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Presenter
Presentation Notes
User-friendly aqueous geochemical tools have been developed with PHREEQC [1] that combine rate models for gas exchange, limestone dissolution, and iron oxidation plus reactions with chemical neutralizing or oxidizing agents to simulate changes in water quality during treatment of net-acidic or net-alkaline iron-laden effluent. The limestone kinetics tool utilizes an established rate model for calcite dissolution and precipitation [2]; the rate expression considers solution chemistry, mainly pH and partial pressure of CO2, plus the surface area and purity of limestone particles. The iron-oxidation kinetics tool utilizes established rate models for the oxidation of aqueous Fe(II), which depends on dissolved O2 and pH [3, 4, 5]. The Fe(II) oxidation rate combines abiotic homogeneous and heterogeneous rate laws, which indicate a positive relation with pH from 5 to 8, plus a generalized microbial oxidation rate, which indicates a negative relation with pH from 5 to 2.8. A first-order rate law describes O2 ingassing and CO2 outgassing as the dissolved gases approach atmospheric equilibrium. Sequential treatment steps that have different detention time, aeration rate, limestone quantity, Fe(III) solids, and temperature can be simulated. A user interface facilitates input of initial water chemistry and adjustment of kinetic variables. Graphical and tabular output indicates the changes in pH and solute concentrations in treated effluent as a function of detention time, plus the cumulative quantity of precipitated solids. By adjusting kinetic variables or chemical dosing, various passive and/or active treatment strategies can be identified that achieve the same desired effluent quality. Cost analysis software such as AMDTreat [6] can then be used to evaluate the cost-effectiveness and feasibility for installation and operation of those equally effective treatments. 
 
[1] Parkhurst and Appelo (2013) USGS Tech. Methods 6-A43; [2] Plummer et al. (1978) Am. J. Sci. 278, 179-216; [3] Cravotta (2015) Appl. Geoch. 54, 223-251; [4] Dempsey et al. (2001) Geoch. Explor. Env. Anal. 1, 81-88; [5] Kirby et al. (1999) Appl. Geoch. 14, 511-530; [6] Cravotta et al. (2015) Mine Water Environ. 34, 136-152.
 



Summary

Aqueous geochemical tools using PHREEQC have been
developed by USGS for OSMRE’s “AMDTreat” cost-
analysis software:

v lron-oxidation kinetics model considers pH-dependent
abiotic and biological rate laws plus effects of aeration
rate on the pH and concentrations of CO, and O..

v Limestone kinetics model considers solution chemistry
nlus the effects of surface area of limestone fragments.

v Potential water quality from various treatments can be
considered for feasibility and benefits/costs analysis.
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Presentation Notes
PASSIVE/ACTIVE TREATMENT: Treatment of “acidic mine drainage” (AMD) can increase pH, neutralize acidity, and remove a wide variety of dissolved and suspended metals. The conventional treatment for metal-laden effluent that has excess acidity involves the addition of strong oxidizing agents or alkaline (caustic) chemicals and, possibly, aeration with addition of polymers (Skousen et al., 1998). Although effective, this “active” treatment approach can be expensive because of the high cost of chemical reagents, operation, and maintenance. Alternative treatment methods for AMD include “passive” wetlands and limestone-based systems (Hedin et al., 1994; Skousen et al., 1998; Watzlaf et al., 2000). The “passive” treatment systems generally require little maintenance over their design life (typically 20 years) but are limited by slower rates of neutralization and contaminant removal and, consequently, may require larger land area than for conventional “active” treatments. 
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ACTIVE TREATMENT: Generally, active treatment of AMD involves pH adjustment, aeration, and settling of metal-rich particles. Alkaline chemical reagents such as sodium hydroxide (NaOH), quick lime (CaO), or hydrated lime [Ca(OH)2] are used to achieve high pH necessary for removal of FeII and Mn. Subsequently, metallic particles accumulate as sludge in settling basins. Space and costly infrastructure are needed for such treatment. 


Determine flow rate

Analyze water chemistry PASSIVE TREATMENT

Calculate loadings
Alkalinity < Alkalinity
> Acidity < Acidity
DO <1 mg/L, DO >1 mg/L, DO >1 mg/L,
Fe3* <1 mg/L, Fe’* <Smg/L, —___y Fe>* >5mg/L,
AP <2 mg/L AP <3 mg/L AIP* >3 mg/L
Alkalinity ANOXIC Alkalinity
> Acidity 1 LivEsTONE [P Acidity 1
DRAIN
v OR sy OR OR v
AEROBIC OXIC OPEN SETTLING ANAEROBIC
WETLAND OR LIMESTONE| [LIMESTONE POND WETLAND
SETTLING DRAIN CHANNEL h 2
v
AERATION
SETTLING | |& SETTLING
POND POND
v MEETS EFFLUENT STANDARDS? ¢ * 2
DISCI*ARGE

Figure 3. Flow chart for selection of passive treatment alternatives modified from Hedin and others {1994), Skousen and
others (1998), and Pennsylvania Department of Environmental Protection (1999). Vertical flow compost wetland (VFCW), also
known as SAPS or RAPS.
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PASSIVE TREATMENT: Where space is available and water chemistry is suitable, various passive treatment systems can be used to increase pH and alkalinity and to facilitate aeration and oxidation. Flow rate and water chemistry data are needed to evaluate passive treatment alternatives. 
If acidity exceeds alkalinity, alkalinity producing components are needed as precursor steps in series with aerobic wetlands or settling ponds. If alkalinity exceeds acidity, aerobic wetlands or settling ponds may be the sole step needed to facilitate iron oxidation and metals removal. Wetlands have chemical and physical functions, providing for oxidation of dissolved metals and filtration of solids. 
Less costly infrastructure but greater space may be required for passive treatment systems than active treatment system. 
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“ BIMODAL pH FREQUENCY DISTRIBUTION
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BIMODAL pH PENNSYLVANIA COAL MINES: The pH of coal-mine drainage in Pennsylvania has a bimodal frequency distribution.  Few samples have pH values near 5.0.  The bimodal pH distribution is distinctive for aged, oxidized samples, where samples are either acidic (pH 2.0 to 4.5) or near neutral (pH 6.0 to 8.5); no samples have pH values near 5.0.  
This “bimodal” frequency distribution of pH is similar for discharges in the bituminous and anthracite fields.  Although many mine discharges are NOT acidic, they still can contain elevated levels of sulfate and dissolved and suspended iron, manganese, and associated metals. 
The difference in pH between fresh and aged samples results from sample equilibration with atmospheric conditions.  The oxidation and hydrolysis of iron causes the pH to decline, and the exsolution of CO2 causes pH to increase.  
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				Anthracite Discharge Samples								Bituminous Discharge Samples

				pH, Field				pH, Lab (aged)				pH, Field				pH, Lab (aged)

		pHclass		pHF.Afrq%		pHF.Acnt		pHL.Afrq%		pHL.Acnt		pHF.Bfrq%		pHF.Bcnt		pHL.Bfrq%		pHL.Bcnt

		2.0		0.00		0		0		0		0.00		0		1.01		1

		2.5		0		0		2.44		1		3.03		3		13.1		13

		3.0		4.88		2		17.07		7		13.13		13		31.3		31

		3.5		21.95		9		21.95		9		11.11		11		12.12		12

		4.0		9.76		4		7.32		3		4.04		4		4.0		4

		4.5		12.20		5		12.20		5		7.07		7		2.0		2

		5.0		4.88		2		0.00		0		13.13		13		0		0

		5.5		7.32		3		0.00		0		9.09		9		0		0

		6.0		36.59		15		2.44		1		18.18		18		3.0		3

		6.5		2.44		1		4.88		2		18.18		18		3.0		3

		7.0		0.00		0		7.32		3		2.02		2		4.0		4

		7.5		0.00		0		9.76		4		1.01		1		3.0		3

		8.0		0.00		0		14.63		6		0		0		18.2		18

		8.5		0.00		0		0.00		0		0		0		5.1		5
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AMDTREAT 5.0.2 PLUS NOW AVAILABLE!

AMDTreat 5.0.2 Plus corrects minor convergence issues identified during case study tests
performed by the developers.

Enhancements to Version 5 of AMDTreat include incorporation of the geochemical modeling capabilities
of the U.5. Geological Survey’s (USGS) PHREEQ computer program to model titrations and
enhancement ta the oxidant tool.

Far additional information, please contact Brent M

WHAT IS AMDTREAT?

A’-ﬂDTreat{F‘ronoLn{:ed am'-D-treat or A-M-D-treat.), a member of OSMRE's Technical Innovation and
Frofessional Services (TIPS) suite of software, is a computer application for estimating abatement costs
for pollutional mine drainage. commonly referred to as Acid Mine Drainage or AMD. (Also Acid Rock
Drainage or ARD.) The current version of AMDTreat is v5.0.2 Plus. AMDTreat can assist a user in
estimating costs to abate water pollution using a variety of passive and chemical treatment types;
including, vertical flow ponds, anoxic limestone draing, anaercbic wetlands, aerobic wetlands, bio
reactors, manganese removal beds, limestone beds, oxic limestone channels, caustic soda, hydrated
lime, pebble guicklime, ammaonia, oxidation chemicals, and soda ash treatment systems. The acid mine
drainage abatement cost model provides over 400 user modifiable variables in modeling costs for
treatment facility construction, excavation, revegetation, piping, road construction, land acquisition,
system maintenance, labor, water sampling, design, surveying, pumping, sludge remaval, chemical
consumption, clearing and grubbing, mechanical aeration, and ditching. AMDTreat also contains several
financial and scientific tools to help select and plan treatment systems. These tools include a long-term
financial forecasting madule, an acidity calculator, a sulfate reduction calculator, a Langelier saturafion
index calculator, a mass balance calculator, a passive treatment alkalinity calculator, an abiotic
homogeneous Fe2+ oxidation calculator, a biotic homogeneous Fe2+ oxidation calculator, an oxidation
fool, and a metric conversion tool.

“PHREEQ-N-AMDTREAT”™

http://amd.osmre.gov/

AMDTreat is a computer
application for estimating
abatement costs for AMD
(acidic or alkaline mine
drainage).

AMDTreat is maintained
by OSMRE.

The current version of
AMDTreat 5.0+ is being
recoded from FoxPro to

C++ to facilitate its use on
computer systems running
Windows 10. The
PHREEQC geochemical
models described below
will be incorporated to run
with the recoded program.
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Presentation Notes
AMDTREAT 5.0+: The current AMDTreat 5.0+ program is available for download at http://amd.osmre.gov/. Because of noted instabilities and possible vulnerabilities, the current version of AMDTreat 5.0+ is being recoded from FoxPro to C++ to facilitate its use on computer systems running Windows 10. The PHREEQC geochemical modules described below will be incorporated to run with the recoded program. 
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“New” PHREEQC Kinetics Models for
AMD Treat 5.0+

v Fell oxidation model that utilizes established rate
equations for gas exchange and pH-dependent iron
oxidation and that can be associated with commonly
used aeration devices/steps (including decarbonation);

v Limestone dissolution model that utilizes established
rate equation for calcite dissolution and that can be
adjusted for surface area of commonly used aggregate
particle sizes.
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- Iron Oxidation Kinetics are pH Dependent

(abiotic and microbial processes can be involved)
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Fig. 3. Rate of Fe(II) oxidation versus pH based on abiotic and biological rate laws (Kirby et al., 1999)

** Coact IS concentration of iron-oxidizing bacteria, in mg/L, expressed as dry weight of bacteria (2.8E-13 g/cell or 2.8E-10 mg/cell ).
The AMDTreat Fell oxidation kinetic model uses most probable number of iron-oxidizing bacteria per liter (MPNbact).

Coact = 150 mg/L is equivalent to MPNbact = 5.3E11, where Cbact = MPNbact -(2.8E-10).
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** Cbact is concentration of iron-oxidizing bacteria, in mg/L, expressed as dry weight of bacteria (2.8E-13 g/cell or 2.8E-10 mg/cell ).�The AMDTreat FeII oxidation kinetic model uses most probable number of iron-oxidizing bacteria per liter (MPNbact). �Cbact = 150 mg/L is equivalent to MPNbact = 5.3E11, where Cbact = MPNbact ·(2.8E-10). 


Abiotic Homogeneous Fe(IT) Oxidation Rate
(model emphasizes pH)
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*Extrapolation of homogeneous rate law:
-d[Fe(ID]/dt = k- [Fe(ID]-[O,] - [H*]?
K, = 3 x 1012 mol/L/min

Between pH 5 and 8 the Fe(ll)
oxidation rate increases by
100x for each pH unit
Increase.™
At a given pH, the rate
Increases by 10x for a 15 'C
iIncrease. Using the activation
energy of 23 kcal/mol with the
Arrhenius equation, the rate

can be adjusted for

temperature.

At [O,] = 0.26 mM (pO, = 0.21 atm) and 25°C.
Open circles (o) from Singer & Stumm (1970),
and solid circles (o) from Millero et al. (1987).

Dashed lines are estimated rates for the various
dissolved Fe(ll) species.
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Oxidation of dissolved iron is consistent with the abiotic homogeneous oxidation rate model of Stumm and Lee (1961) as presented by Singer and Stumm (1970) and Stumm and Morgan (1996, p. 683-685): 
	-d[Fe(II)]/dt = kH·[O2]·[H+]-2·[Fe(II)]	(1)
where at pH > 5 and 20 °C, k1 = 3 x 10-12 mol/L/min (1.8 x 10-10 mol/L/hr). The second-order dependence on [H+] indicates a change in pH of 1 unit results in a 100-fold change in the oxidation rate. At a given pH, the rate increases by a factor of 10 for a 15 °C increase. By using the activation energy of 23 kcal/mol reported by Stumm and Morgan (1996, p. 684) with the Arrhenius equation (Langmuir, 1997, p. 62), the rate can be adjusted to different temperatures. 


Effects of
O, Ingassing and CO, Outgassing
on pH and Fe(II) Oxidation
Rates

Batch Aeration Tests
at Oak Hill Boreholes
(summer 2013)
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‘PHREEQC Coupled Kinetic Model of CO, Outgassing &
Homogeneous Fe(II) Oxidation—Oak Hill Boreholes

Fell
8.5 20 g=
8.0 +
75 4 15 1
=
7.0 + o
% =104
65 #M+++ + + 4+ + + + + + =
SO OO OO0 OO O L
6.0 ® Aer3 Measured —Aer3_1.0x_0x 5
m Aer2 Measured e Aer2_0.7x_0x
55 1 Aer1 Measured Aer1_0.5x_0x
- + Aer0 Measured ¢ H202 Measured "
0 2 4 6 8 6 8
Elapsed time (hr . i
Dissolved CO, g i Dissolved O, EiapsEa e thiy
-0.5
k a=0.00001s1 — -1 = -1
A@Q_é} Q@ Q Q o < ?COf o k,_,O a=0.0012s Kk qd 0.0007 s
1.5 + C I ) )
kL,coza =0.00011 st . kL,oza = 0.00023 s1
Z= € -1.0
£-20 + o "
(y]
= - S P P 1
~ £ e oea = Q00002 s
8251 <0.00022s1 | = A T C 00 §" %
= 915 g0 Q@ i
g ® Aer3 Measured —Aer3 1.0x_0x
=5y - ® Aer2 Measured — Aer2_0.7x_0x
T Aer1 Measured Aer1_0.5x_0x
35 K coz@ = 0.00056 s o + Aer0 Measured ¢ H202 Measured
0 2 4 6 8 0 2 4 6 8

Elapsed time (hr) Elapsed time (hr)


Presenter
Presentation Notes
SUMULATION AER3, AER2, AER1: Comparison of measured (symbols) and PHREEQC simulated time-series (curves) for pH, Fe(II), Pco2, and Po2 during batch aeration experiments on CMD from the Oak Hill Boreholes. In the legend, aeration condition (Aer1: kL,O2a = 0.014 min-1, kL,CO2a = 0.006 min-1; Aer2: kL,O2a = 0.042 min-1, kL,CO2a = 0.013 min-1; Aer3: kL,O2a = 0.071 min-1, kL,CO2a = 0.033 min-1) and multiplication factors for the apparent homogeneous oxidation rate constant, k1′ (0.5x to 1.0x), and heterogeneous oxidation rate constant, k2′ (0x), after temperature correction, are given for each simulation. 


- CO, Outgassing is Proportional to O, Ingassing
(model specifies first-order rates for out/in gassing)

-d[C]/dt = k,ca:([C] - [C]) exponential, asymptotic approach to steady state
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-d[C]/dt = kL,Ca·KC·(Pc – PcS) = kL,Ca·([C] - [C]S)


“ New Iron Oxidation Rate Model for "AMDTreat”
(combines abiotic and microbial oxidation kinetics)

The homogeneous oxidation rate law (Stumm and Lee, 1961; Stumm and Morgan, 1996),
expressed in terms of [O,] and {H*} (=10-"H), describes the abiotic oxidation of dissolved Fe(ll):

-d[Fe(I]/dt = k,-[Fe(I)]-[O,]-{H*}?

The heterogeneous oxidation rate law describes the catalytic abiotic oxidation of sorbed
Fe(Il) on precipitated Fe(lll) oxyhydroxide surfaces, where (Fe(lll)) is the Fe(Ill) oxyhydroxide
concentration expressed as Fe in mg/L (Dempsey et al., 2001, Dietz and Dempsey, 2002):

-d[Fe(IN]/dt = k, (Fe(ll)) -[Fe(IN]-[O,]-{H*}*

The microbial oxidation rate law describes the catalytic biological oxidation of Fe(ll) by
acidophilic microbes, which become relevant at pH < 5 (Pesic et al., 1989; Kirby et al., 1999):

-A[Fe(IN]dt = Kiq - Cpace ' [FE(IN]-[O,]{H'}

where ki, is the rate constant in L3mg/mol?/s, C, ., is the concentration of iron-oxidizing
bacteria in mg/L (dry weight), [ ] indicates aqueous concentration in mol/L.


Presenter
Presentation Notes
The rate of Fe(II) oxidation was estimated by using homogeneous or combined homogeneous and heterogeneous rate laws as described in detail by Dempsey et al. (2001) and summarized below. The homogeneous Fe(II) oxidation rate law of Stumm and Lee (1961), expressed in terms of [O2] and {H+} (=10-pH) by Stumm and Morgan (1996, p. 683-685), describes the abiotic oxidation of dissolved Fe(II) species: 
	 -d[Fe(II)]/dt = k1·[O2]·{H+}-2·[Fe(II)]	(3)
where, at pH 5 to 8 and 20 °C, k1 = 3 (+ 0.87) x 10-12 mol/L/min or 5.0 (+1.56) x 10-14 mol/L/s (Singer and Stumm, 1970; Stumm and Morgan, 1996), corresponding to an uncertainty range of 0.7 to 1.3 times the reported reference value of k1. The second-order dependence on {H+} indicates a change in pH of 1 unit results in a 100-fold change in the oxidation rate for a constant [O2]. Thus, Davison and Seed (1983) explained that imprecise measurements of pH (+0.2 units) may account for a factor of 6 range for reported apparent values for k1 under field conditions. According to Stumm and Morgan (1996, p. 684) the homogeneous rate increases by a factor of 10 for a 15 °C increase at a given pH, which corresponds to an activation energy of 96.2 kJ/mol (23 kcal/mol). At a given pH and constant [O2] (typically in equilibrium with the atmosphere), the oxidation reaction (Eq. 3) becomes pseudo first-order,
	 -d[Fe(II)]/dt = k·[Fe(II)]	(4)
where k (in min-1 or s-1) is the pseudo first-order rate constant of Fe(II) oxidation.
The heterogeneous oxidation rate law describes the catalytic oxidation of sorbed Fe(II) on the surfaces of Fe(III) oxyhydroxide (HFO) at pH > 5 (Dempsey et al., 2001, 2002):
	-d[Fe(II)]/dt = k2 (Fe(III)) [Fe(II)] [O2] {H+}-1	(5)
where (Fe(III)) is the HFO concentration expressed as Fe in mg/L. Sung and Morgan (1980) and Tamura and Nagayama (1976) reported k2 = 2.6 x 10-8 L/mg/s, which is intermediate of values (0.6 x 10-8 to 3.1 x 10-8 L/mg/s) reported by Dempsey et al. (2001). Dempsey et al. (2001) reported k2 has an activation energy of 179 kJ/mol (37.2 kcal/mol), which corresponds to a factor of 50 for a change of 15 °C at a given pH. Thus, the relative effect of heterogeneous oxidation can range widely under field conditions with variable temperature, pH, DO, and iron concentrations.
Combining the homogeneous and heterogeneous rate equations (Eqs. 3 and 5), the overall abiotic oxidation rate model for pH 5 to 8 can be written as:
	-d[Fe(II)]/dt = (k1 + k2·(Fe(III))·{H+})·[Fe(II)]·[O2]·{H+}-2	(6)
Note that if the concentration of Fe(III) is 0, the overall rate law (Eq. 6) reduces to the homogeneous oxidation rate law (Eq. 3). If starting with a purely aqueous solution, as is commonly the case for suboxic AMD at the point of discharge, homogeneous oxidation of Fe(II) to Fe(III) is a necessary prerequisite for autocatalysis to occur. 

The microbial oxidation rate law describes the catalytic biological oxidation of Fe(II) by acidophilic microbes at pH < 5 (Kirby et al., 1999):
	-d[Fe(II)]/dt = kbio·Cbact ·[Fe(II)]·[O2]·{H+} 	(7)
where kbio is the rate constant in L3/mg/mol2/s, Cbact is the concentration of iron-oxidizing bacteria in mg/L (dry weight), [ ] indicates aqueous concentration in mol/L.

Combining the abiotic and microbial oxidation rate laws yields: 
	-d[Fe(II)]/dt = (k1 + k2·Fe(III)·{H+} + kbio·Cbact ·{H+}3 )· [Fe(II)]·[O2]·{H+}-2	(8)



New Iron Oxidation Rate Model for "AMDTreat"—
PHREEQC Coupled Kinetic Models of CO, Outgassing
& Fe(IT) Oxidation

a5 Forml = | = P . . . .
Kinetic variables can be adjusted,
FowGPM 100 Including CO, outgassing and O,
Fe 197 . . . .
[v] Estimate Fe2 Duration of aeration (time for reaction) IngaSSIng rates plus abIOtIC and
ez 187 Timesecs: 28800158 hrs microbial Fell oxidation rates.
Al 0.047 [¥] FellCnidation TimeSecs 28800
= Constants are temperature corrected.
pH 64 klsCOZ 00008 CO, outgassing rate in sec
Ak 150 factrkCO2 1 Adjustment CQ, outgassing rate Aer3: kL,COZa =0.00056 s
[¥] Estimate TIC factrk02 2 Adjustment O,|ingassing rate (x kLaCO2) @ Aer?2: kLycoza =0.00022 s1
nco 0 factrkl1fe 1 Adjustment abjotic homogeneous rate 2 Aerl: kL cox = 0.00011 s
S04 400 factrk2Fe 0 Adjustment abjotic heterogeneous rate Fell.exe Aer0: k , a = 0.00001 S'l
Cl 79 bactMPM 530E+11  Iron oxidizing hacteria, microbial rate oheoz .
Ca 75 SlecPPT 0.3 Calcite saturation limit
o om0 tdreeenperude e | Jgar may estimate Fe2 from Fe and pH
Ma 50 factrkhZo2 1 Adjustment to|H202 rate o
TeneC 151 ] FellRecraisied Fell 2000 plus TIC from alkalinity and pH. And
Option to specify Felll recirculation . . .

el e t specify H,0, or recirculation of Felll.

: Generate Kinetics Output . . g

9] Pt Dis Mot [ PltCa, Aoty [ Pl Sat e Output includes pH, solutes, net acidity,

TDS, SC, and precipitated solids.

*multiply Fe.mg by 0.0090 to get [H202]



Estimated CO, Outgassing & O, Ingassing Rate
Constants for Various Treatment Technologies

Table S.4 Values of rate constants for CO , outgassing and O > ingassing used for kinetic models

Temper- CO, Outgas 0, Ingas
Site ature kL coz2 K028
(°C) (s log(s™) log(min) (s log(s™) log(min™)
Treatment Systems

Maelstrom (Sykesville, Trent, St.Michaels) 20 0.03 Fast -1.52 0.26 0.06 -1.22 0.56
Surface Aerator (Renton, Rushton) 20 0.001 -3.00 -1.22 0.002 -2.70 -0.92
Mechanical Aerator (Lancashire) 20 0.0006 -3.22 -1.44 0.0012 -2.92 -1.14
Aeration Cascade/Level Spreader (Silver Cr) 20 0.01 -2.00 -0.22 0.02 -1.70 0.08
Rip-rap Spillway/Ditch (Silver Cr, Pine Forest, 20 0.005 -2.30 -0.52 0.01 -2.00 -0.22
Pond (Silver Cr, Pine Forest, Lion Mining, Flight93) 20 0.00001 Slow -5.00 -3.22  0.00002 -4.70 -2.92
Wetland (Silver Cr, Pine Forest, Lion Mining) 20 0.00001 -5.00 -3.22  0.00002 -4.70 -2.92

Oak Hill Aeration Expts.
Aer3 20 0.0005625 Fast -3.25 -1.47 0.001125 -2.95 -1.17
Aer2 20 0.0002475 -3.61 -1.83 0.000495 -3.31 -1.53
Aerl 20 0.0001508 -3.82 -2.04 0.000302 -3.52 -1.74
Aer0 20 0.0000169 Slow -4.77 -2.99 3.38E-05 -4.47 -2.69

*Gas mass-transfer rate corrected to 20°C per Rathbun (1998, Eq. 56) using the expression:
kL,a_20 =kL,a_TC /(1.02417(TC-20)).
kL,a_TC = kL,a_20 * (1.0241~(TC-20)).

kL,a_20 = (LN((C;-C)/(C,-C{))/t) / (1.0241(TEMPC-20)) "where Cis CO, or O,
Dissolved O,, temperature, and pH were measured using submersible electrodes.
Dissolved CO, was computed from alkalinity, pH, and temperature data.



Revised AMD Treat Chemical Cost Module —

Caustic Titration with Pre-Aeration (Decarbonation)
PHREEQC Coupled Kinetic Models of CO, Outgassing & Fe(II) Oxidation

=iE | 5% T

( ol PHREEQ Test
FowGPM 7600
Fe 136
[] Estimate Fe2
Fe2 136
T
Mn 41
pH 572
Ak 62.3
[7] Estimate TIC
TIC 62
504 1100
a 387
Ca 32
Mg 852
Na 255
TempC 154
SCuS/cm 1879
Do 0.0

Caustic Chemical Treatment Type

@ Hydrated Lime
1 Pebble Quick Lime
() Caustic Soda

() Mot Aerated

@ Pre-ferated TimeSecs 762 Durg
klaCO2 0.02 T CO, outgassir
factrkCO2 1 Adjustment C

factrkO2 2 Adjustment O
H202Zmmol 0 Hydrogen per,
factrkh2o2 0 Adjustment tg
SlecPPT 03 Calcite satura
Generate Output
[¥] Plot Dis. Cone. [T Plot Sat Index

!
q

2
0

Original option for no aeration, plus new
option for kinetic pre-aeration (w/wo
hydrogen peroxide) that replaces
original equilibrium aeration.

on of pre-aeration in sec '
® Dropdown klLa
rate constant in sec!

ingassing rate (x kLaCO2)
xide added*

ro.e - Allows selection and evaluation of key
'™ variables that affect chemical usage
efficiency.

*multiply Fe.mg by 0.0090 to get [H202]



New Module For AMDTreat —
PHREEQC Coupled Kinetic Models of CO, Outgassing
& Fe(II) Oxndcmon quh Caustic Pre-Treatment

*multiply Fe.mg by 0.0090 to get [H202]

sy Fo rml -l !EEI_ IS
Option to adjust initial pH with caustic Varlable C02 OUtgaSSIng and 02
e im ] e Ingassing rates apply. Can choose to
Fe 160 2 rated Lime . . e . .
T ) pal G adjust initial pH with caustic. The
2 0 . required quantity of caustic is reported
Al 0.010 [¥] FellCwidation TimeSecs 72000 . .
L In units used by AMDTreat.
pH 6.1 klaCO2 000001  CO, outgassing fate
Alke 107 factrkCO2 1 Adjustment CO,|outgassing rate ! S|
[¥] Estimate TIC factrk02 2 Adjustment O, ingassing rate (x kLaCO2) C tic+Fell
TIC D factrk1Fe 1 Adjustment abiagtic homogeneous rate austicrretl.exe
504 560 factrk2Fe 1 Adjustment abigtic heterogeneous rate
a 94 bactMPN 53E+11 Iron oxidizing bacteria Kinetic Variab|es’ iﬂClUding C02
Ca 120 SlecPPT 0.3 Calcite saturation limit . . .
Mg 65 H202mmol 0 Hydrogen peroxide added OUtgaSSIng and 02 IngaSSIng rates plus
Na 130 factrkh2o2 1 Adjustment to H202 rate abiotic and micrObial Fell oxida'[ion
TempC 145 [[] FelliRecirculsted  Felll 2000 .
N Option to speciy Felll recirculation rates, can be adjusted by user. In
o 01 Generat Knetes Qo addition to caustic chemicals, hydrogen
Biremwes He ey Boisies peroxide and recirculation of Felll solids

can be simulated.



KINETICS OF LIMESTONE
DISSOLUTION - pH CO,and,.
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a changing world




“ Limestone Dissolution Rate Model for AMDTreat
("PWP" model emphasuzes pH and CO,)

10 T W1 | I
g r=(Kyay, +Ky*aypcos: ) Ks® aHZO) ﬂ:ordmg to Plummer, Wigley, and \
09+

- Ky*acao+*@pcos- Parkhurst (1978), the rate of CaCO,
08l ? e M i dissolution is a function of three forward
@ kit = kadycof + ksd,0 (dissolution) reactions:
ek % g:::jf,"i o T) CaCO, + Hr — Ca* + HCO; K,
e 7| CaCO,+H,CO* — Ca?*+2HCO; K,

PCO; (atm)

| CaCO;+H,0— Ca?*+HCO,; +0OH Kk,

0.4

|| and the backward (precipitation) reaction:

. &az + HCO, — CaCO, + H* y

Although H*, H,CO5*, and H,O reaction with calcite
occur simultaneously, the forward rate is dominated by
a single species in the fields shown. More than one
species contributes significantly to the forward rate in
the gray stippled area. Along the lines labeled 1, 2, and
| 3, the forward rate attributable to one species balances
90 100 that of the other two.

H+

0.3

02

0.1

|
0'03.0 4.0
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Presentation Notes
PWP MODEL: According to Plummer, Wigley, and Parkhurst (1978, American Journal of Science, 278, 179-216) the rate of calcite dissolution is a function of three dissolution (forward) reactions and the precipitation (backward) reaction. Reaction mechanism contributions to the forward rate of reaction vary as a function of pH and PCO2 at 25°C. Although H+, H2CO3*, and water reaction with calcite occur simultaneously throughout (far from equilibrium, as well as at equilibrium), the forward reaction is dominated by reaction with single species in the fields shown. More than one species contributes significantly to the forward rate in the stippled area, and along the lines labeled 1, 2, and 3, the forward rate attributable to one species balances that of the other two. 
Plummer and others (1978) reported forward rate constants as a function of temperature (T, in K), in millimoles calcite per centimeter squared per second (mmol/cm2/s):
log k1 = 0.198 – 444 / T 	
log k2 = 2.84 – 2177 / T 
log k3 = -5.86 – 317 / T for T < 298	or log k3 = -1.10 – 1737 / T for T > 298


' Limestone Dissolution Rate Model for AMD Treat
(surface area correction for coarse aggregate)

Surface area for various coarse aggregates (bold indicates sizes commonly used in limestone beds; 2NS used in cubitainers).

Gradation Number Weight (g) Particle Dimensions (cm) Particle Surface Area (cm#2)| Unit Surface Area (cm*2/q)
Rectan- Rectan-

Average Long Inter- Short Average . . . .

AASHTO PA Particle Axis — Axis Axis gl{lar Sphere Ellipsoid gl{lar Sphere Ellipsoid
Prism Prism
R-5 22160.145 45.72 22.86 13.34 27.31 3919.35 2342.26 2862.08 0.18 0.11 0.13
R-4 7113.133 30.48 16.51 8.89 18.63 1841.93 1089.98 1319.11 0.26 0.15 0.19
R-3 1185.522 16.51 8.89 5.08 10.16 551.61 324.29  395.61 0.47 0.27 0.33
1 4 341.978 8.89 6.35 381 6.35 229.03 126.68 155.24 0.67 0.37 0.45( <

3 3A 78.166 5.08 3.81 254 3.81 83.87 45.60 56.39 1.07 0.58 0.72
5 9.771 2.54 1.91 1.27 1.91 20.97 11.40 14.10 215 1.17 1.44
57 2B 3.257 2.54 1.27 0.635 1.48 11.29 6.90 8.25 3.47 212 2.53
2NS 9.771 2.54 1.91 1.27 1.9 20.97 11.40 14.10 2,15 1.17 1.44
67 2 1.832 1.91 0.95 0.635 1.16 7.26 4.26 5.28 3.96 232 2.88
1NS 1.221 1.27 0.95 0.635 0.95 5.24 2.85 3.52 4.29 2.33 2.89
7 1.221 1.27 0.95 0.635 0.95 5.24 2.85 3.52 4.29 2.33 2.89
8 0.382 0.95 079 03175 0.69 2.62 1.49 1.70 6.87 3.90 4.44
1B 0.382 0.95 079 03175 0.69 2.62 1.49 1.70 6.87 3.90 4.44

Particle dimensions were estimated on the basis of ranges for graded materials reported in Pennsylvania Department of Environmental Protection,
2000, Erosion and sediment pollution control program manual: Harrisburg, Pennsylvania Dept. Environmental Protection Bureau of Watershed
Management, Document No. 363-2134-008, 180 p. (tables 9 and 10A).

Plummer, Wigley, and Parkhurst (1978) reported unit surface area (SA) of 44.5 and 96.5 cm?/g for “coarse” and “fine” particles, respectively,
used for empirical testing and development of PWP rate model. These SA values are 100 times larger than those for typical limestone
aggregate. Multiply cm?/g by 100 g/mol to get surface area (A) units of cm?/mol used in AMDTreat rate model.
Surface area computed for various geometric forms:
Sphere: 4pi*(Average of Axes/2)"2
Rectangular Prism: 2*(Long Axis*Short Axis)+2*(Long Axis*Intermediate Axis)+2*(Short Axis*Intermediate Axis)
Ellipsoid: (pi*D"2)/S, where D=2*(vol/(4/3pi))*(1/3) S$=1.15-0.25E E=Long Axis/D
Volume computed for same geometric forms:
Sphere: 4/3*pi*(Average Axis/2)"3
Rectangular Prism: (Long Axis*Short Axis*Intermediate Axis)
Ellipsoid: 4/3*pi* (Long Axis/2*Short Axis/2*Intermediate Axis/2)
For ellipsoid sphere, this reduces to 0.5236*Long Axis*Short Axis*Intermediate Axis
Santomartino and Webb (2007, AG, 22:2344-2361) estimated volume of ellipsoid as 0.6*volume of rectangular prism of same dimensions.
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Presentation Notes
Plummer, Wigley, and Parkhurst (1978) reported surface areas of 44.5 and 96.5 cm2/g for “coarse” and “fine particles,” respectively, used for empirical testing and development of the PMP rate model. 
Multiply values in cm2/g by 100 g/mol to get surface area of cm2/mol for the value of A used in generalized rate model. 

The American Association of State Highway and Transportation Officials (AASHTO) is a standards setting body which publishes specifications, test protocols and guidelines which are used in highway design and construction throughout the United States. 


New Module For AMDTreat —
PHREEQC Kinetic Model of Limestone Dissolution

5! Forml

TimeSecs : 7200 is 2 hrs
HowGPM 650 [¥] LimestoneDiss TimeSecs 7200
Fe 140 Shcc 44 5e+02 Surface area, cn
[] Estimate Fe2 EXPcc 067 Equilibrium app
Fe2 140 M/MOcc  1.00 Mass available
Al 0.09
Mn 31 **Multiply surface area (SA) in cm?/g
oH =g by 100 to get SAcc in cm?/mol.
Alk: 26
[ Estimate TIC
THE 4225
504 330
Cl 40
Ca 56
Mg 51
Na 74
TempC 1163
SCuSdem 700

Do 0.4 Generate Kinetics Output

[#] Plot Dis. Metals  [] Plot Ca, Acidity  [¥] Plot Sat Index

= @] % )

n

o

F/mol **

ach

Calcite dissolution rate model of
Plummer, Wigley, and Parkhurst (PWP;
1978). Empirical testing and
development of PWP rate model based
on “coarse” and “fine” calcite particles
with surface areas of 44.5 and 96.5
cm?/g, respectively.

g

Limestone.PWP.exe

Surface area and exponential
corrections permit application to larger
particle sizes (0.45 to 1.44 cm?/g) used
In treatment systems.
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Presentation Notes
Calcite dissolution rate model from Plummer, Wigley, and Parkhurst (1978). Empirical testing and development of PWP rate model based on “coarse” and “fine” calcite particles with surface areas of 44.5 and 96.5 cm2/g, respectively. 
Surface area and exponential corrections permit application to larger particle sizes (0.45 to 1.44 cm2/g) used in treatment systems. Appelo and Postma (2005) provide PHREEQC examples of calcite dissolution rate model on pages 210-214 and use the model as included in phreeqc.dat. 




New Module For AMDTreat —
PHREEQC Coupled Kinetic Models of Limestone
Dissolution & Fe(II) Oxidation

= |3 2 |

gd Forml

AowGPM 630 [¥] LimestoneDiss ~ TimeSecs 14240

Fe 14.0 SAccDIS 0.72e+02  Surface area
[7] Estimate Fe2 BEXPccDIS D67 Equilibrium appr|
Fe2 14.0 M/Mbcc  1.00 Mass available
A 009 [¥] FellDxidation ~ TimeSecs 47015

Mn 31 [¥#] Use LimestoneDiss Effluert

pH 5.79 klaCO2 000006  CO, outgassingr
Alk 26 factrkCO2 1 Adjustment CO
[] Estimate TIC factrk02 2 Adjustment O, |r}
TIC 4225 factrkiFe 1 Adjustment abip
S04 330 factrk2Fe 0 Adjustment abip
Cl 40 bactMPN 5.30E+11 Iron oxidizing ba
Ca 56 SlccPPT D3 Calcite saturatio
Mg 51 H202mmel 0 Hydrogen peroxi
MNa 74 factrkhZo2 1 Adjustment to H
TempC 11.63 [C] FelliRecirculated  Felll 2000

SCuSfem 700

Do 04

Generate Kinetics Output

[¥] Plot Dis. Metals

[ Plot Ca, Acidity

[T Plot Sat Index

Rate models for calcite dissolution, CO,
outgassing and O, ingassing, and Fell
oxidation are combined to evaluate
possible reactions in passive treatment
systems.

hte
putgassing rate ! 5 |

pbach

gassing rate (x kLaCO2) .
Limestone+Fell.exe
tic homogeneous rate
tic heterogeneous rate
Cteria . .
.. Can simulate limestone treatment

reasded followed by gas exchange and Fell
™ oxidation in an aerobic pond or aerobic
wetland, or the independent treatment
steps (not in sequence).




PHREEQC Coupled Kinetic Models Sequential Steps
Limestone Dissolution + Fe(II) Oxidation
Pine Forest ALD + Aerobic Wetlands

4 Formsequentia =@ = Sequential steps: Variable detention
e times, adjustable CO, outgassing rates,
e T Limestone and Fll Kt ot limestone surface area, temperature,
[¥] Estimate Fe2 EXPccDIS 067  M/Mlcc  1.00 and Fe”l
Fe2 14.0 factrkCO2 1 factrkO2 2
Al 0.09 factrkiFe 1 factrk2Fe 0O
Mn 3.1 bactMPN R.3E+11 SlecPPFT 0.3
pH R79 H202mmal 0 factrkh2o2 1
Ak 2% [] Felll Recirculated? .
[7] Estimate TIC Step Timefs) klLaCOZ{1/s) SAccicmZ/mol) Temp2(C) Felllimg) &E Next side
TIC 4225 1. 14240 000001  072-+02 1163 0 Limestone+Fellseq.exe
S04 330 2 6D n.o2 ] 116 0
j jﬁ“ jj j:”f* E-EE:W E ];E Z Can simulate passive treatment by
w s s e om0 2k 3 anoxic or oxic limestone bed, open
ol R I L Sl L (imestone) channels or spillways,
TempC 11.63 1. 2572 0.00002 ] 12.04 0 .

SCusen 0 8 B o 0 o o aerobic cascades, ponds, and
TDS ] 9. 3979 0.00002 1] 11.88 1] Wetl an dS .
e e [¥] Plot Dis. Metals [] Plot Ca, Acidty [] Plot Sat Index

Generate Sequential Kinetics Output




PHREEQC Coupled Kinetic Models Sequential Steps—
Pine Forest ALD + Aerobic Wetlands

e 5 Step Treatment
1 ALD
2 Riprap
& 1 | 3 Pond
s ¥ | 4 Cascade
5 Wetland
g 6 Cascade
7 Wetland
- 8 Cascade
. 9 Wetland
Limestone+Fellseq PineForl51212.exe @
LS+Fellseq_kinetics.sel - Shortcut.Ink @

PineForest_Field 151212t.xsx - Shortcut.Ink



PHREEQC Coupled Kinetic Models Sequential Steps
Caustic + Limestone Dissolution + Fe(II) Oxidation
Silver Creek Aerobic Wetlands

il o == > | Sequential steps: Pre-treatment with
e T ] | s caustic and/or peroxide and, for each
l.:e 200 Limestone and Fell Kinetic Constants Subsequent Step’ Varlable detentlon
[¥] Estimate Fe2 EXPcc 067  M/MOcc 1.00 . . .
w2 0 ol 2 times, adjustable CO, outgassing rates,
- S o o limestone surface area, temperature,
Mn 2595 bactMPN B3E+11 SlecPPT 03
pH E.01 H202mmal 0 factrkhZo2 1 and Felll.
Allc 455 [] Felll Recirculated? '
[¥] Estimate TIC Step Timels) kLaCO2{1/s) SAcclem2/mal) Temp2(C) Felllimg) @ Next slide
TIC 298 1: 4074 TELELEH ] 13.91 0 Caustic+Limestone+Fe]Iseq.exe
S04 150 2 30 0.005 ] 1411 ]
a 40 3: 453128 0.000001 ] 17893 5 . .
T —— —t — Can simulate active treatment,
Mo 73 5 e 0000 0 BB 3 Including chemical addition or aeration,
Ma 28 6 120 0.0075 0.72e+02 2445 ] . . . .
e T 7 aE— T T - or passive treatment, including anoxic
SCuS/om 502 8 120 0.0075 072+02 2443 O or OXiC ||mest0ne bed, Open (||mestone)
TDS 250 9. 141927 0.000005 ] 28597 ] . .
s o | channels or spillways, aerobic
Generate Sequential Kinetics Output
i e BN B E S e cascades, ponds, and wetlands.




PHREEQC Coupled Kinetic Models Sequential Steps—
Silver Creek Aeroblc We’rlands

Step Treatment
1  Pond
Aeration
Pond
Aeration
Pond
Riprap
Wetland
Riprap
Wetland

2
3
4
5
6
7
8
9

Caustic+LS+Fellseq_SilCr160808.exe ﬂ
Caustic+LS+Fellseq_kinetics.sel - Shortcut.Ink ! Sl
SilverCrk_Field 160808t.xsx - Shortcut.Ink



Conclusions

v Geochemical kinetics tools using PHREEQC have been
developed to evaluate mine effluent treatment options.

v Graphical and tabular output indicates the pH and
solute concentrations in effluent.

v By adjusting Kinetic variables or chemical dosing,
various passive and/or active treatment strategies can
be simulated.

v AMDTreat cost-analysis software can be used to
evaluate the feasibility for installation and operation of
treatments that produce the desired effluent quality.
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