic chemicals for treating Cal Pike effluent to specified
pH, under conditions with initial atmospheric equilibrium (pre-aerated)

Estimated quantity and cost ACId/Eq Treated to specified pH
of chemical and sludge 165 60 65 70 75 80 85 90 95 100 105 110
aCO3
Caustic Soda (NaOH_eq)
Pure NaOH, solid (g/L) 040 039 039 039 042 042 042 042 042 044 077 0.89
Equivalent (g/L as CaCO3)"° 0.50 049 049 049 0.52 0.52 0.52 0.53 0.53 0.55 096 1.11
Quantity (1b/1000 gal)* 1.61 162 162 1.73 1.73 173 1.74 176 181 3.18 3.68
Cost ($/1000 gal)d 1.13 1.13 1.14 121 121 121 122 123 127 223 258
Sludge (gal/1000 gal; 5%)° 6.28 628 628 520 520 5.18 5.14 5.02 4.66 7.82 10.68
Sludge cost ($/1000 gal)’ 0.38 0.38 0.38 0.31 0.31 031 031 030 028 047 0.64
Total cost ($/1000 gal) .51 1.51 1.51 1.52 152 1.52 1.53 153 1.55 2.69 3.22
Hydrated Lime (Ca(OH),_eq)
Pure Ca(OH), (g/L) 037 036 036 036 039 039 039 039 039 041 083 090
Equivalent (g/L as CaCOs) 0.50 0.49 049 049 0.52 0.52 0.53 0.53 0.53 0.55 .12 1.22
Quantity (1b/1000 gal) 3.92 393 394 420 421 421 423 428 441 896 9.79
Cost ($/1000 gal) 039 039 039 042 042 042 042 043 044 090 098
Sludge (gal/1000 gal; 10%) 3.89 390 390 341 341 340 3.38 3.33 3.18 939 10.12
Sludge cost ($/1000 gal) 0.23 023 023 020 0.20 0.20 0.20 0.20 0.19 056 0.61
Total cost ($/1000 gal) 0.63 0.63 0.63 0.62 0.63 0.63 0.63 0.63 063 146 1.59
Anhydrous Ammonia (NH;_eq)
Pure NH; (g/L) 0.17 0.17 0.17 0.17 0.18 0.18 0.19 022 031 0.60 2.59 8.64
Equivalent (g/L as CaCO3) 0.50 049 049 049 0.53 0.54 056 0.64 090 1.75 7.61 2541
Quantity (Ib/1000 gal) 1.55 1.56 1.57 1.68 1.70 1.78 2.04 2.87 5.57 24.17 80.73
Cost ($/1000 gal) 0.78 0.78 0.78 0.84 0.85 0.89 1.02 143 2.78 12.09 40.36
Sludge (gal/1000 gal; 5%) 6.62 6.62 6.62 5.54 555 555 558 5.64 586 13.07 27.99
Sludge cost ($/1000 gal) 0.40 040 040 0.33 033 0.33 033 034 035 0.78 1.68
Total cost ($/1000 gal) 1.17 1.18 1.18 1.17 1.18 123 136 1.77 3.13 12.87 42.04
Soda Ash (Na,COs_eq)
Pure Na,CO; (g/L) 0.53 0.62 0.74 0.89 1.05 1.10 1.15 127 1.59 255 7.66 67.63
Equivalent (g/L as CaCOs) 0.50 0.58 0.70 0.84 0.99 1.04 1.09 120 1.50 240 7.23 63.80
Quantity (Ib/1000 gal) 8.65 10.42 12.47 14.72 15.47 16.18 17.77 22.24 35.68 107.38 947.90
Cost ($/1000 gal) 1.21 146 175 2.06 2.17 227 249 3.11 500 15.03 132.71
Sludge (gal/1000 gal; 5%) 11.27 12.29 13.47 13.66 14.10 14.49 15.38 17.84 25.21 66.17 553.95
Sludge cost ($/1000 gal) 0.68 0.74 0.81 0.82 0.85 0.87 092 1.07 151 397 33.24
Total cost ($/1000 gal) 1.89 220 2.55 2.88 3.01 3.14 341 4.18 6.51 19.00 165.94

* Treatment to specified pH and associated water quality resulting from chemical reactions were simulated using
AMDTreat 5.0+ with “PHREEQ with aeration” titration option.

® Equivalent quantity of pure chemical in grams to treat 1 liter of solution computed using CaCO; conversion
factor in Table 1. The chemical equivalent for acidity of 500 mg/L as CaCOs is reported for comparison with
estimated chemical quantities for treatment to specified pH.

¢ Chemical quantity in pounds per 1,000 gallons estimated using efficiency factor in Table 1.

4 Cost estimated using unit cost values and efficiency factors in Table 1. English units for quantities and costs are
used for consistency with default settings of “AMD Treat.”

¢ Sludge quantity estimated assuming 5% or 10% solids concentration, as specified, for precipitated metal
compounds (Fe(OH);, AI(OH);, Mn(OH),, Mg(OH),, CaSO42H,0), based on decrease in metal or sulfate
concentration (Table S2), plus unreacted chemical additive, based on efficiency factor (Table 1).

Sludge cost estimated by multiplying computed sludge volume by unit cost of $0.06/gal, which is default setting
of “AMDTreat.”
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Fig. S1. AMDTreat 5.0+ water-quality input screen showing water-quality data values for the
untreated Cal Pike effluent (Table 3).
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Fig. S2. AMDTreat 5.0+ chemical cost screen showing annual chemical quantity and cost for simulated treatment of Cal Pike effluent
using hydrated lime (Ca(OH),). For a selected caustic chemical, a user can estimate costs based on input values for net acidity (default
when a specific chemical is selected), empirical titration, PHREEQ simulated titration without aeration, and PHREEQ simulated
titration with pre-aeration before the addition of the selected caustic chemical.



PHREEQ

pH CausticTiir  CausticMol Total Fe Fe2 Al Wn MNa Ca Mg S04 Alkalinity DS
Sekct—> | 2815 | 0.000000 | 0.000000 44173 0.416 34.148 48.180 8.015 105.187 112178 | 1504798 | -202484 | 1755.248
“Ssiect> | 3000 | 0.000282 | 0.000457 44172 0.418 34.148 42,190 8015 123517 112176 | 1504774 | -156.770 | 1800.968
(7)Sslect> | 3500 | 0.000710 | 0.001143 | 44471 0,416 34147 45189 8.015 151245 112174 | 1504744 | 87578 | 1870475
Seheil— 4000 0.001253 0002028 18.787 0.418 34147 45,185 8.015 188 478 112.173 1504734 -22. 3894 189159.123
() Select-> | 4500 | 0.002005 | 0.003245 3.525 0.416 15.015 48.188 8.015 735252 112173 | 1487.704 2983 | 1928118
“)Select> | 5000 | 0.002437 | 0.003844 1.238 0.416 0.880 48.188 B.015 263.280 112173 | 1475.124 _0.581 1928.586
“) Seect> | 5500 | 0.002470 | 0.003998 0.666 0.418 0.057 48.188 8015 265420 1Z173 | 1474392 0.435 1829.210
“Sslect> | 6000 | 0002479 | 0.004013 0.438 1.416 0.006 48.188 B.015 266.040 112173 | 1474346 1,585 1830.260
() Seleot—> | 6500 | 0.002489 | 0.004029 0.445 0.418 0.003 48.188 8015 266,654 112173 | 1474344 3.067 1931.700
“) Selct—= | 7.000 | 0.002495 | 0.004041 0.428 0.416 0.010 48.188 B.015 267135 112173 | 1474.348 4282 1932.906
") select> | 7500 | 0.002696 | 0.004364 D.424 0.418 0.030 48187 8.015 280,088 112171 | 1504895 5.088 1976.695
(7)Ssiect> | 3000 | 0.002700 | 0.004370 0.423 0.416 0.082 48,187 B.015 280.345 112471 | 1504685 5.079 1877 610
“) Select-> | 8500 | 0.002708 | 0.004383 0.423 0,416 0.289 48.187 8.015 280,858 112170 | 1504895 5.457 1979.747
“) Select> | 8000 | 0.002726 | 0.004412 0.426 0.416 0.812 48.167 B.015 282.018 112170 | 1504695 14818 | 1985350
*) Select—> | G500 | 0002990 | O0.004841 0417 0.398 2384 27811 8.015 299,205 112171 | 1504688 31545 | 1994161
@ Select> | 10.000 | 0003382 | 0.005443 0103 0.057 9.122 3727 8.015 373 328 12171 1504702 | 81067 | 2029344
() Select—> | 10.500 | 0.008879 | 0.011136 | 0.145 0.012 1215 0.384 017 406314 20.450 1343.190 29814 | 1817626 |
*) Ssiect> | 11.000 | 0007516 | 0.012167 0.417 0.006 0.078 0.046 B.017 442 642 2131 1337614 44230 | 1837526
PHREEQ
pH PPT Siderite FelHZa FedH3a Schwert|T5 Boehmite Basaluminits AlDH3a Rhodochrosite KMnoHZa Fyrochroft FPyrolusite
) Setect—> | 2815 0.000 9833 13242 2637 4013 5836 15314 7.95 7.5%6 13.708 _13.068 7413
| Balert—> 3.000 0.000 -0.554 -12.873 2103 -0.350 _8.385 -13.4786 -£.705 7237 -13.341 12700 £.T716
T Bkl 3.500 0.000 -5.585 -11.877 =0 740 8.779 -3.595 -5.507 -5.213 8232 -12.343 -11.703 -4 957
Seleot-> | 4,000 0.049 7.573 10881 0.000 12.964 2.404 3.537 3724 5,237 11,349 10,708 4502
Beolont—> 4.500 0.184 -B6.520 -0 284 0.000 11.2r2 -1.271 0.000 -2.581 -4.245 -10.352 8712 -5.400
) Seheil— 5.000 0.232 -5.597 -B.858 0.000 5478 -1.022 0.000 -2.342 -3.281 -8.354 -B.714 -8 458
) ezt | 5500 0237 2638 7.886 n.000 7728 0772 0.000 2092 2303 B354 7714 7457
: Select—> & [HH 0237 -A 751 A RRR 1 CHHY EATR i B v d [F THH -1 R47 -1 418 -7 354 A 714 R 407
: | Gelect—> G500 0.237 -2.507 -5.0oT 0.000 4220 -0.272 0.000 -1.052 -0.601 G300 -0.714 -5.45G
i) Seleot-> | 7.000 0.237 2.3%6 4887 0.000 2478 n.022 0.000 1342 ~0.020 5.355 4715 10,496
i) Seleot-> | 7,500 0.183 1,818 _3.891 0.000 0.738 0.000 ~0.907 _1.320 520 _4.359 3718 11.482
~) Bclcot > 2.000 0183 -1.328 -2.204 0.000 -1.014 0.000 -1.907 -1.220 1.010 -3.381 -2.73 -12.489
) Select-x &.alu U182 LYY -1.5311 LRI -4 rgd LRI =& 83Uy =1.320 1.434 =236 =1.04F =13 48U
* Selzct—> | 5,000 0.180 _0.585 _0.972 0.000 4514 0.000 3.907 1,320 1763 1378 0738 14,448
Salact= B.500 0.208 0.338 0.000 0.000 6.265 0.000 4.808 1.320 1.825 0.640 0.000 15.555
@) isstect—> | UL U U230 =90 (TR (IR =& Ul (TR -2.8311 =1.320 1,434 =G4l (TR 195950
Select> | 10500 | 0.767 1784 0.000 0.000 9,817 1372 7427 2692 0.379 _0.640 0.000 15.555
1 Salect—> | 11.000 0.824 2752 0.000 0000 11.573 3.0682 20181 4.382 0585 0840 0.000 15.555

4 [ i - l.r.l h b
[ Accept | | Report J | Export to Excel ‘ Cancel |

All units expressed in mg/L; Alkalinity expressed as mg/l as CaC03; PPT represents the concentration of precipitate in g/l

Fig. S3. AMDTreat 5.0+ PHREEQ simulated titration matrix of pH and corresponding quantities of caustic chemical added,
concentrations of solutes remaining and precipitate formed, and mineral saturation indices for a subset of modeled solid phases based
on PHREEQ titration of the Cal Pike effluent with hydrated lime.



il Hydrated Lime 5258116

Current Hydrated Lime 1 of 1

1 | Cal0R)2 F'HREEO.TEI

Add

Copy Current

1 Opening Screen
— Water Parameters

r_ .
Influent Water Parameters
that Affect Hydrated Lime
Caloulated 409.31 | mgl
Acdicy
Alalnivy 0.00 | mot
= Caloulate Net Acidity
- {Acid-Alkalinity)
) Enter Net Aucidity
marusalhy
Mex Acidicy
crai] 500.00 |mai
Dresign Fhow 1000.00 | gpm
Tyypical Flow 1000.00 |gpm
Tezal Iran 44,09 (mol
Aluminum 34,08 mgl
Manganess 43,10 (magl
L. F

Hydrated Lime Mame | Ca{0OH)2 PHREEQM pH 10

1. Annual Hydrated Lime | 2,208,834.0 | lbsfyr

2. Annual Hydrated Lime 1,104.4  tonsfyr

3. Daily Hydrated Lime

4, Pounds per Hour of
Hydrated Lime

6,051.6 | Lbs/day
252.150000 | Ibsfhr

5. Purity of Hydrated Lime 96 | %
6. Mixing Efficency of
Hydrated Lime 80 | %
[¥] 7. Titration? Vi
8. Titration Amount | 003362 ﬁ;ﬁ fgal of
3. Mechanical Aeration System o0&
St % Quantity  Price  Refil Frequency
10. [ 20Ton 1 25000 ($ & days
11, [¥] 35Ton 1 27000 & 11 |days
12, [ 50Ton 1 16 'days
13. [ | 60Ton 1 19 [days
14, Clarifier
1 Cost of Clarifier ool &
"I Cost Est based on Clarifier Diameter
15, Diameter 10 &
16. Cost Muliplier 4000.0
@ Cost Est based on Flow
17. Design Flow 1000.00 | gpm
18, Estimated Diameter 35.27 | Rt
19. Cost Muliplier 4000.0
20, Vibrator Air Sweep o8
21. Prneumatic Air Sweep ols
22, Blower Blocks ols

23. Mixing Tank (Assumes a Two Cell
Mixing Tank)
/@ Mixing Tank Cost 0=

1 Cost Est based on Volume of Mixing 7

24, Tank Volume 0 gal
' Cost Est. based on Desired Retention

25, Mixing Tank Volume 0.0 gal

26, Design Flow 1000.00 ' gpm

27. Retention Time 5.0 min

Specifications of Concrete Tank
28, Tank Wall Thickness 1.00 | ft
29, Tank Bottom Thickness 1.00 |'fe
30. Tank Freeboard ft
31. Construction Labor Cost 5
32, Concrete Unit Cost
33, Excavation Unit Cost 350 | ghyd3

34, Mumber of Maotorized Mixers 2| gty
35, Unit Cost of Motorized Mixer 1000 | g

36, Number of Slide Gates 3 | gty

37. Unit Cost of Slide Gate 730
38. Cost of Electric Panel 2000 | §
39. Control Building
"1 Cost of Control Building 0%
@ Cost Est. Based on Building Area
40, Building Length 15 | ft
41, Building Width 15 | ft
42, Building Unit Cost 10,0 | §/ft2

e =]
[ 43. Polymer Feed System 1500 | '$
["| 44. clearing and Grubbing?
45, Clear and Grub Area 2.00 | acres
46, Clear and Grub Costs | 130000 | $facre
Hydrated Lime Sizing Summaries
47, Tank Length 0.0 | &
43, Tank Width 0.0 ['#’
49, Tank Depth 3 | &
50. Excavation Volume far
51. Yolume of Cr\girgln;g;afglrc Dlnz :‘f
Mixing Tank
Hydrated Lime Cost Summaries
52. Silo{s) Cost 27,000 £
53. Clarifier Cost 221,116 | §
54. Mixing Tank Cost 0l%
55. Construction Labor 0ls
(MixingTank)
56, Excavation Cost (Mixing Tank) 0%
57. Concrete Cost (MixingTank) 0 s
58, Motorized Mixer and 2.000 | §
Aeration Cost ;
59. Sweep and Blower Cost 0 s
&0, Slide Gate Cost 3,750 | §
61, Electric Contrel Panel Cost 2,000 | &
62, Building Cost 2,250 | &
63, Polymer Feed System 05
64, Clear and Grub Cost 0%
( 65, Total Cost 258,115 EJ

Report

Fig. S4. AMDTreat 5.0+ capital cost screen for active treatment using results for PHREEQ simulated titration treatment of Cal Pike
effluent with hydrated lime to pH 10.
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Fig. S5. AMDTreat 5.0+ sludge removal cost screen displaying results for PHREEQ simulated treatment of Cal Pike effluent to pH 10
with hydrated lime. Total precipitated solids is estimated from the simulated decrease in concentrations of Fe, Al, Mn, Mg, and SO,4. S
sludge volume and associated removal costs are estimated by adding the mass of precipitated solids to the mass of unreacted chemical
and adjusting for the specified sludge density (percent solids).
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Fig. S6. Saturation indices for minerals and other solids as a function of pH computed with AMDTreat 5.0+ for conditions with no gas exchange with
atmosphere (PHREEQ noeq).
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