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Abstract Treatment evaluations were performed at four
Pennsylvania hydrated lime treatment sites and one
quicklime treatment site designed to remove ferrous iron
from underground coal mine drainage. Two of the sites
included a pretreatment decarbonation step to exsolve
COy(.q) and reduce hydrate consumption due to hydroxyl-
ation and calcite formation. Decarbonation reduced the
daily hydrated lime dose by 22 % at one site and 28 % at
the other. Field-measured CO, mass transfer coefficients
were determined for both decarbonation systems. CO,
mass transfer modeling predicted that Ca(OH), use would
be reduced by an additional 19 and 28 % at these sites if
the decarbonation systems were optimized. Hydroxylation
of CO, species and calcite formation consume between 40
and 90 % of the Ca(OH), dose. In terms of cost, more
money is being spent on consumption due to hydroxylation
and calcite formation than on removing the targeted
parameter, ferrous iron. These processes can be minimized
by improving decarbonation and oversizing ferrous reactor
tanks to lower treatment pH.
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Introduction

Hydrated lime [Ca(OH),] is the most common alkaline
reagent used to treat underground coal mine drainage
(UCMD) in northern Appalachia according to the U.S.
Office of Surface Mining’s 2000 annual report (Office of
Surface Mining 2000). Typically, these pumped discharges
range in flow from 5.6 to 38 million liters/day and ferrous
iron [Fe(II)] concentrations range from 10 to over 500 mg/
L. Hydrated lime is routinely selected because of the
favorable cost per metric ton of alkalinity compared to
other common alkaline reagents like caustic soda (NaOH),
soda ash (Na,CO3), and magnesium hydroxide [Mg(OH),].
However, focusing on chemical cost often creates an
assumption that equates low chemical cost to a cost-
effective and optimized treatment plant. Optimized treat-
ment occurs when process chemistry achieves effluent
parameter concentrations specified in a discharge permit
while minimizing nuisance mineral precipitation as well as
other hydroxyl consumptive processes. Most UCMD
treatment systems in northern Appalachia are treating cir-
cumneutral pH mine water in which Fe(Il) is the contam-
inant of concern. Applicable discharge criteria typically
include an effluent pH of 6-9 and total iron <3.0 mg/L.
The most common treatment approach involves pumping
ferruginous mine water to the surface and dosing with
hydrated lime to increase pH until insoluble Fe(OH), and
Fe(OH); forms. A treatment strategy that is solely based on
how pH relates to Fe(Il) solubility may not optimize
hydrated lime use if pH adjustment causes or intensifies
avoidable hydroxyl-consuming reactions. These additional
reactions can cause increased operation costs by increasing
hydrated lime consumption and sludge production.

This paper quantifies and describes hydrated lime and
calcium oxide (CaO) consumption at five treatment plants
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Table 1 Site descriptions Site Location Site operator Site owner Date sampled
Banning West Newton, PA AMD Industries, Inc., PA DEP 4/21/2011
Mine 31 Ebensburg, PA Pristine Resources Pristine resources 8/25/2011
Renton Plum Borough, PA Consol Consol 9/20/2011
Russellton Bairdford, PA AMD Industries, Inc., PA DEP 2/2/2012
Lancashire Carrolltown, PA Lloyd Environmental PA DEP 8/29/2012
Table 2 Treatment configurations
Site Decarbonation tank Pneumatic Mixing time Sludge Ca(OH), Ca(OH), Reagent Measured reagent
volume (kL) mixing (min) recycle dry feed slurry used purity (%)
Banning X 20 X Ca(OH), 68.6
Mine 31 11 X CaO 91.1
Renton 260 X 110 X Ca(OH), 91.9
Russellton 0.3 X Ca(OH), 87.4
Lancashire 556 X 30 X X Ca(OH), -
Table 3 Untreated and treated water quality for each site
Site Flow Field pH  Field alkalinity Temp  TIC Ca-D Ca-T Fe-D Fe-T SO~ Calcite SI
Lancashire
Decarb. in 15,519 6.1 63 12.4 45.5 33.8 35.1 31.9 35.5 391 —2.6
React. in 15,519 64 63 134 30.1 344 35.6 33.0 34 399 —-1.8
React. out 15,519 84 74 17.9 17.6 65.1 577 0.05 22E4+01 388 +0.6
Banning
React. in 9,463  6.89 394 17.3 119.5 114 112 18 18 888 —0.1
React. out 9,463  8.33 310 16.6 72.8 87.5 256 0.03 16.9 929 +1.0
Mine 31
React. in 11,798  6.16 76 13.2 47 151 1537 116 123.8 993 —1.4
React. out 11,798  8.55 64 144 14.8 2444  866.5 0.39 429.8 990 +1.0
Renton
Decarb. in 6,056  6.16 400 16.6 2249 404 420 446 464 4,376 -0.6
React. in 6,056  6.57 340 15.9 1234 418 437 424 482 4,460 -0.3
React. out 6,056 84 398 27.8 619 942 0.06 47 4,626 1.1
Russellton
Mix channel in 3,501  6.89 404 10 126 35 354 15.6 15.9 167.2 —-0.5
Mix channel out 3,501  8.88 410 10 99 56.4 117 0.02 15 162.0 1.6

Flow = L/min, all values in mg/L, alkalinity = mg/L as CaCOs, nd = not determined, temperature = Celsius

treating UCMD in Pennsylvania. First, a summary of
each site is presented. Second, background information
on hydrated lime and how it is consumed in mine
drainage is presented. Third, measured and theoretical
dosing requirements are compared to identify con-
sumption reactions and compute chemical use efficiency
amongst the sites. Lastly, treatment strategies that gave
improvements in chemical use efficiency are presented
to suggest ways to increase hydrated lime efficiency at

other sites.

Site Descriptions

Site Descriptions and Treatment Configurations

The five treatment plants contained varying treatment
components, processes, and configurations. Table 1 shows
treatment site location and operator information, and
Tables 2 and 3 provide treatment system details. Note-
worthy differences between treatments plants include
onsite slaking, decarbonation, and high density sludge
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process. Every site, except Mine 31, purchased dry
hydrated lime and every site but Lancashire used treated
effluent water to prepare a hydrate slurry onsite. Mine 31
purchases calcium oxide and used an on-site slaker system
to produce calcium hydroxide slurry. Lancashire pumped
water that was low in total dissolved solids (TDS) from an
adjacent mine pool for slurry make-up water.

Unlike the other sites, Lancashire and Renton included a
decarbonation step before hydrate addition. Surface aera-
tors are used to agitate and exsolve COy,q) from the
untreated UCMD prior to the addition of an alkali reagent
to reduce CO,-based acidity (Jageman et al. 1988).
Decarbonation also affords control of effluent alkalinity
concentrations and reduces CaCOj; formation. Lastly, Mine
31 and Lancashire use a sludge densification process
developed by Bethlehem Steel (Bosman 1974; Haines and
Kostenbader 1970; Kostenbader and Haines 1970), which
involves pumping accumulated sludge to a conditioning
tank where it is mixed with Ca(OH), slurry before being
discharged to the reaction tank to react with the UCMD.
This conditioning step adjusts the surface charge on FeO-
OH precipitates, resulting in improved precipitate particle
growth and a less hydrated sludge. In addition, the recir-
culated solids act as seed particles, promoting precipitation
and particle agglomeration (Yong et al. 2005). Sludge
densities of up to 30 wt% can be achieved (Zick et al.
1999). Several investigators have reported the recirculation
and conditioning process reduces Ca(OH), consumption,
but did not identify the mechanisms or provide analysis
(Kostenbader and Haines 1970; Zick et al. 1999).

Background

Physical and Chemical Characteristics of Hydrated
Lime

Hydrated lime, Ca(OH),, is manufactured as a 90+ % pure
powder (<1-45 pum) in a two-step process. The first step
involves calcining high-Ca content limestone at tempera-
tures in kilns between 1,000 and 1,300 °C (above the
theoretical calcination temperature of 851 °C) for rapid
decomposition and evolution of CO,.

CaCOs; + Heat = CaO + CO, (1)

The second step involves hydrating the quicklime (CaO)
to form Ca(OH),. The conversion of CaO-Ca(OH), is
referred to as “hydration” when water is added in stoi-
chiometric amount to produce a dry or very low (1-2 wt%)
moisture finished product. The term “slaking” is com-
monly used to describe hydration using an excess of water
to produce a pumpable lime slurry. In most CMD treatment
situations, a commercially available treatment reagent, dry
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hydrate, is used; however, treatment plant operators can opt
to slake quicklime on site using a slaker or purchase
manufactured lime slurry (e.g. milk of lime).

CaO + H,0 = Ca(OH), + 490 BTU/Ib heat (2)

The use of hydrated lime is more common on mine sites,
as slaking requires a high degree of process control to
produce highly reactive Ca(OH), slurry, and commercially
available hydrated lime is produced to have highly reactive
particles. Also, slakers contribute to site capital and
maintenance cost, and manpower requirements. Quicklime
must hydrate before dissolution occurs (Boynton 1980);
efficient slaking depends on several factors, including the
slaking temperature and duration, CaO-H,O ratio, and the
water quality used for slaking. Uncontrolled and direct
application of CaO—-CMD results in incomplete hydration
and highly inefficient use of CaO.

Some CMD treatment plants simply dry feed hydrate
directly into the CMD; however, most plants produce
Ca(OH), slurry before mixing with the CMD. Advantages of
Ca(OH), slurry production include the ability to pump the
hydrate to mixing tanks and produce saturated and readily-
reactive alkaline water for efficient neutralization. Other
advantages of Ca(OH), slurry include deagglomeration,
increased surface area of the hydrate particles, and better
dose rate control. Slurrying hydrated lime is a practical way
to produce an alkaline treatment stream since the solubility of
Ca(OH), in water is low at 1.6 g/LL at 20 °C (Wiersma and
Nekami 1986). The dissolved aqueous neutralization capac-
ity of slurry is 2,100 mg/L as CaCO; based on solubility;
however, the remaining neutralization capacity is derived
from suspended Ca(OH), particles contained in the slurry.
Dissolution rates of Ca(OH), particulates in relatively dilute
water ranges from 5 to 80 s, depending on particle size and
aqueous chemistry (Johannsen and Rademacher 1999; Van
Dijk and Wilms 1991). Dissolution inefficiencies may arise if
slurry particulates become encapsulated by metal hydroxide
precipitates when the slurry and CMD are mixed.

Evolution and Chemical Characteristics of UCMD

CMD from flooded underground coal mines is notably
different than other Pennsylvania CMD. CMD originating
from surface mines or minimally-flooded underground
mines is typically low pH with varying concentrations of
Fe(Ill), Fe(Il), Mn(II), and Al(III). Pyrite oxidation liber-
ates iron and acidity, which dissolves AI(III) from clay-rich
strata that underlie the coal. In Pennsylvania, elevated
Mn(Il) is common in surface mine drainage but is less
common UCMD since manganous minerals are mostly
associated with overburden.

Since the passage of the Surface Mining Control and
Reclamation Act of 1977, underground coal mines are
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designed to completely flood after closure. Flooding causes
a geochemical evolution of mine drainage that is distinctly
different from surface mines or partially-flooded under-
ground mines. Infiltration of alkaline groundwater results
in varying degrees of in situ treatment, minimizes mine
atmosphere development, and minimizes pyrite oxidation.
These processes produce UCMD with a circumneutral pH
and elevated Fe(I).

Circumneutral pH UCMD can be either net acidic or
net alkaline. Net acidic UCMD occurs if the equivalence of
proton-donating species is greater than proton-consuming
species when the water equilibrates with atmospheric
conditions. When equilibrated to ambient atmospheric
conditions,the pH decreases for net acidic waters while pH
is likely to increase for net alkaline water as a result of
COy(,q) exsolution (Geroni et al. 2012). Since Fe(II) is the
main acid-producing pollutant in UCMD, net acidic con-
ditions will occur if Fe(Il) concentrations (mg/L) are 1.9
times larger than HCO3™ concentrations (mg/L as CaCOj3).

Hydrated lime is often selected to treat both net alkaline
and net acidic waters, but for different reasons. Hydrated
lime is added to net acidic UCMD to buffer against pH
drop when Fe(Il) oxidizes and precipitates. Hydrated lime
is added to net alkaline UCMD to increase the rate of Fe(II)
precipitation to minimize the size of the treatment foot-
print. In either case, UCMD is typically dosed with
Ca(OH), until a pH of 8.3-8.5 is achieved. In this pH
range, Fe(Il) is removed by two different mechanisms
occurring simultaneously. The rapid increase in pH causes
most of the Fe(Il) to be removed as Fe(OH),, as indicated
by the formation of green precipitate. However, Fe(Il)
concentrations in equilibrium with Fe(OH), can still
exceed 20 mg/L because of the increased solubility caused
by FeHCOQr(a a0 and FeCO3,q) complexing. The remaining
Fe(Il) is reduced to compliance concentrations by rapid
oxidation due to the increased pH. Using rate constants
reported by Dempsey et al. (2001), kinetic modeling pre-
dicts the dissolved Fe(II) concentration is reduced by half in
<10 s at pH 8.5. Iron effluent standards are routinely
achieved by dosing to pH 8.5 because of the combination
of Fe(OH), formation and rapid Fe(Il) oxidation removal
mechanisms.

Hydrated Lime Consumption in UCMD

The Ca(OH), requirement to achieve a desired target
treatment pH is a function of the total hydroxyl-consuming
reactions that occur when the pH is adjusted. Identifying
the reactions responsible for hydroxyl consumption is
important for predicting hydrated lime requirement and
development of treatment strategies to reduce avoidable
consumption. Common hydroxyl-consuming reactions

encountered when treating UCMD include Fe(II) removal,
hydroxylation of aqueous species, and CaCO;
precipitation.

Fe(Il) Removal

Equations (3) and (4) show the two Fe(II) removal mech-
anisms that occur simultaneously in the pH range of 8.3—
8.5 during treatment with hydrated lime. Equation (3)
describes the formation of ferrous hydroxide and Eq. (4)
provides the overall reaction for oxidation of Fe(II) and
subsequent precipitation of ferric hydroxide. In either case,
the molar ratio of Fe(I)-OH™ is equivalent; both reactions
consume the same amount of hydrated lime. Figure 1
shows the pH-dependent solubility for both iron hydroxides
and that iron concentrations will be below 1.0 mg/L at a
treatment pH of 8.5 if ferric hydroxide formation controls
iron solubility.

Fe’™ + 20H™ = Fe(OH), (3)
Fe?* + 0.5H,0 + 0.250, + 20H~ = Fe(OH); (4)

Hydroxylation of Aqueous Species

Hydroxylation is defined herein as the reaction of hydroxyl

ion (OH™) with aqueous species to form water and other

aqueous species. For example, as Ca(OH), dissociates in

solution, hydroxylation of anions, cations, and aqueous

complexes occur as represented in Egs. (5)—(8).
Hydroxylation of anion:

H,CO; + OH™ = HCO; + H,0 (5)

HCO; + OH™ = CO2™ + H,0 (6)
Hydroxylation of cation:

Mg*" + OH™ = MgOH™" (7)
Hydroxylation of aqueous complexes:

CaHCO7 + OH™ = CaCOj(,q) + H,0 (8)

Generally, the hydroxylation of anions and aqueous
complexes yields water, whereas the hydroxylation of
cations yields hydroxyl complexes. Hydroxylation of CO,-
based species is a significant source of hydroxyl con-
sumption when pH is adjusted to 8.5 in UCMD treatment
systems. Hydrated lime consumption from hydroxylation
of aqueous species can be computed by using aqueous
speciation modeling to predict changes in species concen-
trations as pH is increased by hydrated lime addition.

CaCOj3; Formation

Two mechanisms cause calcite (CaCQOs) formation in
Ca(OH), treatment systems. Both mechanisms increase the
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hydrated lime requirement by consuming OH™ to precipi-
tate CaCO;3. In the first mechanism, termed “dissolve-
precipitate”, hydrated lime dissolves into mine drainage
and increases [Ca2+] and [OH ] until the solution becomes
supersaturated and induces CaCQOj3 precipitation. Elevated
aqueous CO, species concentrations in UCMD can cause
CaCQOj; precipitation to occur at a treatment pH as low as 7.
Equation (9) shows that CaCO; precipitation will buffer
against pH increase.

Ca’" + OH™ + COyyq) = CaCOs() + H' 9)

The other mechanism, termed recarbonation, occurs
when hydrated lime slurry particulates adsorb COy(,q) to
create a CaCOs shell around hydrate particulates before
they can completely dissolve (Wiersma and Nekami 1986).

Ca(OH)y,) + COs(yq) = CaCOs(y) + Hy0 (10)

Sampling Methods
Aqueous and Solids Sampling

The sampling techniques used at the study sites included
collection of aqueous and solid materials. Field alkalinity
was determined on filtered (0.45 pm) samples using a Hach
digital titration kit. Field pH and temperature were mea-
sured using a calibrated Hanna HI98107 meter.

Raw influent, final effluent, and samples from each
major process unit were obtained at all of the treatment
sites for laboratory analysis. Less complex treatment sys-
tems at the Russellton and Banning sites required only
three sampling stations, an influent sample, a sample at the
mixing tank outfall, and the final effluent after clarification.
The Renton site required one additional sampling station,
as this facility employed a decarbonation process before
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lime treatment. The Mine 31 facility uses a sludge recir-
culation process; therefore, additional sample locations
were needed to evaluate the impact of recirculating sludge
in the treatment process. The most complex of the study
sites was the Lancashire 15 facility, which uses a dense
sludge recirculation process, a pre-aeration process, and a
separate source water for lime slurry makeup; it required
six sampling stations in order to characterize the treatment
process.

Unfiltered and filtered water samples were collected and
preserved on ice with metals samples acidified and shipped
by overnight courier for analysis by the Pennsylvania
Department of Environmental Protection, Bureau of Lab-
oratories. Total inorganic carbon (TIC) samples were col-
lected by completely submerging and filling 40 mL glass
bottles containing a septa. The samples were placed on ice
and analyzed within 24 h. Laboratory aqueous chemistry
was determined using inductively coupled plasma mass
spectrometry, and ion chromatography. Analysis included
pH, specific conductance, TDS, suspended solids, alkalin-
ity, hot acidity, TIC, and total and dissolved determinations
of all major cations and anions. Cations analyzed included
aluminum, calcium, iron, potassium, magnesium, manga-
nese, sodium, silica, and zinc. Anions included sulfate,
chloride, and bicarbonate. These parameters permitted QA/
QC checks of each sample by means of cation anion bal-
ance. Field and laboratory data are presented in Table 4.

Solid samples of the dry treatment reagent, the produced
hydrate slurries, and the resulting fresh treatment sludge
were collected at each facility. Sludge samples were
obtained and dried by a moisture balance instrument at no
more than 125 °C. This drying temperature and short
duration of drying (<1 h) ensures preservation of calcium
hydroxide, carbonate, and oxide species. Immediately after
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Table 4 Computed Ca(OH), Lancashire ~ Renton Russellton ~ Banning Mine 31
consumption
Hydroxylation 46 (353 %) 126 (11.8 %) 84 (54.9 %) 81 (32.4 %) 90 (25.8 %)
Fe(Il) removal 46 (35.4 %) 646 (60.6 %) 21 (13.7 %) 24 (9.8 %) 159 (45.6 %)
Calcite formation 38 (29.2 %) 294 (27.6 %) 48 (31.4 %) 144 (57.8 %) 100 (28.6 %)
All values expressed as mg/L as 1151 computed consumption 1,066 153 249 349

Ca(OH)2

drying, the sample was placed in air-evacuated containers
and analyzed within 24 h of collection by the Carmeuse
Lime and Stone Technology Center laboratory facilities in
Pittsburgh, Pennsylvania. Additional sludge samples were
collected by the same methodology and transported to the
Pennsylvania Geological Survey’s Lab in Harrisburg for
X-ray diffraction analysis using a PANalytical Empyrean
x-ray diffractometer. Interpretation was carried out using a
PANalytical HighScare Plus solftware using the PDF-4
database published by the International Centre for Dif-
fraction Data. The Carmeuse lab facility also performed
elemental analysis by X-ray fluorescence (XRF), induc-
tively coupled plasma (ICP) and thermogravimetric ana-
lysis (TGA) of the dry reagents, sludges, and liquors.

Hydrate Consumption Analysis

Dosing Measurements and Quantifying Ca(OH),-
Consuming Reactions

Dosing rates were measured by quantifying the mass increase
in total [Ca] between the influent and effluent of the reactor
tanks. Computed dosing rates were adjusted to reflect the
purity of Ca(OH), measured at site. Measured dosing rates
agreed with plant records for all sites. At Lancashire, the dose
rate was measured from plant usage records.

Ca(OH), dosing (mg/L)
= (CCa mix effluent —CCa mix inﬂuenl) X 185/% Ca(OH)z purity
(11)

The amount of Ca(OH), consumed by Fe(Il) removal,
hydroxylation reactions, and CaCO; formation was quan-
tified at each site. Hydrate consumption due to Fe(II) pre-
cipitation was computed by measuring the reduction in
dissolved Fe(Il) that occurred in each of the reactor tanks.
Both of the Fe(II) removal mechanism consume identical
equivalents of hydroxyl [Egs. (3, 4)]. Hydrate consumption
due to dissolved Fe(Il) precipitation was computed in mg/L:

Ca(OH), consumption
= (CFeinitial_CFereactorefﬂuent) X 133/% Ca(OH)Z purity
(12)
Aqueous speciation modeling was used to compute

hydrate consumption due to hydroxylation reactions.
Geochemist Workbench (Bethke 2008; Bethke and Yeakel

2012) software was used to speciate both the untreated
CMD entering the reactor tank and the treated water
leaving the reactor tank. Changes in concentrations of
aqueous species undergoing hydroxylation between the two
sampling points were noted and the equivalent amount of
Ca(OH), addition required to provide the OH™ for
hydroxylation was calculated. For example, speciation
modeling shows hydrate addition in the reactor tank causes
a decrease of H,CO5 and an increase in HCO;~ and CO5>~
concentrations as the water equilibrates to the greater pH.
Concentrations of complexes, like CaCOj3(,q), also increase.
The Ca(OH), dose required for the increase in species like
HCO3™ and CaCOj3(,q) can be computed from the following
relationship:

H,CO; + 0.5 Ca(OH), = 0.5Ca®* + HCO7 + H,0  (13)
COz(aq) + Ca(OH), = CaCO3<aq) + H,0 (14)

The total Ca(OH), consumption due to hydroxylation
was computed by tracking changes in modeled concentra-
tions for the 19 species prone to hydroxylation reactions.

Hydrate consumption due to calcite formation was
determined by identifying differences in total and dissolved
TIC concentrations between the reactor tank influent and
effluent. TIC was determined by both collecting total and
dissolved samples and by computing from field-measuring
pH, temperature, and total and dissolved alkalinity. The
differences between total and dissolved TIC in the reactor
effluent were interpreted as calcite formation that occurred
in the reactor tank.

Validation of Consumption Analysis Using Alkalinity
Accounting

The hydrated lime dose was measured by conducting a
mass balance analysis of [Ca] between the influent and
effluent of the reactor tank. Identifying the geochemical
pathway of the hydrated lime consumption was indirectly
determined by tracking the changes in hydroxyl-consuming
species, speciation modeling, and water samples between
the influent and effluent of the reactor tank. System
understanding was validated by performing a mass balance
accounting of the alkalinity inputs and consumption within
the reactor tank. The alkalinity inputs consist of the influent
alkalinity of the untreated CMD and that from hydrate
dosing. Alkalinity consumption is caused by the hydroxyl-
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consuming reactions noted above. Subtracting the alkalin-
ity consumption from the alkalinity inputs was used to
predict the effluent alkalinity concentration from the
reactor tank. Agreement between computed and measured
effluent alkalinities validates an understanding of the con-
sumptive processes.

AlkahnltyEfﬂuem Computed

= (Alklnﬂuent + Alkfrom Ca(OH), dosing) _AlkConsumplion
(15)

Additional Evaluation Metrics

In the USA, industrial discharges are regulated by the
National Pollutant Discharge Elimination System (NPDES).
Efficient treatment is achieved when chemical consumption
solely targets NPDES effluent criteria and avoids nuisance
consumption reactions and additional sludge production. A
metric, termed NPDES Treatment Efficiency, was computed
to compare Ca(OH), use among the treatment plants and
against other treatment chemicals. The metric was computed
by comparing Ca(OH), consumption due to Fe(II) removal
[Eq. (13)] with total measured consumption:

NPDES Treatment Efficiency (% )
= Ca(OH)Z Fe(II) Removal Consumption /Ca(OH)Z measured dosing

(16)

The performance of the decarbonation step used at
Lancashire and Renton was evaluated by calculating the
rate of COy,q) mass transfer from the liquid to gas phase
(Stumm and Morgan 1995):

AC()2(aq) /time = _KLCOZ,a (COZ(aq)atm - COZ(aq)raW)
(17)

K; and a were combined to compute a bulk mass transfer
coefficient (Kpco,,.) for the surface aerator/tank system.
Values for Ky co, . were calculated by measuring field pH
and temperature and collecting TIC and aqueous chemistry
samples at the influent and effluent of the decarbonation
tank. Geochemist Workbench (Bethke and Yeakel 2012)
was used to speciate the samples to quantify the decrease in
COyaq) concentrations across the tank. Values for
COj(agyam Were modeled by equilibrating the raw water
with a partial pressure of CO, of 107> atm to simulate
ambient atmosphere conditions. A differentiated form of
Eq. (17) was used to model the decarbonation systems as
continuous stirred reactors.

Results and Discussion

All untreated water was undersaturated with respect to
calcite  (SI.gcie <0) (Table 3) and evolved to
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supersaturated conditions after Ca(OH), dosing. Field
application of HNOj to fresh precipitate affirmed carbonate
formation at all sites. Furthermore, calcite was the only
mineral identified by XRD analysis of fresh precipitate at
all sites.

The computed Ca(OH), consumption due to the differ-
ent reactions is shown in Table 4 and the corresponding
daily chemical cost is shown in Table 5. Table 4 shows
that treatment of the Renton drainage required the highest
Ca(OH), dose (1,066 mg/L) but the drainage also con-
tained the highest initial concentrations of Fe(II) and TIC.
Interestingly, Lancashire had the lowest treatment dose
(131 mg/L) but contained third highest concentration of
Fe(I) and the lowest concentration of TIC, which illus-
trates the control that TIC has on Ca(OH), consumption.
TIC concentrations control calcite formation and also
directly influence hydroxylation of carbonate species, so it
is not surprising that 420 mg/L of Renton’s Ca(OH), dose
was consumed by hydroxylation and calcite reactions,
compared to 84 mg/L at Lancashire. Over 90 % of the
Ca(OH), dose at Banning was consumed by hydroxylation
and calcite formation reactions. In terms of cost, every site
but Renton spent more money on calcite formation and
hydroxylation reactions than on the target parameter,
Fe(IT). These results show the importance of developing a
treatment strategy that minimizes calcite formation and
hydroxylation when treating UCMD.

Table 6 provides the results of the alkalinity accounting
method that was used to validate the consumption analysis.
Table 6 shows that the calculated effluent alkalinity
[Eq. (16)] was over-predicted for all sites but Mine 31. The
good agreement between calculated and measured alka-
linity provides confidence in identifying and modeling the
Ca(OH),-consuming reactions for Lancashire, Russellton,
and Banning. Mine 31 had poor agreement with a predicted
effluent alkalinity of —18 mg/L, as Ca(OH),. There are two
plausible causes that can explain the discrepancy, with the
first being errors in field or laboratory measurements.
Another plausible explanation is to assume the predicted
alkalinity of —18 mg/L is correct. This would indicate the
existence of an additional alkaline source that was not
considered in the alkalinity accounting validation. The
additional source could be the calcite contained in the re-
circulated sludge that is part of the high-density sludge
process employed at Mine 31. XRD analysis of the sludge
confirmed the presence of calcite and mass balance cal-
culations for Mine 31 predict that 1,432 mg/L of calcite
was being recirculated, within the sludge, and remixed with
the untreated water in the reactor tank. If calcite dissolution
is contributing to treatment, then sludge recirculation
reduced Ca(OH), dosing by 1.08 metric t/day at the Mine
31 site and constitutes 20 % of the alkalinity requirement.
Table 5 does not suggest that dissolution of recirculated
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Table 5 Daily Ca(OH); cost Lancashire Renton Russellton Banning Mine 31
Hydroxylation $182 $194 $80 $190 $296
Fe(II) removal $183 $994 $20 $61 $522

2,014 daily costs assumes dry Calcite formation $150 $453 $46 $340 $330

Ca(OH); unit price of $160/t Daily Ca(OH), cost $515 $1,641 $146 $591 $1,148

delivered

Table 6 Validation of Lancashire Renton Russellton Banning Mine 31

computed Ca(OH),

consumption through alkalinity  Influent alkalinity 47 252 299 292 56

accounting Measured Ca(OH), dosing 144 928 172 187 275
Total alkalinity inputs 190 1,180 471 479 331
Computed Ca(OH), consumption 130 1,066 153 249 349
Calculated effluent alkalinity 60 113 318 230 —18
Measured effluent alkalinity 55 89 303 229 47

All values expressed as mg/L as % difference _9 _27 _5 030 137

Ca(OH),

calcite occurred at the Lancashire site since the alkalinity
discrepancy is only 5 mg/L. It is hypothesized that sludge
recirculation to lessen consumption would be more bene-
ficial for low pH CMD.

Table 6 shows the measured Ca(OH), dose for Renton
and Mine 31 was less than the computed Ca(OH), con-
sumption. From this standpoint, these treatment systems
were efficient, in that they used influent alkalinity to lessen
their dosing requirement for treatment.

Table 7 shows the calculated NPDES treatment effi-
ciency [Eq. (16)] for each facility. This metric compares
the theoretical dose required to treat the NPDES target
parameter to the actual dose, which includes consumption
due to nuisance mineral precipitation and treatment inef-
ficiencies. Table 7 shows that 60 % of the dose at Renton
neutralizes Fe(II) acidity compared to only 7 % at Banning.
The high NPDES treatment efficiency at Renton is due to
the high Fe(Il) concentration and the benefit of decarbon-
ation, which lowers nuisance consumption. At Banning,
Ca(OH), consumption due to hydroxylation and calcite
formation was 11 times greater than consumption due to
Fe(II) removal. NPDES treatment efficiencies were similar
for Banning and Russellton even though Russellton dosed
dry hydrate into the CMD and had no mechanical mixing
step for reacting the hydrate with the drainage. The low
NPDES treatment efficiencies in Table 7 for Lancashire,
Russellton, and Banning indicate that alternative treatment
processes could improve efficiency and lower costs.

Benefit of the Decarbonation Step
Lancashire and Renton incorporated a decarbonation step

to exsolve COy,q and reduce chemical consumption.
Decarbonation at Lancashire consisted of a 556.3 kL tank

with a 22.38 kW (30 hp) WesTech Landy 7 surface aer-
ator configured as a continuous stirred reactor. Renton
had a 260.8 kL tank with an 18.65 kW (25 hp) surface
area that was also configured as a continuous stirred
reactor. Influent and effluent data for the decarbonation
tank (Table 3) were collected and showed CO,,q) was
reduced by 52 % at Lancashire and 68 % at Renton. The
daily cost to operate the aerators was 40 US$. Without
the decarbonation step, daily chemical costs would
increase due to additional hydroxyl consumption from
hydroxylation of carbonate species (Egs.5, 6). Geo-
chemical modeling predicted the Ca(OH), dose would
have increased from 131 to 183 mg/L at Lancashire and
from 1,066 to 1,359 mg/L at Renton.

Bulk Gas Transfer Coefficients

Equation 17 was used to compute bulk gas transfer coef-
ficients (Kico,,) for the decarbonation system at Lanca-
shire (5.2 x 107*s™") and Renton (8.23 x 10™*s™").
Since both decarbonation systems were configured as
continuous stirred reactors, decarbonation was evaluated
by simulating effluent COy,q) as a function of tank volume
(Fig. 2). Both sites contained substantial CO5,q) concen-
trations post decarbonation (Table 8). Figure 2 shows that
increasing the decarbonation tank volume from 260 to 412
kL at Renton would decrease the effluent CO5(,q) from 143
to 103 mg/L. This would decrease the Ca(OH), dose at
Renton by 33 mg/L, thus reducing the daily hydrate cost by
50 USS$. The increased capital cost for the additional tank
volume would result in a payback in <4 years from the
Ca(OH), savings. At Lancashire, increasing the tank vol-
ume from 556 to 812 kL would decrease the Ca(OH), dose
by 10 mg/L. Considering the 15,519 L/s flow rate, the dose
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Table 7 NPDES treatment

. . Lancashire Renton Russellton Banning Mine 31 (%)
efficiency computed using (%) (%) (%) (%)
Eq. (16)

NPDES treatment 354 60.6 13.7 7.0 45.6
efficiency

Fig. 2 Comparison of 500
simulated and measured :
decarbonation for Renton and 450 —Lancashire Kla =528-4sec1 |
Lancashire

400 \
350

——Renton Kla = 8.23E-4 sec-1

300 \

A Measured effluent CO2(aq)

250 \

200 \

150 \

100 \

Decarbonation Effluent (mg/L of CO2)

50
0 .
0 200
Table 8 Benefit of decarbonation step
Lancashire Renton
Decarb influent COy(yq) (mg/L) 129.7 448.3
Decarb effluent CO5(,q) (mg/L) 61.6 143.8
Ca(OH), dosing reduction (mg/L) 52 293
2,014 Ca(OH), cost savings ($/day) $207 $451

reduction would decrease the chemical cost by $40/day and
the payback for the increased tank volume would be
7.3 years.

Strategies to Reduce Ca(OH), Consumption

A major focus of this study was to identify treatment
processes that would lower Ca(OH), consumption while
preserving NPDES compliance. The results show hydrox-
ylation and calcite formation consume significant amounts
of Ca(OH),. These processes can be minimized by
improving decarbonation and reducing treatment pH. Other
strategies to reduce Ca(OH), consumption include proper
selection of calcium reagents and proper slurrying, slaking,
storing, and mixing practices.

@ Springer

400 600 800 1,000 1,200

Decarbonation Tank Volume (Kiloliters)

Decarbonation

Only two of the five treatment plants used decarbonation,
even though every site contained elevated TIC concentra-
tions. Recognition of the effect that TIC has on Ca(OH),
consumption through hydroxylation reactions and calcite
formation is necessary to understand the benefit of decar-
bonation. The decarbonation analysis for Lancashire and
Renton show the importance of properly selecting the
optimum tank volume when configured as a continuous
stirred reactor. Decarbonation simulations using the cal-
culated Ky co, . showed that both sites would have achieved
a greater financial benefit from increased decarbonation.

Treatment pH

Treatment pH controls the amount of hydroxylation and
calcite formation. Conventional treatment to a pH of 8.5 to
precipitate Fe(OH), produces a supersaturated calcite
condition. Calcite precipitation can occur if the treatment
pH exceeds the pH shown in Table 9.

The low NPDES treatment efficiency calculated for
Lancashire, Banning, and Russellton indicates that the sites
may benefit by lowering treatment pH or using other
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Table 9 Theoretical pH for calcite precipitation

Lancashire Banning Mine Renton Russellton
31
PHearcite siz0 7.7 7 7.1 6.8 7.2

strategies to increase treatment efficiency. One strategy to
decrease hydrate consumption would be to design a treat-
ment system that would use Fe(I) oxidation as the primary
Fe(Il) removal mechanism, as opposed to Fe(OH), pre-
cipitation. Reaction tank size would be based on the time
required to oxidize Fe(Il) at a pH that will prevent or
minimize calcite precipitation. For example, Lancashire
exhibited a treatment pH of 8.5 with a 30 min retention
time in the reaction tank. Homogenous Fe(I) oxidation rate
constants presented by Stumm and Morgan (1995) predict
that Fe(Il) removal would be achieved if the reaction tank
was increased to 60 min of retention time at a treatment pH
of 7.7. Employing this strategy of adding hydrate to
increase the pH to accelerate Fe(Il) oxidation while staying
below calcite saturation could reduce Ca(OH), consump-
tion by 38 mg/L (150 US$/day) at Lancashire (Table 5).

Conclusions

The fate of hydrated lime in mine drainage treatment was
established at five study sites. The results showed that
calcite formation and hydroxylation of CO, species were
responsible for 40-90 % of the hydrated lime dosage. The
decarbonation step used at Lancashire and Renton reduced
the Ca(OH), dosage by 28 and 22 %, respectively, but
appreciable CO,(,q, remained after decarbonation. Model-
ing using the field-measured CO5,q) mass transfer coeffi-
cients showed that Lancashire and Renton would have
benefited from larger decarbonation tanks to further reduce
COy(aq)- The results show decarbonation optimization and
treatment pH control is an important factor when designing
UCMD treatment plants
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