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Anoxic Limestone Drains




Anoxic Limestone
Drains

 Advantages

— Low cost
— Alkalinity -> 200-300 mg/L
— Simple design

Anoxic Limestone Drain

° Dis advantages (Length = 102 feet; Width = 38 feet)

Embankment Width = 8 feet
. . . Soil Cover
— High acidity > 200 mg/L ons 1
ope 1: Surface Elev. = 937 feet
Slope 2:1 Limestone Depth = 6 feet
Surface Elev. = 935 feet
ASHTO 57

— 1 1 Outlet Collection System
lelts Fixed Flow Rate
Orifices — 3 Headers

Elev. =935 feet

Slotted Pipe
Lateral Elevations = 933 and 930 feet

e Aluminum > 5 mg/L

* No Ferric Iron > 2 mg/L

« No Dissolved Oxygen \ QRN
— No Metal Removal i

Cross Section

o o 0 <« Fl -
SlZlng Guldance All elevations are tentative NOt-tO?XJale

—  Current
» 8-16 hours detention time
— Proposed

* Equilibrium & Kinetic-based
Approach (MAEM-AKM)
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Anaerobic Vertical Flow Wetland

East Br. Clarion River
Twomile Run

Schrader Creek
Long Valley Run
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Anaerobic Vertical Flow Wetland

Little Mill Creek
Filson No. 4

ittle Mill Creek
Bog No. 1
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 Advantages
— Accepts oxic discharges
— Can treat high acidity
— Not effected by high aluminum
— Produces excess alkalinity

* Disadvantages
— Effected by high iron loading
— Poor manganese removal
— Complex design
— High capitol cost
* Sizing Guidance
—  Current

* 8-16 hours detention time
(limestone layer only)

— Proposed
» 25 GDM acidity removal
* 125 gpm/acre

0000000000000

Anaerobic Vertical Flow Wetland

Anaerobic Vertical Flow System

Spent Mushroom Compost
(depth varies)

Underdrain

HQ Limestone
(depth varies) Cell Underdrain

Cross Section
—Flow —
Not-to-Scale




Anaerobic Vertical Flow Wetland

K

/ .

3 1/,/ f/ Underdram Outlet

i /,- 'l  Water Level &
Flow Control

Underdrain Piping
below organic layer
within limestone layer
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[Limestone Basins & Beds

East Br. Clarion River

PA Turnpike Commission
Hickory Run
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Limestone Basins

. Advantages
Simple Design
Removes iron & aluminum
Removes acidity

Produces alkalinity
May remove manganese

. Dlsadvantages

— Effected by coating
— Potential clogging

— No high metals (Fe & Al)
Uncertain alkalinity generation

* Sizing Guidance
— Current
* 10-40 hours detention time
— Proposed
» Solubility & Kinetic-based

Aerobic Limestone Basin (AeLLB) Cell

Cell Spillway

Cell Underdrain/Flushing System

Cross Section
—Flow —
Not-to-Scale




Background Chemistry

pH, Alkalinity, Acidity and the
Carbonate System
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Mine Drainage Waters

Parameter Type 1 Type 2
pH 5.2 3.2
Alkalinity (as mg/L CaCO,) 25 0
(Hot) Acidity (as mg/L CaCO,) 110 300
Iron (mg/L) 75 35
Manganese (mg/L) 3.0 3.0

Aluminum (mg/L) <0.5 35
Calcium (mg/L) 150 150
Sulfate (mg/L) 1200 1200

Equilibrium Conditions with Limestone

Alkalinity (as mg/L CaCO,) ?? ?7?

pH 27 27
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Acidity & Alkalinity Definitions

Natural Waters:

Total Acidity = [H] + 2[H,CO;"] + [HCO;] — [OH]
pH ; Acidity = [H*] + [H,CO;"]

pH, s s, Alkalinity = [HCO;] + [CO,*| + [OH]
Carbon Dioxide Acidity = [H,CO,*]

Mine Drainage Waters:

pH, ; Acidity = [H*] + [H,CO,*] + 3[AI>*] + 3[Fe3*] ...

“Hot” or Net Acidity = [H*] + 3[A13*] + 3[Fe3*] + 2[Fe2*] + 2[Mn2']....
- Alkalinity

[H],ey : 50,000x107" = x mg/L as CaCO;
[AP*],., : 1 mg AL =5.6 mg/L as CaCO,
[Fe’'],, : 1 mg Fe/L =2.7 mg/L as CaCO,
[Fe'],., : 1 mg Fe/L = 1.8 mg/L as CaCO,
[Mn?*]_.. : 1 mg Mn/L = 1.8 mg/L as CaCO,

acy °
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Effects of Alkalinity on Endpoint pH

Potentiometric Titration @ 15-25°C

Alkalinity (mg/L as CaCO3)
Error (mg/L as CaCO:3)

4.4 4.6 4.8 5 5.2
Endpoint pH

= |nitial Alkalinity = Titration Error
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Note: Titration Error represents the increase in measured alkalinity when using a pH 4.3
endpoint versus the correct pH endpoint
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Alkalinity and pH Relationship in

Open Systems; such as, Streams
(1.e., in equilibrium with the atmosphere)

10 20
Alkalinity (mg/L as CaCO3)
—— Empirical Theoretical




Alkalinity and pH Relationship in
Closed Systems; such as, Groundwater & Deep Mines
(1.e., Alkalinity equals 25 mg/L - fﬂ

water in equilibrium

/Qvith the atmosphery

/

200 300 400 500 600 700 800
CO, Acidity (mg/L as CaCO3)
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Calculation of CO, Acidity

Moz = 10P% X Vucos. X Mycos.” Ky X Viscos

Pcos =mMyrc03 X Yaacos” o < Ky

CO, Acidity (mg/L CaCOy)] = my,c0; %1 mole CaCOy/1 mole H,CO; x 1,000
mM/M x 100 mg CaCOymM CaCO;

where:
m, = molar concentration
Log (Yyzco3)= 0-1%I :
Log (%) = -Axz>x1°?/(1+ Bxa xI*?)
=1+(0.026 x I)

A= 1824830 x (e x T)'3
B=503 x(e xT)"’
a, = lon Size Parameter (a = 4 for HCO =4 for Ca*")

=1 XC,Z2 or 1047 x Conductivity (uS)
T Temperature (°K) =(°C +273.16)
€ =287.74 — (0.4008 x T) + (0.0009398 x T?) — (0.00000141 x T3)
Log K, = 108.3865 + (0.01985xT) — (6919.53/T) — (40.4515 xlog T) + 669365/T?)
Log K, = -356.3094 + (0.06092xT) + (21834/T) + (126.83 xlog T) - 1684915/T?)




Simplified Calculation of CO, Acidity

U e e

C02 ACl.dl'lj? (mg/L CaCOy) = Alkalinity mg/L cacoy X 2 X 1 O0PH - 1064

For No Alkalinity Type Waters (i.e. pH <

4.5) CO, Acidity must be measured by:
1) Normal Acidity Titration to pH 8.3 and with
subtraction of Al and Fe** (i.e., hydolyzable
metals) acidity; or
2) Dissolved Inorganic Carbon Analysis
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Calcite Dissolution

Solubility & Kinetics
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Calcite Dissolution Reactions

CaCO,, + H* - Ca?" + HCO* (1)
CaCO, + H,CO;” — Ca2" +2HCO,;  (2)

CaCOy, + H,0 > Ca* +HCO; + OH  (3)

The dissolution mechanism(s) depend on the characteristics of the
water solution in contact with the limestone and may involve one, two
or a progression of all three.
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Icium Carbonate (i.e., imestone) Dissolution
Solubility

Examples of reaction progression
and final pH based on solubility

EXPLANATION
Type 1 % Q@ *saw- = k3u o7 + Kn0

Slightly Acidic pH (~5-6), High | @ "adwcor = Kty + Kaduo

CO, Acidity (100 to 600 mg/L) @ Ko = Kidy + Kedy co?

Brezonik, P.L. 1994. Chemical Kinetics and Process Dynamics
in Aquatic Systems. Lewis Publishers, Ann Arbor, MI. 754p.
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Calculation of Maximum Alkalinity

Calculation of Maximum Alkalinity (A, ):

A e = 10 cint otubitity = Mcaze mitia) X 100] + A,
A, = maximum alkalinity in mg/L as CaCO, A = initial alkalinity in mg/L as CaCO,

Calculation of Calcium Solubility:

Me,; =[(Pegy * Ky < K; x K, /(K3 X Yycos. X Ve
Calculation of P ,:

Peoy =my,c03 1)1( Yazco3” uzo X Ky
= P
Mo = 10P7 X Vucos. X Mycos.” Ky X Viscos

where:

m, = molar concentration T = Temperature (°K) = (°C + 273.16)

Log (Yypc09)= 0-1x1 ay,,=1+(0.026 x I) Log () =-Axz’xI°>/(1+ Bxa xI*?)

A=1824830 x (e xT)"?  B=50.3 x(e xT)"7 a =Ion Size Parameter (a =4 for HCO, ; a = 4 for Ca*")
I="3%CZ2or 10*7 x Conductivity (uS)

g =87.74 - (0.4008 x T) + (0.0009398 x T2) — (0.00000141 x T?)

Log K,, = 108.3865 + (0.01985xT) - (6919.53/T) - (40.4515 xlog T) + (669365/T2)

Log K, =+356.3094 + (0.06092xT) - (21834/T) - (126.83 xlog T) + (1684915/T?)

Log K, =+107.8871 + (0.03253xT) - (5159.8/T) - (38.925 xlog T) + (563714/T?)

Log K,,, = -171.9773 - (0.077993xT) + (2903.29/T) + (71.595 xlog T)
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Calculation of Maximum Alkalinity

Calculation of Maximum Alkalinity (A, ):

A e = 10 cint otubitity = Mcaze mitia) X 100] + A,
A, = maximum alkalinity in mg/L as CaCO, A = initial alkalinity in mg/L as CaCO,

Calculation of Calcium Solubility:

Me,; =[(Pegy * Ky < K; x K, /(K3 X Yycos. X Ve
Calculation of P ,:

Peoy =my,c03 1)1( Yazco3” uzo X Ky
= P
Mo = 10P7 X Vucos. X Mycos.” Ky X Viscos

where: (@ T=12°C and Cond. = 2000 uS)

m_ = molar concentration T = Temperature (°K) = (°C + 273.16)

Yizcos— 1.007 @120 =0.9992 Yucos. = 0-846

Log K,,=-1.26 Log K, =-6.44 Log K,=-10.46
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Type 1 Mine Drainage Discharge
Effects of Temperature (Enthalpy) on Solubility

Kfypically not a factor\
over the narrow
temperatures
encountered in Type 1

discharges
\ g

Concentration (mg/L)

Increasing temperature 10 15 20 25 30
decreases the .
solubility and Temperature ("C)

alkalinity - Calcium — Alkalinity
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Type 1 Mine Drainage Discharge
Effects of Conductivity (Ionic Strength) on Solubility

Increasing
conductivity (or salts
in the water) increases

_ the solubility y\
400

W W

S O

o o
|

N

entration (mg/L)
N
S O
o o

-_—

/Will only have a 10-
20% affect on
alkalinity, because
most Type 1 discharges

\_are high conductivity/ 500 1000 1500 2000 2500 3000

Conductance (uS/cm)
- Calcium —— Alkalinity
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Type 1 Mine Drainage Discharge
Effects of Carbon Dioxide Acidity (P.,) on Solubility

Increasing carbon
dioxide acidity
increases the

solubilit
o y

CO, Acidity (mg/L)
100 200 300 400 500 600 700 800

This scale shows the
affects of carbon dioxide
acidity on initial pH.
Also shows the
importance of measuring

\ pH accurately

oncentration (mg/L)
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Mine Drainage Waters

Parameter Type 1 Type 2
pH 5.2 3.2
Alkalinity (as mg/L CaCO,) 25 0
(Hot) Acidity (as mg/L CaCO,) 110 300
Iron (mg/L) 75 35
Manganese (mg/L) 3.0 3.0

Aluminum (mg/L) <0.5 35
Calcium (mg/L) 150 150
Sulfate (mg/L) 1200 1200

Equilibrium Conditions with Limestone

Alkalinity (as mg/L CaCO,) 245 >25(0
pH 6.4 <7
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= Calcium Carbonate (i.e., limestone) Dissolution
Kinetics

Examples of reaction progression
and final pH based on solubility

_ : EXPLANATION
Type 1 % Q@ kidw: = Kaaycop + Ksdn0
Dominated H,CO, Reaction Rate ’ ] @ krdw,cor = Kty + Kidwo
@ kauo = Kudy: + Kely ol

Brezonik, P.L. 1994. Chemical Kinetics and Process Dynamics
in Aquatic Systems. Lewis Publishers, Ann Arbor, MI. 754p.
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Effects of Temperature on Reaction Rate

/Type 3 AMD Discharge\
Temperature change doubled
the alkalinity generations rate

Final pH = 8.2
.
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Time (hrs)
‘ Maximum Alkalinity ® 2C Data ¢ 21C Data ‘

21’ ype 1 AMD Discharge\

Temperature change more
than doubled the alkalinity
generations rate ‘ ‘ ‘ ‘ ‘
Final pH = 6.6 oo 1820 2

\ / Time (hrs)
e 10C Data = 20C Data Maximum Alkalinity

Alkalinity (mg/L as CaCOg)
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Effects of Limestone Surface Area on
Reaction Rate

w
(&)
o

The size of the limestone used
strongly affects the alkalinity
generations rate

w
o
o

)]

Alkalinity (mg/L as CaCO3)

15 20 25 30 35
Time (hrs)

| A Fine * Coarse Maximum Alkalinity

Alkalinity (mg/L as CaCOs)
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2 25 3 3.5 4

Time (hrs)

A Fine ¢ Coarse Maximum Alkalinity




Alkalinity Kinetic Model (AKM)

Kinetic Equation:

A=A (A, -A )+ (k xSAxYJ!

where:
A, — Alkalinity at any time (1)
A — Alkalinity at initial time (1=0)
Am — Maximum alkalinity (t = o)
k = 2" Order Reaction Rate
Type 1 kgpc = 10 m/min Type 2 k;5c= 10 m/min
SA = Surface Area (m?/m$)=0.0003 sdx(100/d)
t — time in minutes
d = Nominal Diameter in cm
phyy =pKy, ~[(E /19.15) x(T - TYAT,XT )]
E = Activation Energy
Type 1 E,=67.5 KJ/mole Type 2 E,= 90.6 KJ/mole
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Anoxic Limestone Drain (ALD)

and Limestone Beds

For Alkalinity Generation and
Treatment of Type 1 & 3 AMD
Waters
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Basis for Detention Sizing Approach
Using MAEM-AKM & IAD

A Procedure for ALD Detention Time Estimation

ALD Design Limitations

1) AMD Discharge Must Be Anoxic!

2) Aluminum < 1 mg/L, pH>5, DO<0.5mg/L

Conduct MAEM-AKM and/or Cubitainor Study

Determine Required Alkalinity

1) IAD = Iron Alkalinity Demand

2) IAD (mg/L CaCO;) = 1.8 mg/L CaCO,/mg/L Fe?* x Total Iron (mg/L) x
1.25 (FOS)

Determine Required Detention Time (hours) = DTR

Determine Required Longevity Volume (e.g., 25 years) =RV

1) Volume (ft?) = Flow (gpm)x Maximum Alkalinity x 3.8 L/gal x 525,600
min/yr x X yrs = 0.9 + 1,000,000 mg/kg x 2.204 Ibs/kg + 90 Ibs/ft3

2) Volume (ft?) = Flow (gpm)x Maximum Alkalinity x 1.35

3) Longevity Detention Time (DTL) = Volume x7.5 gal/ft’+ 2 + Flow+ 60
min/hr

Estimate Total ALD Detention Time

1) Total DT =DTR + DTL



Graphical Examples of ALD Sizing

\
Farr Tipple AVD Discharge near Mineral City, OH 15t Tteration

2nd Jteration
17 4 31d Jteration

—

5y 8

\

Required alkalinityfor ferrous fron removal
MAEM
N Max. Alkalinity = 245 mg/L CaCO,

30 40 50 60 70

Time (hrs)

- MAEM A AKM Simulation Qubitainor Deta — Reqd AIkJ.

Required Alkalinity = 190 mg/L CaCO, IAD =90 mg/L x 1.7 x 1-23

IAD = 190 mg/L CaCO,

Alkalinity (mg/L as CaCO ;)
3

Total DT = DTR + DTL =9.5 hrs + 20.5 hrs = 30 hrs
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