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IMPORTANCE OF pH, ACIDITY, AND
ELECTRICAL CONDUCTIVITY

* pH and “hot” acidity (or calculated “net” acidity) are
used to indicate the severity of contamination and

applicable strategies for treatment of acid mine drainage
(AMD).

 |n general, AMD that has low pH and high specific
conductance (SC) tends to have elevated concentrations
of acidity, sulfate, and dissolved metal(oid)s, including
Fe, Al, Mn, Zn, Cu, and others.




Establish Water Treatment Goals

|LfN If Net Acid Water with
Low Al, Fe, and Mn
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RELATIONS AMONG pH, ALKALINITY,
ACIDITY, AND DISSOLVED METALS

Typical relation to drainage pH:

Neutral Mine Drainage>

Saline Drainage

>
Evaporation » Basic Mine Drainageb

363 -2 -1 0 2 3 4 6 7 8 9 10 M1 12

Increased SC/metals Normal Increased SC/squtei
< streamwater

Typical drainage characteristics:

Acid Mine Drainage Neutral Mine Drainage: Saline Drainage:
« acidic pH « near neutral to alkaline - acidic to alkaline pH

- moderate to elevated pH + low metals. May have
metals low to moderate metals. moderate Fe

elevated sulfate May have elevated Zn, moderate sulfate

treat for acid Cd, Mn, Sb, As or Se treat for sulfate and

neutralization and metal * oW to moderate sulfate sometimes metal

+ treat for metal and
removal
and sulfate removal sometimes sulfate

removal
Nordstrom, D.K., Blowes, D.W.,, Ptacek, C.J. (2015) Hydrogeochemistry and microbiology of mine drainage: An update. Appl.
Geochem. 57, 3-16. http://dx.doi.org/10.1016/j.apgeochem.2015.02.008




ACIDITY AND ALKALINITY —
Definitions

Neutrality — pH near 7.0 (effluent std 6.0 to 8.5).
Alkalinity — capacity of sample to neutralize acid.

Acidity — capacity of sample to neutralize base.

Net acidity or net alkalinity — difference between
computed acidity and alkalinity (sample neutral after
complete oxidation?).
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INSTABILITY OF pH

Anthracite AMD

1

O pH, field
M pH, lab (aged)
pH of “net alkaline” water
increases because of CO,
outgassing:
HCO, = CO, (gas) + OH-

-dlll

2.0 2.5 3.0 3.5 4.0 4.5 5.0 55
1 Bituminous AMD O pH, field
- pH of “net acidic” water 8 pH, lab (aged)
] decreases because of oxidation pH 2.0to 4.5 or 6.0t0 8.5
| and hydrolysis of Fe: after equilibration

Fe?* +0.25 0, + 2.5 H,0 —
: Fe(OH), + 2 H* I
— 1 1 I_II_LI 1 1 1 -ll_.ll_-l 1
2.0 25 3.0 3.5 4.0 4.5 50 55 6.0 6.5 7.0 7.5 8.0 8.5

pH




ACIDITY AND ALKALINITY —
Standard Practices

* Hot Acidity = Computed “Net Acidity”

 Standard Method “hot” acidity Indicates net acidity for
samples containing alkalinity and dissolved metals.

A positive value of hot acidity or net acidity indicates
(1) the potential for acidic pH (< 6.0) upon reaching
atmospheric equilibrium, and
(2) the alkalinity deficiency (needed) to maintain pH > 6.

The hot acidity generally does not change after sampling;
however, the alkalinity may decrease owing to mineral
precipitation while the pH may decrease or increase.



Alkalinity and
Acidity Titration
1s Based on
H,O/CO, System

AlK to pH ~4.5:

HCO, + H* =
H,CO,’

Acy to pH 8.3:

H,CO;"+ OH =
HCO; + H,0O

log concentration, mol L

alkalimetric titration

Total C = 107 mol L

| ]

rin %
acidimetrie titration

i}



Standard Method “Hot H,0,” Acidity

1.Add H,SO, to pH 4 (alkalinity titration)
2.Add H,0, to oxidize Fe and Mn

3.Boll to facilitate oxidation and drive off CO,

4.Cool to room temperature

5.Titrate to pH 8.3 with NaOH

6.Subtract equivalents of H,SO, added from NaOH added

/.Calculate acidity as mg/L CaCO4 (multiply equivalents
by 50,044 mg/eq) and report positive or negative values.



Net Acidity Computations

Net acidity (mg/L CaCOyj) = Acidity omnueq — Alkalinity
ACIdityeomputed (MY/L CaCOy) =
50-(10G-PH)
+3C,,/26.98
+2:C.." /55.85
+2:Cy,,/54.94)

where C is Me concentration in mg/L

or

ACIditYomputed (MA/L CaCOy) =30 (g; - mMM;)

Kirby, C.S., Cravotta, C.A. I11 (2005) Net alkalinity and net acidity 2: Practical considerations: Applied Geochemistry 20, 1941-1964.
https://doi.org/10.1016/j.apgeochem.2005.07.003 10



Hydrolysis/Precipitation of Fe, Mn, and Al Consumes “OH™
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Fell & Mn'V are less

soluble than Fe!' &

Mn': oxidation rate
is pH dependent

Metals have low
solubility at
neutral to
alkaline pH
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e A|(OH)3
Fe(OH)3
Fe(OH)2

e \NO2

e @\n(OH)2
Cu(OH)2

e PH(OH)2

e Ni(OH) 2

e 7N(OH)2

e C0(OH)2

e Cd(OH)2
Mg(OH)2

——Ca(OH)2

At pH < 8.3, Ca,
Mg, and most
trace metals are
incompletely
hydrolyzed (do
not contribute to

aC|d|ty).11




-log [Ci (mol/L)]

Solid Al(OH); (am)

2 ak . "‘
el PKy
/- 5.00
pKH
6 3 510 A<“
L, T
P o
5.80\_." pH3'~.
8 - 5‘.. LIS
10 E "-”_'. v,
Agueous specles
12 | | N—
2 4 0 8
pH

Al(Ill) species distribution and solubility control by solid Al(OH),

10

— Al Total

—— Al 3+

| —=— AI(OH) 2+

— i A(OH2 +
—— A(OH)30
—— AI(OH)4-

- H+

12




HYDROLYSIS/SPECIATION

H,0 — H*+ OH" Ky, = 104 oKy, = 14

+

Al*3 + OH- <> AIOH*? | 0K oy = -9.00
Al*3 + H,0 <> AIOH*2+ H* . Ky =5.00 |

PK,; (= pKgy; + PKyy) indicates pH where Al = AIOH*2

13




Aluminum

Hydrolysis/Speciation
1) Al*3+ H,0 <> AIOH*2 + H* . pKy;=5.00
2) AIOH*2 + H,0 <> Al(OH),* + H* K.}, = 5.10

3) AI(OH),* + H,0 <> Al(OH).0 + H* oK, 5 = 6.80

4) AI(OH).? + H,0 <> Al(OH), + H* oK, = 5.80

14
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Ferric lron

Hydrolysis/Speciation
1) Fe™+H,0 «> FeOH™2+ H* | pKyp= 219
2) FeOH*2 + H,0 <> Fe(OH)," + H* pK,,, = 3.48

3) Fe(OH),* + H,0 <> Fe(OH),*+ H* pPK3;=6.89

4) Fe(OH),? + H,0 <> Fe(OH), + H* oK., = 9.04

16




Ferrous Iron and Manganese
Oxidation/Hydrolysis/Precipitation

1)+ H*+0.250,=Fe*+ 0.5 H,0

2) Cet3 4+ 3 HZO = Fe(OH)3 + 3 H*
3) Fe*2+0.250,+2.5H,0 :[|:e(()|_|)3 + 2 H* ]

1) "' 2H*+050,=Mn"+H,0

2) Mn**+2H,0=MnO, +4H*

3) Mn™2 + 0.5 02 + HZO :{]\/mo2 + 2 H+]

17



ACIDITY COMPONENTS

all species

mgL* =50 ) &-mM,

Acidity, g, due to spelcies, eq mol™’

Acidity

calculated?

+3 +2 +1 0 -1
Fe(Il) FeHSO," | Fe*', FeOH", Fe(OH),"
complexes FeSO,°, FeCO,’
FeHCO;"
Fe(III) Fe’”, FeOH* Fe(OH)," Fe(OH)," Fe(OH),
complexes FeSO,’,
Fe(SOy),
Alcomplexes AL, AlIOH* AI(OH)," AI(OH),Y AI(OH),
AlISO,",
Al(SO,),
Mn complexes Mn*", MnOH"
MnSO,°
H,O/H,S/CO, H*, H,O0, OH,
species pH 25 —>8.3| ncox |HCO,, CO;%, S*
H,S HS
Non metal- H,SO,° HSO, SO”
bound SO,

Kirby, C.S., Cravotta, C.A. I11 (2005) Net alkalinity and net acidity 1: Theoretical considerations: Applied Geochemistry 20, 1920-

1940. https://doi.org/10.1016/j.apgeochem.2005.07.002

18




Sulfate Speciation
Bisulfate (HSO,") Contributes to Acidity at pH < 3

1) HSO, <> SO, 2+ H* . pKy, = 1.988 |

2) [HSO,]/[SO,7] = Ky * [H']

3) [HSO, ]/ [SO,?] = 100K ~pH)

4)[ [HSO,1 = [SOyJror X 100-988-pH) |

where [SO,]1or = [HSO,] + [SO,~]

19
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Net Acidity, calculated (mg/L CaCO3)
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Iberian Pyrite Belt AMD:
Net Acidity ,mputeq VS- HOt ACIAITY easured
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Net Acidity, calculated total (mg/L CaCO3)

Bituminous and Anthracite AMD:
Net Acidity ,mputeq VS SPecific Conductance g yreq
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Net Acidity, calculated total (mg/L CaCO3)

Net Acidity ,mputeq VS SPecific Conductance g yreq
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Net Acidity, calculated total (mg/L CaCO3)

Iberian Pyrite Belt AMD:
Net Acidity ,mputeq VS SPecific Conductance g yreq
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Bituminous and Anthracite AMD:
Contributions to Net Acidityomyueq By Element

Bisulfate (HSO,) is important at pH < 4.5

U, 0.001 Ce, 0.006 Ce, 0.002
e v ot | v, 0005 Fe(2) =Fel3
Cr 0.006 H, 0.266 Cr, 0.004
c 0014’ ' Nd, 0.004 \CU,0.00S 000 Nd, 0.001
pH2.7-45 ™" pH >4.5 %% aAl =)
Fe(3), 1.186
= H m Cu
S(6), 4.843
sMn mCr
mU = Pb
m Ce nY
Pennsylvania coal mine drainage: pH 2.7-4.5 Pennsylvania coal mine drainage: pH>4.5 =N
Average Net Acidity, calculated total = 1240 mg/L CaCO3 Average Net Acidity, calculated total = 332 mg/L CaCO3
pH 2.7-4.5 had average acidity of 1,200 mg/L as CaCO, pH > 4.5 had average acidity of 332 mg/L as
with major contributions from Al** (38.5%), H'(9.6%), CaCO, with major contributions from Fe?*
Fe?* (32.4%) and Fe®* (8.6%), and Mn?* (5.9%) plus (83.6%), AIP* (8.1%), and Mn?* (6.7%). Other
(4.8%). Trace metals contributed less than 0.1%. components contributed ~1.2% together.

SpCond was comparable between the two pH classes, 1110 uS/cm for pH 2.7-4.5 and 1080 uS/cm for pH > 4.5
27



Iberian Pyrite Belt AMD:
Contributions to Net Acidityo,eq DY Element

Bisulfate (HSO,") is important at pH <45

Pb, 0.001 Ce, 0.002

0. 00 Pb, 0.004 ¥,0.003

cr, Ce, 0.000

L o171 0006y 0goa | [-¥,0.000 e, o 0001 ® Fe(2)
\ Nd, \ Fe(Z), 2.759
H, 1.613 0.000
pH <25  _ay pH2545 “ oA
mH
m Mn
U
m Ce
IPB PAT--Sdo Domingos: pH<2.5 IPB PAT--S30 Domingos: pH 2.5-4.5 = Nd
Avg Net Acidity, calculated total = 86,000 mg/L CaCO3 Avg Net Acidity, calculated total = 1,280 mg/L CaCO3
pH <2.5 had average acidity of 86,000 mg/L as pH 2.5-4.5 had average acidity of 1,280 mg/L as
CaCO, with major contributions from Fe?* (16.1%) CaCO, with major contributions from Al
and Fe®* (37.0%), AI** (23.7%), (19.8%), (53.2%), Fe** (26.7%) and Fe?* (2.8%),
H*(1.6%), and Cu?* (1.6%). Other trace metals and (6.5%), H(6.0%), Mn?* (3.0%), and Cu?* (1.8%).
Mn?* contributed less than 0.1%. Other components contributed less than 0.1%.

m Fe(3)

= 5(6)

m Cu

uCr

= Pb

mY

28



Iberian Pyrite Belt AMD:
Contributions to Net Acidityo,eq DY Element
Bisulfate (HSO,) is important at pH < 4.5

U, 0.003 Pb ¥, 0.001

.00
Cu, 1431 Cr, 0.017 c 0.001
Mn, 0. 733

H, 1.521 Nd 0.000

pH <2.5

IPB TR--Trimpancho: pH<2.5
Avg Net Acidity, calculated total = 22,000 mg/L CaCO3

pH <2.5 had average acidity of 22,000 mg/L as
CaCO, with major contributions from Fe?* (22.3%)
and Fe** (21.0%), AI** (38.6%), (14.3%),
H* (1.5%), and Cu?* (1.4%). Other trace metals
and Mn?* contributed less than 1%.

Cu, 1.267 2505 Cr, 0.012

pH2545

Ce, 0.004

U, 0.004 Pb, 0.001 v, 0.008 Fel2), m Fe(2) = Fe(3)

oo —

Mn,

2.059

u Al " 5(6)

nH m Cu

s Mn ®mCr

U = Pb

m Ce mY
IPB TR--Trimpancho: pH 2.5-4.5 = Nd

Avg Net Acidity, calculated total = 1,500 mg/L CaCO3

pH 2.5-4.5 had average acidity of 1,500 mg/L as
CaCO, with major contributions from AI** (61.7%),
Fe®* (15.8%) and Fe?* (2.1%), (10.0%), H*
(6.2%), Mn?* (2.9%), and Cu?* (1.3%). Other
components contributed less than 1%.
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Specific Conductance, calculated (uS/cm)
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Bituminous and Anthracite AMD:
lonic Contributions to Electrical Conductivity ,mnyteq

Sulfate is a major contributor to electrical conductivity
Base cations (Ca, Mg, Na) and HCO; increasingly important at pH >4.5 .,

e
pH 2.7-4.5 ‘ pH>4.5 HCO3 - H
= Fe Al
Ca, 11.77
504, 47.03 504, 46.11 . M -
Mn, 0.65 me——
Al, 2.36 Ca, 17.01
/ ’ mMg mNa
H, 18.91 Mn, 0.35 / HCO3, mK mSr
Al,0.17 5.64 [, 4.89
HCO3,0.02 . Cl, 137 Fe,3.63/ 5.2
Pennsylvania coal mine drainage: pH 2.7-4.5 Pennsylvgnia coal mine drainage: pH >4.5 = n
Average Specific Conductance = 1390 uS/cm Average Specific Conductance = 1340 uS/cm
pH 2.7-4.5 had average SpCond of 1,390 uS/cm pH > 4.5 had average SpCond of 1,340 uS/cm
with major contributions from (47.0%), with major contributions from (46.1%), Ca
(18.9%), Ca (11.8%), Mg (11.4%), Fe (3.9%), Na (17.0%), Mg (11.7%), Na (9.6%), (5.6%),
(2.0%), and CI (1.4%). Mn, K, and trace metals Cl (4.8%), and Fe (3.6%). Al, Mn, K, and trace
contributed < 1%. metals contributed < 1%.
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Iberian Pyrite Belt AMD:

lonic Contributions to Electrical Conductivity ,mnyteq

Sulfate is a major contributor to electrical conductivity

K, 0.106 Sr, 0.004
Na, 0.253 Zn, 3.640
Mg, 2.238
pH <2.5 ca2119
Mn, 0.326
Al, 9.060

S04, 48.422

H, 10.615

HCO3, 0.000Cl, 0.000

IPB PAT--S3o Domingos: pH<2.5
Average Specific Conductance = 26,000 uS/cm

pH <2.5 had average SpCond of 26,000 uS/cm
with major contributions from (48.4%),
(10.6%), Fe (15.6%), Al (9.1%), Zn (3.6%), Ca
(2.1%), and Mg (2.2%). CI, K, Mn, and trace
metals contributed < 1%.

pH 2.5-4.5

Sr, 0.006

|
Ca, 7.450 504, 40.120
Mn, 0.53] mm——0w0w7w7
Al, 5.910
Fe, 1.578
H, 27.110
cl, 0.000
HCO3, 0.095

IPB PAT--S3o Domingos: pH 2.5-4.5
Average Specific Conductance = 2460 uS/cm

pH 2.5-4.5 had average SpCond of 2,460 uS/cm
with major contributions from (40.1%),
(27.1%), Fe (1.6%), Al (5.9%), Ca (7.5%), Mg

(10.1%), and Na (5.3%). Cl, K, Mn, Zn, and trace

metals contributed < 1%.

S04

Cl

HCO3

m Fe
Al
m Mn
Ca
m Mg
m Na
mK
m Sr

mZn
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Iberian Pyrite Belt AMD:

lonic Contributions to Electrical Conductivity ,mnyteq

Sulfate is a major contributor to electrical conductivity

Sr, 0.00
Zn, 0.06

Na, 1.31 K, 0.03

pH <2.5

Sr, 0.00
K, 0.12

Na, 1.70 Zn, 0.48

pH 2.5-4.5

Mn, 0.55

Ca, 4.43 e 5S04, 49.85
M:lizl.zzz / Fe, 0.67 —_—
Fe, 2.60
H, 23.00
H, 23.18
Cl, 0.00
HCO3, 0.00 HCO3, OADDCL 0.00
IPB TR--Trimpancho: pH<2.5 IPB TR--Trimpancho: pH 2.5-4.5
Average Specific Conductance = 13,200 uS/cm Average Specific Conductance = 4030 uS/cm

pH <2.5 had average SpCond of 26,000 uS/cm pH 2.5-4.5 had average SpCond of 2,460 uS/cm
with major contributions from (48.4%), with major contributions from (40.1%),
(10.6%), Fe (15.6%), Al (9.1%), Zn (3.6%), Ca (27.1%), Fe (1.6%), Al (5.9%), Ca (7.5%), Mg
(2.1%), and Mg (2.2%). CI, K, Mn, and trace (10.1%), and Na (5.3%). Cl, K, Mn, Zn, and trace

metals contributed < 1%.

metals contributed < 1%.

S04
Cl

HCO3

m Fe
Al
m Mn
Ca
m Mg
m Na
mK
m Sr

mZn
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Base cations (Ca, Mg, Na, K) and HCOj, increasingly important at pH >4.5

Sr, 0.019

S04 Cl
Sr, 0.03
K, 1.95
K,3.934 | 7n, 0.161 : Zn, 0.04
pH>4.5 pH >4.5
HCO3 H
cl, 0.000
504, 18.245 504, 18.90
cl, m Fe Al
0.0
0
m Mn Ca
HCO3, 18.876
HCO3, 22.37
u Mg m Na
H,0.347
m K m Sr
Ca, 16.545 Fe, 0.051 H, 0.07
Al, 0.144 R Fe, 0.04
Mn, 0.116 Mn, 0.10 Al, 0.04
IPB PAT--S30 Domingos: pH >4.5 IPB TR--Trimpancho: pH >4.5 = Zn

Average Specific Conductance = 226 uS/cm

pH >4.5 had average SpCond of 226 uS/cm with
major contributions from (18.2%),

(18.9%), Ca (16.5%), Mg (17.7%), Na (23.6%),
and K (3.9%).

Average Specific Conductance = 591 uS/cm

pH >4.5 had average SpCond of 591uS/cm with
major contributions from (18.9%),
(22.4%), Ca (18.7%), Mg (19.4%), Na (18.6%),
and K (2.0%).

Many of the pH >4.5 samples are streamwater downstream of AMD, which is diluted and neutralized.
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SUMMARY/CONCLUSIONS

Aqueous speciation calculations are helpful to understand
the 1onic contributions to acidity and electrical conductivity.

“Extreme” AMD such as that of the Iberian Pyrite Belt can
have low pH with very high acidity, SC, and concentrations
of sulfate.

The conventional computation of net acidity that uses pH
and analytical concentrations of Fe, Al, Mn, and alkalinity
underestimates the hot acidity of extreme AMD.

An 1improved computation of “total” acidity considers
additional elements, including sulfate, with a contribution
from O to 1 depending on how much is present as HSO,.
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