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ABSTRACT

In the generation of power from fossil fuels and biomass, {1y ash (FA) is produced and
represents both an environmental and economic cost with respect to disposal. However, it
also represents a re-use opportunity. Increasing solid waste disposal costs and a focus on
sustainable processing necessitates research in alternative uses for fly ash. In this thesis,
two ash samples, hog-boiler precipitate ash sample (HBP) and mixed ash pond sample
(MAP) from the AV-cell pulp and paper plant were examined for their chemical,
physical, thermal, and mineralogical properties. Other physio-chemical propertics like

density, pH and butfering power were also determined.

Characterization results were used to determine and test alternative uses for FA. Result
shows that the samples are rich source of aluminosilicate, Si0-, CaO, and Al-Ox which
are feedstock for adsorption and zeolite synthesis. The concentration of Si0: to ALO; is
greater than 1.5 therefore indicating good potential for zeolite synthesis. The FAs pH was
between 10.0 and 13.0 with buffering power ranges from 0.5 to 4.9 mmol/pH, as such,
were tested for acid mine drainage (AMD) neutralization. Treated eftluent water final pH
was between 9.0 and 12.2 with contaminant removal efficiency of 85%. Neutralization
residuc was treated hydrothermally and resulted in an increased adsorption properties
zeolite, tested for AMD treatment and yielded above 90% contaminant rc  val
Ticiency. The total chemical species (S10- + Al-OQ; + CaCOy + C ) + Na-O + K-O +
MgO Fe.03) 1s greater than 90 wt.% hence, the FAs were tested for permeable reactive
barriers (PRB) application and its contaminant removal etficiency was also  cater th

90% with final treated effluent water pH ranges between 8.4 and 12.2.

Overall, AMD treatment with FA provides a low cost, cnvironmentally safe and

beneticial use of what would be considered a waste.
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CHAPTER ONE

Introduction

1.1 Background

Fly ash (FA) is the by-product gencrated from combustion of fossil fuels, forest residucs,
sawmill residuces, wood and biomass. Fly and boiler ash is a more :neral name given to
many types of ash produced by the burning of various carbon materials. The common and
more gencral types are; wood ash, coal ash, tire ash and incinerator ash, with cach type

having its specific chemical and physical charactertstics.

In Canada, power generation through thermal combustion of coal alone was cstimated to
be around 19%% with coal power generating plants using roughly 93% of total coal
resources produced in Canada. This result in 5 million tonnes fly ash every year from
coal and less than 32% was recycled while the remainder was land-filled (Muluken et al.,
2009). Other industries produce FA such as power, stcam plants, pulp and paper cte...,
take for instance, 16.1 million tonnes of boiler ash were generated in 1996 in Europe by

the utility industry.

The disposal practice is commonly land filling however, the resultit  leachate is possibly
toxic and may infiltrate into surrounding ground water or surface water. Furthermore,
available land mass for landfills is decreasing. As such, identifying and developing
applications for FA 1s critical. The increasing world population results in an increasing

and higher demand for electricity (Feuerbomn, 2005). Meanwhile, clectricity and power



generation plants has discovered most interest in coal combustion and biomass. which
also suggested a likely continuity in an increasing FA generation. Throughout the world.

f1v ash and boiler ash are mostly disposed of in landfills.

s
) N s N
]
Pile  Stack " remo SCR Bo-==- Oylygrizer Coal Pump Condenser Ceoling water
Hopper from |ake

Figure 1.1: Utility Plant (Ontario Power Generation Inc.) generating Boiler and Fly Ash.
(Modified from Association of Canadian Industries Recyeling Coal Ash CIRC A, 2010)

The management of acid mine drainage (AMD) is one possible use for FAL AMD s
acidic waste water formed from oxidation of sulphide compounds in mine waste water
and drainage. The effect is the generation of sulphuric acid with resulting low pll. = ¢
low pH is toxic to water borne organisms and also results in the bioavailability of heavy

metals (Kumar ct al.. 2008, Somerscet et al., 2005, Misra ¢t al.. 1996.).
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In recent years, researchers have proposed various ways of AMD abatement and
mitigation. Neutralization using chemical precipitation (using lime/limestone) and
agglomeration ts the most common method (Bably and Roberts, 2010). The averi  : cost
of limestone use at a mine site per annum is approximately $225,000 (Hewitt, 2006), and
that of hydrated lime is approximately $371,888 (Hewitt, 2006), therefore using tl e

chemicals to manage AMD can be costly.

Application of FA to replace lime and other chemicals in the management of AMD and
rcactive mine tailings has been suggested by Kumar et al., (2008), Somerset et al.. (2005)
and Misra et al., (1996). The potential of FA to ncutralize AMD is based on the presence
of alkaline minerals/chemicals in significant quantity such as CaO, Mg0O, K0, CaCOas,
Ca(OH)s, etc... (Somerset et al., 2005). Precipitation of metal hydroxides occurs at certain

pH ranges therefore controlling AMD pH enhances metal removal (Aube, 2004).

1.2 Research Objective and Scope

Coal and wood fired utility generation companics/stations require FA management
control costs. FAs contain large amount of heavy metals that may leach into the ground
water in amounts exceeding provincial and/or federal regulatory levels for safety. thereby
posing an environmental risk. Recycling FA and botler ash through its usage for various
application purposes would significantly reduce its environmental impact and cost of

disposal.



The objectives of this research are to investigate and determine the feasibility and options

for fly and boiler ash, including:

e Characterization of FA samples collected from AV-Cell Pulp and Paper Industry
(Atholville, New Brunswick) in terms of chemical composition, mineralogical
composition, elemental composition, amorphous and crystallinity, thermal propertics,
surface arca and textural propertics, morphology, physcio-chemical and o cr
physical properties.

e Application of FA as low cost lime replacement in AMD treatment.

e Application of FA as permeable reactive barrier membrane (PRB) in AMD treatment.

e Investigate the conversion of “spent™™ FA during AMD neutralization to zeolite for

adsorption applications.

1.3 Thesis Organization

The thesis is organized into several chapters. This chapter, one, includes bricet
background description, which introduces the basic content and subject matter of the
rescarch work, the scope and objectives of the rescarch. Chapter two reviews the
literature. Chapter three describe the experimental work including characterization of raw
fly ash (chemical, thermal, mineralogical, morphology, surface arca, crystallinity,
physcio-chemical, and other physical characterization), FA: AMD neutralization, Zeolite

Synthesis, AMD generation through weathering test and Permeable Reactive Membrane



experiments (PRB) experiments. The results and analyses are presented in chapter four.

Chapter five comprises brief of the summary of conclusions and recommendation.



CHAPTER TWO

Literature Review

2.1 Fly Ash Review

Increasing demands in energy require better encergy management in thermal power plants.
utihity and stcam plants. Low cost fuel sources such as coal and lignite. heavy oils.
forestry residuce (fossil fuels. tree barks. saw dust. wood chips). and other plant biomass
are burned m furnaces to produce heat to drive steam turbines. Combustion by-products
includes sohd residues. which become entrained i the exhaust gases: removed i the
post—combustion. are referred to as {1y ash (FA). The heavy fraction that are notent ned
are collected in a hopper containing water located at the bottom of the furnace and s
mostly referred 10 as the Botler ash. The boiler ash is disposed in a pond using high-
pressure water jet. The World Energy Council predicts an increasing rate in energy

demand of 1.6% from 2004 10 2030 (Gonzalez et al.. 2009).

FIZUIC S.10 1TYPICAL COMDUNION Procesy prant ior codan anua nitumnuus mEeridin jor powerns.

(Modified from Stantec 2010)
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Figure 2.2: Typical flow process for Dry-Bottom Utility Boiler and Production of Coal Ash.
(Modified from Sinclair Rob, 2006).

The largest demand growth is in fossil fucls and its allies (coal. bion s, lignite. wood
cle...). from about 2772 Mt in 2004 to a projected 4441 Mt in 2030 (Gonza ¢t al..

2009). Theretore. 11y and boiler ash will be a major challenge with respect 1o dispos:

2.1.1 Types and Sources of fly Ash

Gene  ly. Boiler Fly Ash is the genceric name given to many types of ashes produced by
combustion (burning) of various carbonaccous material. Any carbon based fucl or waste
material produces ash and the source determines the quantity and quality ot the ash
produced. The following are the most common ash types reported dependi on the

material used for combustion.

1. Wood Ash — Generated from wood and woodchips. barks. sawdust and other

forest residues are used as heating source for steam turbine. Duce to its availabihty.

7



low cost and convenience, wood chips and waste pulp liquors, which are
produced in chemical pulping processes, are often mixed with fuels and
historically preferred for the power boilers (McCubbin, 1983). In addition. wood
refuse (wood waste and bark) or hog fucl are common fuels for boilers
(McCubbin, 1983).

2. Coal Ash — Coal powered electrical generating plants utilize pulverised coal and
produce coal fly ash as a waste product. Coal fly ash includes organic and
inorganic matter released duning coal combustion process which solidifies while
suspended in exhaust gases and collected through clectrostatic precipitators
(Wang et al., 2006).

3. Tire Ash — An alternate disposal method for used tires is to grind and bur  for
fucl. Combustion or pyrolysis of waste tires results in tire ash residue the
chemical nature of tires gives rise to toxic and metal rich ash residue generated
from tires.

4. Incinerator Ash — This is produced from buming garbage and municipal solid

wastes (MSW). It is an altemate to solid waste disposal method.

2.2 Characteristics of FA

2.2.1 Morphology

The common nature of FA particles produced from utility and power plants consists
amorphous particles ranging from 0.01 — 100 pm diameter (glass-like and/or crystalline).

Spherical-shaped particles are the major constituent of FA and may be cither hollow









2.2.3 Other Physical Characteristics

Generally fly ash is characterized by its light weight, small spherical particles and are
arcyish to dark grey in colour. FA particles are very fine with density range of 1 —
2.89 g/cm", specific surtace arca of 4000 — 10,000 cm’/g, particle diameter of 1 — 150 pm
refractory and pozzolanic characteristics  (Behera, 2010). Carctte and Malhotra (1986)
characterized Canadian FA for their relative performances in concrete application and
reported that the physical characteristics of FAs widely varied. Specific gravity for
instance ranged from 1.90 for subbituminous ash to 2.96 for iron- rich ash (Carette and
Malhotra, 1986). Furthermore, reported FA ranging in surface area from 1300 cm:/’g for
bituminous ash to greater than 5810 cm:/g tor lignite ash (Carette and Malhotra, 1986).
Although these propertics also depend on the combustion conditions and nature of the
combustion matenials (Behera, 2010), FAs were also characterized by diclectric property
with constant of 10%, therefore can also be applied in clectronic arcas of application

(Bchera, 2010).

2.2.4 Classification

ASTM C618 classifies FAs into class C and class F based on the amount of lime present.
Class C FAs arc those with CaO content greater than 10% while class F FAs are ose
with content of CaO less than 10% (ASTM Co618, Behera, 2010, Ram and Masto, 2010,
Roberts ct al., 2010, and Muluken ¢t al., 2009). The minimum overall content of Si10-,
ALO; and Fe:03 1s 50% for class C and typically contains a higher lime content greater

than 20% (CaO > 20%) while the minimum overall content of Si0-, Al-O; and Fe-O; is
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70% for class F with content of lime (CaQ) less than 10% (CaO < 10%) (Zhou and

Haynes, 2010).

Table 2.3: Typical Classess of Fly Ash with Compositional ranges

(Modified from Behera, 2010)

Class F Class C
Compound Low-Fe High-Fe Low-Ca High-Ca
Si10, 46-57 42-54 46-59 25-42
ALO; 18-29 16 <24 1422 15-21
Fe.04 6.0-16 16-24 5.0-13 _5.0-10
CaO 1.8-5.5 1.3-3.8 8.0-16 17-32
MgO 0.7-2.1 0.3-1.2 3.2-49 4.0-12.5
K.O 1.9-2.8 2.1-2.7 0.6-1.1 0.3-1.0
Na,O 0.2-1.1 0.2-0.9 1.3-4.2 0.8-0.0
SO3 0.4-2.9 0.5-1.8 0.4-2.5 _regq
T10, 1.0-2.0 1.0-1.5 <1 <1
LOI 0.6-4.8 1.2-5.¢ 0.1-2.3 0.1-1.0

2.2.5 Mineralogical Composition of FA

The phase and mineral composition of FA comprises of organic, inorganic and fluid
constituents with crystalline, liquid, gas and gas — liquid inclusions. Among the mineral
phases of FA are the ferro-alluminosilicate glassy materials with variable amount of
unburned/free carbon content incorporated with quartz, mullite, magnetite, and hematite
as the major mineral phases (Ram and Masto, 2010). FA mainly contains amorphous
ferro-alluminosilicate glass (66 — 95%) derived from silicate transformation during
combustion and other mineral phases include quartz (Si0O.), mullite (3A10:-2 Si05,),

anorthrite ( CaQ . AlO; . 2Si0»), gehlenite (Ca»Al-SiO5), hamatite (Fe.0s), magnetite
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(Fex04), and calcite (CaCOz), depending on the mincralogical nature of the feed materials
(Zhou and Haynes, 2010). Wigley and Williamson, (2005) analysed the minerals
transformed on fly ash during combustion and categorized as; (1) Clay minerals;
kaolinite (Al:S1-O:(OH)y), Hlinite (KALSIOW(OH)>), and montmoritlonite (like hinite
but with replaceable Ca and Na more abundant than K). (2) Major mineral phase; quartz
(S10-), pyrite (FeS»), carbonates; calcite (CaCQOs3), dolomite (CaMg(COs)s). ankerite
(Ca(Mg, Fe, Mn)(COs)»), and siderite (FeCOy) and (3) Minor minceral phases; apatite
(Cas(POy)(OH)). crandallite (CaAL(PONSOL)(OH),), feldspar (composition between

NaAlSi;0y and CaAlSi-Oy), garnet (M Fe):ALS1H:O2) and rutile (T10-).

2.2.6 Pozzolanicity of Fly Ash

The ability of fly ash to exlubit its own sclt-cementing behaviour s referred to as its
pozzolanicity. Portland cement production requires a large amount of enc 7 and raw
materials theretore has taken energy ctficiency alternatives including utihzin  fly ash as
alternative raw material source (Gonzalez et al., 2009). Class F {1y ash is referred to as
pozzolanic and class C fly ash known as cementitous materials. In addition, FA has been
studied as a binder or cement replacement in concerete (Gonzalez et al., 2009). . ..¢ high
lime content of class C FA allows application as both pozzolanic and cementitous agent
whereas class F A lov  lime content restricts it to pozzolanic apphications (Tarun,

1993).



2.3 Fly Ash generation and management in Canada

Power from coal accounts for 17% of Canada’s total electricity demand resulting in a
total coal ash generated in 2004 estimated to be 6.24Mt (Sinclair, 2006). In addition, ash
residues are produced yearly in clectric power plants, stcam botler plants, and the pulp
and paper industry. Its management has been a major problem in Canada and worldwide
due to their characteristics and the large amounts generated every year. It was estimated
that 553,000 tons of ash residues were generated in Canadian pulp and paper in 1995
(Reid, 1998), 775,000 tons in 2002 (Elliott and Mahmood, 2005) and currently, to  of

generated every year in Canada (Muluken et

o

over 5 million tonnes fly ash was reportedly

al., 2009).

The management practice for 84% of Canadian pulp and paper mills in the past was
disposal to landfills. However, the costs associated with tippn fees, the extensive
measurcs required coupled with longer hauling distances have increased substantially in
the last decade. In addition there are concerns associated with lecachii metals and
organic compound and their migration into ground water or ncarby surface water. Current

recycling rates of fly ashes as estimated by Association of Canadian Industries Recyelin

oS

Coal Ash (CIRCA, 2010) was valued at 6% bottom ash as at 2007 and therefore,
predicted ample room for improvement in future time mostly in concrete and construction

arcas of application.






("anada ‘ \ UISA

Figure 2.4 Typical FA recyeling Options in Canada and USA (Modified from Rob, 2006)

2.3.1 Power Generating Plants

Most power plant boilers use coal. forestry residue. and other fossil fuels therefore. FA is

their major by-product. Coal generated FA was estimated to be 349Mt {1y ash worldwide
the year 2000 (War  and THu. 706). In Canada. power generation through thermal

combustion of coal was cstimated to be 19% and resulting in an estimated 5 million

tonnes FFA per vear (Muluken et al.. 2009).

2.3.2 Pulp and Paper Industry

The Pulp and paper industry in Canada generate electric power concurrently with steam
production for process heat or co-generation. Power boilers utilize forest residue and/or
fossil fuels as a heat source. The wood refuse. commonly referred to as hog fuel. consists
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of wood wastes such as; saw dust, sticks, wood chips, cutoffs, overs, bark as well as
wood harvest residues (McCubbin, 1983). Combustion of these materials generates f{ly

and bottom ash as the major by-products.

2.3.3 Environmental Impacts of Disposal

FA contains fine particles that if not managed properly, becon  air pollutant (Envis-
Newsletter, 2006). In addition, poor management of FA leads to environmental problems
which includes loss of usable land, soils and plant contamination, as well as air pollution
(Kumar et al., 2008). Landfill practices are generally considered the most economic ways
of waste disposal, up to 95% of solid wastes generated worlwide are disposed through
this practice (Scott et al., 2005). Landfill is the most common disposal option for FA and
posc risks to ound surface water. Disposal of FA will be a challenge in the future 3

volumes of FA increases and disposal options become more restrictive.

2.3.5 Ash Pond

In the United States, about 52% of the ash 1s conveyed into the disposal pond (RENEL,
1994). To meet the Resources Conservation and Recovery Act (RCRA) Subtitle D
requirements there are two ponds (usually the primary pond and a discharge pond)
(RENEL, 1994), and up to 90 percent of the pond water is usually recycled. Ponds are
lined with liners and groundwater is monitored to determine and mitiy ¢ any leaching

(RENEL, 1994).
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2.3.6 Government and Provincial Regulations on Fly Ash

Fly ash 1s categorized as a biosolids therefore all regulations both federal and provincial,

that governs biosohds applies to FA (Storm and wastewater, 2003).

Table 2.6: Comparison of different biosolids quality categories

(Modified from Storm and Wastewater, 2003)

Category 3

Parameter Category | Category 2
Exceptional Quality
| USEPA (EQ) Clage A Class B
Alherty (No Classification)
briush
Columbia Class A Compost Class A Class B
Ontario (No Classification)
Quebec 1 Pl C2. P2 Py

Pa ogen
Reduction
Requiremente

Less than 1000 MPN
fecal coliforms per gram
of total solids, dry

we  itor T oznsity of
Salmonella less than 3
MPN per grams of total

solids, dry weight

Less than 1000 MP N
fecal cohforms per
gram of total solids,
dry weight or Density
of Salmonella less
than 3 MPN per grams
of total solids, dry
weight

Less than 2
Million MPN
tecal
coliforms per
graim of total
solids, dry
weight
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Outside the application of lime and limestone, chemicals like Na>COs, Ca(OH),, and
NaOH has also been used for AMD neutralization (Somerset ct al., 2005). Application of
FA to replace lime and other chemicals in the management of AMD and reactive mine
tailings 1s an option due to the chemical make-up of FA. FA is composed ol strong
alkaline mincerals and chemicals with pH (~10.0) capable of bringing the pH of AMD to
almost neutral. The potential of FA to neutralize AMD is based on the presence of
alkaline mincrals/chemicals in significant quantity such as CaO, Mg0O, K0, CaCOx,
Ca(OH)-. cte... (Somerset et al., 2005). FA or materials derived from fly ash for AMD
trecatment could reduce (AMD) management cost due to reduced chemical costs and
treatment cfficiency. FA and/or FA based zeolite has been also used for AMD treatment
(Bably and Roberts, 2010; Kumar ct al., 2008; Gitari et al., 2005; Somerset et al., 2005,

and Hellier, 1998).

2.4.2 Generation and Chemistry of Acid Mine Drainage from mine wastes

Chemical weathering of sulphide minerals not only reduces pH but also releases
contaminants from ore and mine wastes into the water bodies where they become mobile
and thus biocavailable (Younger et al., 200 . The fate of AMD depends on tl - type of
mine minerals and the natt  of _ Hlogical surroundings (Paine, 1987). During mining,
sulphide mir  als such as pyrite (FeS,) come in contact with ox:  :n and water thereby
resulting in sulphuric acid generation characterized by high acidity (pH 2-4), high
sulphate concentration (1-20 g/L) and generally with high concentrations of Fe, Mn, Al,
Cu, Zn, Pb and Cd (Kumar ct al, 2008). Pyrte 1s the major contributor to AMD
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formation as 1t is the most common outlined sulphate minerals (Rios et al., 2007 and
Skousen et al., 1997). To demonstrate the formation of AMD, the oxii  10n of Pyrite is

outlined below (Rios ctal., 2007) :

FeS> +3.50-+ H-O > Feo' +2S0,” +2H Q2.1
Fe'' +0-+4H > 4Fe" +2H0 (2.2
. 2+ 12H,0 > dFe(OH)+(s) +4H (2.3)

2

FeSy + [4Fe™ +8H:0 > I5Fe™ #2807+ 16H (2.4
Iron is the dominant metal species in AMD from most Car lian mine sites, with
concentration ranges from 0.5 774 myg/L (Rio, 1997), copper and zine were also
present in significant concentration at most sites and sulphate concentrations reportedly

ranged from 950 — 4516 mg/L (Rio, 1997).

2.5 Fly Ash Utilization Options

2.5.1 Zeolitization/Zeolite Synthesis

¢ htes are hydrated aluminosilicate minerals with a three dimensional open structure
uscful for immobilizing toxic elements (Claudia ¢t al., 2009). FA as a zcolite has been
investigated in contaminated water treatment and acid mine drainage (Bably and Roberts,
2010).

Zeolite synthesis from raw FA is accomplished by alkali fusion and hydrothermal
treatment of raw FA. Zeolite produced from fly ash is crystalline in nature and due to its
high cation exchange capacity; it is very effective in heavy metal removal (Bably and

Roberts, 2010). Bably et al., (2010) investigated FA zeolite and found to be effective at



removing contaminant of concern from AMD.  Other studies showed similar results

including Querol ¢t al., (2002), Gitari ¢t al., (2005), and Solanki ct al., (2010).

2.5.2 Neutralization

In typical AMD ncutralization lime andror quickhme 1s commonly used. These
compounds are naturally occuring constituent of FA. Kumar et al., (2008) reported a high
percentage of major. minor. trace clement and sulphate (SO,7) removal by contacting
AMD with different doses of raw FA. The contaminants were reportedly removed to
minimum bearable (to levels that 1s Iess harmtul) and the solid residues is suitable as a
binder. Rios ct al, (2007) investigated removal of heavy metals from AMD using coal FA
and synthesized FA zeolites as low-cost sorbents for AMD abatement.  Gitart et al.,
(2010) extended these studies to determine the impact of reaction time and species
removal. The effluent water was predicted using geochemical code PHREEQC with
WATEQ4 database. The results established that removal of inorganic species depended
on the pH regime, and also the SO, removal depends on precipitation of gypsum,
barite, celestite and iron-oxyhydroxides at pH greater than 5.5. PHREEQC also predicted

iron, alumin and manganese-bearn - phases precipitation at pH ranges of 5.53 — 9.12.

As part of rescarch contribution to the existing innovations, the current rescarch
investigation  will be extended to studying the generated solid  residues  from
neutralization process (FA:AMD nceutralization) for zeolite synthesis and its subsequent

application in waste water management.



2.5.3 Permeable Reactive Barrier (PRB) Application

Permeable reactive barriers (PRB) are used to treat metals and increase the pH of acidic
wasle water by promoting sulphate reduction and metal sulphide precipitation. Benner ct
al, (1999) investigated the geochemistry of PRB for AMD treatment in a ficld of Nickel
pond. A dramatic improvement in the water quality was reported with subsequent
decrease in contaminants concentrations (SO;Z' was reduced from 3000 to 2000mg/L., l'c
decreased from 1300 to 270 -'L, and alkalinity increased from 800 to 2700mg/L). The
geochemical modelling indicated supersaturation of the barrier itself with precipitation of
Fe, amorphous tron — sulphide, or both. In a study by Komnitsas ct al., (2004), lignite A
was used as a PRB for metal 1ons removal (Fe, Mn, Zn, Ni, Cd, Co, Al and Cu) AMD. It
was reported that almost all inorganic contaminants were removed almost completely

after several days.

The contaminant removal mechanism proposed was hydroxide-oxidations, precipit  on,
and co-precipitations with subsequent adsorption onto the barrier surface. Muluken et al,
(2010} studied the feasibility of using coal FA and FA — bentonite mixtures as a barrier
materials for mine waste. The overall results showed that heavy metals were removed

from the AMD cftluent well below the leachate criteria set by the Ontario Government.



2.5.4 Tailing waste Agglomeration and Backfilling Application

FIZUTE Z./: 1YPICAl 1ANINE AZZIOMEraton (Modlfea 1rom Golaer rasie 1ecnneiogy 1.1'D)
(PASTEC)

Traditionally. coarse fractions of mine tailings are used for backhll excluding the  ne
fractions by a classtfication process. Agglomeration has been one of the most effective
methods of dealing with reactive fine fractions of mine tailings with the use ol binders.
FIv ash 1s now widely used in this apphication arca (fig.2.7. agglomeration and paste). as
binder in replacement of Portland cement to immobilize the reactive components of mine
tailings. The use of this technology provides an attractive reeveling option for minimizit

engineering and environmental constraints commonly associated with fine mine  wastes
disposal. - Misra ¢t al. (1990) investigated the use of FA to agglomerate mine tailings
from two Canadian ficlds (Noranda, Quebee. Canada and Cyprus Thompson € k.,
Clayton. Idaho). It was reported that FA significantly reduced cement requirement
without decrease in strength and immobilization effect. Misra ¢t al., (1996) also used

toxicity characteristics  iching procedure (TCLP) tests on the Noranda mine tailings.









(Karthik, 2009). As such, currently concrete is the largest market for FA, greater  an
309 of total cementing materials require ash content in concrete application, (Karthik,
2009). In block manufacturing, addition of fly ash cnhanced; strength, p o ucity,
in oved fini ing and textures, better mould hife, reduced shrinki @ and increased

durability (Headwaters Resources, 2005).

2.5.6 CO; capture and sequestration

The capture and control of CO:> 1s estimated to be approximately $60 to $500 per tonne of
CO» captured (Phelps ct al., 2004). Phelps ct al., (2004) invest”  ted the utihization of
metal-rich fly ash to sequester CO»> and metals. The process involved microbal
conversion of COs> (biogeochemical carbonation) into spaningly soluble carbonaccous
material (¢.g CaCOr and FeCOs3) using metal-reducing bacterial on metal-rich fly ash and
lime. The precipitation of the resulting mixture showed carbonate formation indicating
CO- capture. Mudult ¢t al.(2009) used gypsum (calcium bearn  material) and sihca-
aluminum rich FA mixtu  for CO, capture. This combination caused mineral
carbonation and was proposcd for long term CO-> storage under ambient atmospheric
condition. Arenillas  al., (20C utilized FA material as a sorl  at tor COs capture. . a¢
absorption capacity of the sorbent was cenhanced by the addition of organic bases

(polycthylenimine with polyethylene).

2.5.7 Effluent gas stream adsorption
Steam hydration (hydrothermal activation) of pozzolanic fly ash produces a calcium-

aluminum silicate-hydrate (Ca~(S19Al:)O0-4.8H-0) and calcium carbonate (CaCO3) which
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can be used in SO- removal (Teong et al., 2003). Previous research has established that
calcium-aluminum  silicate-hydrate converts SO to aluminum  silicate-hyd ¢ and
calcium carbonate to caletum sulphate (CaSOy) (Teong et al., 2003).  Davini, (1996)
investigated utilizing FA — Ca(OH)- to synthesize a SO sorbent and established that the
produced sorbent was pozzolanic in nature with a better reactivity towards SO- than use
of Ca(OH): alone. This behaviour was attributed to improved surface arca of the sorbent

synthesized.

2.5.8 Contaminated site remediation

Sorbent capability of pozzolanic fly ashes with respect to major/heavy metals such as
lead, copper, zinc iron, cadmium cte... and that of cementitious fly ash with respect to
minor and traced metals such as manganese, magnesium, cte... Antonio and Ayuso,
(2008) studied the sorbent ability as applicated to soil remediation. Tests were performed
with 496 of FA sorbents in laboratory column tests. More than © 0% reduction in all metal
contaminants was reported. Matsi and Keramidas, (1999) investigated alkaline fly ash
application for contaminated soil (acid soils) amendment by growing Ryegrass (Lolium
peremne L) on pots containt - fly ash — sand mixtures for 30( ~ s in order to analyse
cttectivity of fly ash to remediate acid soils. A significant increase in dry biomass yeild
of ryegrass was reported with fly ash application and cumulative uptake of boron and

phosphorus increased with fly ash apphcation.






3.2 Characterization of Fly Ash

3.2.1 Chemistry and Elemental analysis of Fly ash

The concentrations of various clements in the ash samples were analyse  using
Inductively Coupled Plasma Mass Spectrometer (ICP-MS, fig.3.2) and Inductively
Coupled Plasma-Optical Emisston Spectroscopy (ICP-OES). The samples were first
digested by mixit  approximately 1.0 g of cach sample with 2 mL nitric acid (8N HNO3)
and 1.0 mL of hydrofluoric acid (HF) in a Tefon bottle. The mixture was covered and
heated to 70°C for 48 hours. The heated sample was rinsed with nitric acid (8N — HINO»)
after 48 hours and dried at 100 °C. Aqua Regia (3:1 conc. HCE HNOR) was added an - the
samples were heated to 70°C for another 48 hours then allowed to evaporate to dryness
after addition of 2mL 8N — HNO;. The samples were then rinsed with nano pure water
and filtered using 0.45um micropore membranes. The filtrate (a clear liquid) was diluted
with 2%HNO: and analysed using ELAN-DRC-II (fig.3.2, ICP-MS) with power of
12kW, pulse stage volt of 1kV and 1.051/min nebulizer gas flow rates. A Perkin I ner
Optima 5300DV dual view (ICP-OES) was used to compare and contirm the ICP-MS

results.












3.2.3 Morphology: Scanning clectron microscope (SEM)

The morphology and micro-structure of the samples were taken using FEI Quanta 400
scanning clectron micro analyzer (SEM-EDX, fig.3.3d) opcerated with the typical
accelerating voltage of 12kV. The same instrument used for MLA processing was
required for this analysis which includes the mineral identification of the samples I ed
on the optical quantitative and estimates based on proportions, sizes and shapes of the

grains in the proxy mounts taken in an automated fashion by the instrument (SEM).

3.2.4 Crystallinity and Mineralogical composition: X-ray diffraction (X\RD)

Mincral phases and crystalline mincerals present in the ash residues were identified using
XRD in a Rigaku Ultma-1V (f1g.3.4). A small amount of sample (about 0.2C ~ was
mounted on the aluminum plate trough and irradiated with a Cu-Ka radiation cnergy
source. The instrument uses an accelerating voltage of 40kV and current of 44mA with
0.03" step. The best peak definition and the lowest background was produced at  rate of
2-theta/min. [ a were digitally recorded and peak matching with JCPDS database (as a

source of reference data) was done using Jade software.






loaded into tared cquipment under programmed steps as described  abo This
experiment was repeated at different resolutions, sensitivities and ramping rates in order
to obtain the best reproducibity. The TGA steps are briefly described as follow:

Heating the sample from 35 °C to 100°C at 20°C /min in N> atmosphere at 7SmL'min s
flow and holding isothermally for I5minutes at 100°C. The process was heated
afterwards to 1000°C at the same condition of heating rate and gas flow in N (inert)
atmosphere. It was then cooled from 1000°C to 100°C with 20°C /min cooling ra under
N- at 75SmL'min gas flow and gas was switched from inert to reactive (N> to air)  cn
heating from 100-1000°C with heating rate of 20°C /min in air at 75SmL/min gas flow.
The inorganic carbon from the ash samples was removed by acid treatment where the
samples” carbonates were converted to CO,. The same TGA procedure as descrtbed
above was followed except that heating to 1000°C under N> atmosphere was climinated
(not required because carbonates/inorganic carbons were removed by acid treatment prior
to TGA). Any decomposition measured with the TGA could then be attributed stncetly to
loss of moisture content, dehydration of hydrated limes under N> atmosphere and organic
carbon oxidation under reactive (0>) atmosphere. Oxidation that occurred between
regions of 550°C to 900°C approximates TOC sinc  the inorganic carbon conten  in form

of carbonates have been removed prior to TGA process.









Total Organic Carbon (TOC) Content

The morganic carbon of the ash samples were removed prior to the above described
process by acid treatment which removes carbonates (COz) from the calcium carbonate
present in the samples. Hence, the carbon content detected by the TCD represents the
TOC content of the sample. The inorganic carbon content of the samples was determined
by carefully weighed approximately 1.0g of cach ash sample into different Teflon bottle
and mixed with 20% nitric acid (20% HNO;: by volume) and stirred for 5 to 10 minutes
unt all bubbling (CO- hiberation) stopped. It was then rinsed with deionised water (nano

pure) and heated to dryness at 105 °C for 48 hours on a hot plate. The same procedure as

described for total carbon ¢ontent then followed.

3.2.8 Surface arca and pore volume determination (Specific surface area
determination (BET) method)

The samples were sent to matenals surface characterization laboratory, at the Chemical
Engincering Department, University of New Brunswick for specific surface arca
determination. Nitrogen isothe 5 were measured at -196 °C (77K) using BEL-sorp
MAX (BEL Japan Inc.). Prior to cach measurement, the samples were de  1ssed o 107
Torr at 120 °C (393K) with sample mass ranges from 0.339 to 1.60g. The specific surface

arca of cach  mple was calculated using BET correlation and Nitrogen adsor  on-

desorption data.
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3.2.9 Buffering power
The sample buffer capacity was determined by titrating the sample with 1 M hydrochloric
acid 1n a 250ml capacity conical Hask against 0.33 gcm““ mass concentration ash sample.

The volume of acid used for cach unit pH change was recorded and used to compute the

buffering power of cach ash sample in millimole per untt pH (mmol/pH).

3.2.10 Porosity and Density

Porosity

For the porosity measurement a 200ml capacity measuring cylinder was used. Distilled
waler at room temperature was poured into the cylinder up to the 200ml mark and then
transferred to a conical flask. The glass cylinder was dried and fly ash sample was filled
into the measur  cylinder (with constant shaking for good compaction) up to t ~ 200ml
mark. Initially measured water from conical tlask was then gently poured into the sample
in the measurit  cylinder until it saturated the ash sample up to 200ml mark. The volume
of water used that saturated the sample up to the 200ml mark represents the pore volume
of the ash ( iented by V). It was determined by taking the volume of water remained
in the flask ( Hresented by Vi) from total volume (represented by Vi —200ml = bulk
volume). Henee porosity of each sample was determined from the re  ionship as given

below;

Porosity (0) = pore Volume = V,/V, (3.1)

Bulk Volume
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Density (True Density)

The densities of the samples were measured in a similar way to porosity measurcment. A
500ml measuring glass cylinder was filled with water up to 200ml mark (represented by
V). Dry ash sample was carcfully weighed using micrometer digital balance and
recorded (My). This known mass of ash sample was then filled into the 200ml of water in
the measuring cylinder thereby displacing some volume of water. The final volume of
walter was noted (represented by V») and the true volume of the sample (represented by
V) was determined taking the initial volume Vy from the final volume Vs (1.e. Vi = Vo —
V) and each samples™ density was determined using the simple correlation:

Density (p) = Mass of sample Ms/ Vg (3.2)

Volume of sample

3.2.11 FA pH measurement

A ben pH/ion meter (Oakton pH 2100 series) was used to determine the pH - ues of
the samples. Nano pure water was used to dilute approximately 4.0g of cach sample in a
conical flask. The mixture was thoroughly mixed and shaken for 30 to 40 minutes in a
VWR OS - 500 series shaker and pH meters® clectrode was dipped into the mixture at the
end of mixing. The digital numeration displayed on the meter v 5 allowed to stable and

the reading was taken for the samples.



3.3 Mine tailings Characterization
Mine tailings samples used in this rescarch studies were collected from Vale Sadbury

mining site in Ontario, Canada.

3.3.1 Chemical and Mineralogical composition: Mincral Liberation Ablation (ML.A)

Approximately 1.0g dry mine tailing was mounted into Epofix-Resin polymer (proxy)
which held and evenly distributed the sample particles on to its surface (Ref. t 3.3b).
The polished san  les were then taken to an FELI Quanta 400 scanning clectron micro
ani zer (SEM-EDX, fig. 3.3d), operated with the typical accelerating voltage of 12kV
cquipped with energy dispersive x-ray (EDX) spectrometer coupled with MLA software.
The MLA provides quantitative estimates of minceral abundances with respect to ea and
size of grains rather than point counting of the grains. The samples chemical composition

was identified by matching optically taken spectrums with data base.

3.3.2 Crystallinity via X-Ray Diffraction

Mineral phases and crystalline minerals of the tailin  residues were identified using XRD
in a Rigaku Ultima-IV(fig.3.5). A small amount of dry powdery tailing (about 0.20g) was
mounted on the aluminem plate trough and irradiated with a Cu-Ka radiation energy
source. The instrument uses an accelerating voltage of 40kV and current of  mA with

0.03° step. The best peak definition and the lowest background v produced at a rate of
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2-thetarmin. Data were digitally recorded and peak matching with JCPDS database (as a

source of reference data) was acquired using Jade software.

3.3.3 Mine Tailings Chemistry via Digestion and ICP-MS

The digestion process required here is different from that of the fly ash. A 0.22¢g (or
slightly above) of dry tailing sample was weighed into an empty clean jar and 2ml of
pure distilled water and 10ml 16Molar concentrated nitric (HNO?) acid were added. A
Iml of bromine was pipetted into the mixture and heated to 100°C for 30 — 35 minutes.
Then Sml of deionized water was added to the heated sample after 40 minutes followed
by the addition of 12Molar concentrated hydrochloric acid (HC1). The sample was then
heated to 120 °C for another 30 minutes after which it was allowed to cool at room
temperature and 50ml of deionized water was added. The samples were filtered using
0.45pm micropore membranes and the filtrate was mixed with 2%HNO; and analysed.
The analysis was performed with an ELAN-DRC-1I (ICP-MS, {  3.2a) with ICP RF-
power of 12kW, pulse stage volt of 1kV and 1.05L/min ncbul gas flow rates. A
Perkin Elmer Optima 5300DV dual view (ICP-OES, fig.3 ) v 5 used to compare and

confirm ICP-MS results.

3.3.4 AMD Generation via Weathering - humidity Test Cell
Mine tailings as collected are used to gencrate AMD using a humidity test cell. The
humidity test cell used was constructed of cylindrical Plexiglas with inside diameter of
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12¢m and 35¢m long. It also consists of chambers that provided for air input and output
openings. Approximately 1.5kg of mine tailings was filled into the cell at 50% degree of
water saturation and was allowed to be seated on a perforated plate sitting at the base of
the Plexiglas-column which was covered with geotextile filter with a grade 4 whatman
filter paper for retention of solid residues while allowing the leachate to drain. Using the
pressure and vacuum pump, dry air fluxes were passed into the column through the top of
the cell for three days [ollowed by switching into wet air (using humidifier) also for  ree
days, all at room temperature. On the seventh day, 750ml deionised water with pH of 7.5
was used to soak the oxidized sample in the humidity cell tor 3 — 4 hours befc it was
drained and collected in a 500ml capacity conical flask through the outlet cham - at the
base of the column. The leachate was filtered through 0.45pum micropore membranes and
was then taken for ICP-MS and ICP-OES to test for trace, minor and major. The
weathering test on the tailings continues every week with 3 days of dry air eycle. 3 days
of humid air cycle and effluent drainage at the 7" day. Leachate collected from humidity
test cell represented the required acid mine drainage (AMD) with pH rar s from 1.8 —

3.46 was cach time taken to ICP-MS and ICP-OES for analysis.
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3.3.6 AMD: FA Neutralization: (Neutralization reaction between FA: AMD)

Neutralization includes a laboratory scaled batch-wise experiment at room temperature
using an open pyrex glass beaker. A SO0mL of AMD was treated with different doses of
each ash samples (ranges from 10g/L to 500g/L) followed by v rous  ixii using
VWR-0S - 500 scries shaker for 4 hours. A pH mcter, OAKTON 2100 series was e
to measure the pH and clectrical conductivity (EC) of the mixture at a regu - time
interval of 30 minutes. After 4 hours of reaction, the mixture was allowed to settle and
then filtered using 0.45pum micropore membranes and the clear filtrate analysed using
ELAN-DRC-II (ICP-MS, fig.3.2a) and Perkin Elmer Optima 5300DV dual view (ICP-

OES).

3.4 Zceolitization

Solid residue recovere  from neutralization was dried in oven at 70°C (f1g.3.8a) d
milled/crushed to a fine powder of even particle to approximately Spum grain s in
rcadiness for the zeolite application. The particles were mixed with NaOH in the ratio of
1: 1.2 (SR: NaOH) and homogenized by inding with an agate mortar and pestle then
fused in an o 1 at 550°C  500°C i 1 — 2 hrs. The fused product was then cooled at
room temperature, grounded into a powder and then mixed thoroughly with distlled
water. The slurry was aged for 9 — 12 hrs at room temperature with constant stirring. The
aged slurry was allowed to nucleate and crystallize at a temperature range ot 30 — 60°C
tor 72 hours (fig.3.8b). The crystals were filtered and washed with de-1onized water until

pH of 10 — 11 was obtained after which it was dried in an economy oven serics model
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its crvstallinity and mineralogy, MLA to determine its chemical composition. SEM
technique for its morphological characteristics and its surface arca determination using
BET technique. some samples were sent to materials surface characterization laboratory.
at the Chemical Engineering department. University of” New Brunswick. Fredericton.

Canada.

Zcolite synthesis steps:

1) Co-disposal solid residue dried in oven at 70 °C (degree Celsius).

NB: (HBP dose of 100g/1. and MAP dose of 250¢/1) was used as the optimum amount

of ash tor zeolite svnthesis.

FIgUre 5.53a: L 0-aisposal sond resiaue ariea i oven at 70 °C

1) Fusion ot dried co-disposed solid residue with sodium hydroxide pellets in an
oven at 550-600 °C for 1-2hrs. (1HBP: NaOIH ratio of 1: 1.2 and MAP : NaOH

ratio of 1 : 1.5 %wt/wi).

i) Milling to fine powder
V) Mixing with de-ionized water at room temperature and aging for 12 hours.
V) Crystallization at 60 — 90 °C for 72 hrs.
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I Igure .30 L rystalnzauon at sU—00 ¥ 1or /72 nrs

i) Filtration and washing at room temperature. then drvoe at 70 = 80 C for 10
hrs
Figure 3.8c: Dried at 70 — 80 °C HBP sample MAP sample

These are the final products (synthesized zeolite) for cach sample which later grounded

into powder form.

Z.eolite Characterization
3.4.1 Chemical composition
The chemical composition of the synthesized zeolite materials v s determined using the

s cinstrument and procedure as deseribed inse 1on 3.2.2.
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3.4.2 Crystallinity and Mineral composition Using X-Ray Diffraction
Mineral phases and crystalline minerals of the synthesized zeolite samples were
identified using XRD in a Rigaku Ultima-1V. The same procedure was also used as the

one described in section 3.2 .4.

3.4.3 Morphology: Scanning electron microscope (SEM)

The morphology and micro-structure of the zeolite samples were analyzed with FEI
Quanta 400 scanning electron micro analyzer (SEM-EDX, fig.3.3d) operated with the
typical accelerating voltage of 12kV. The sample preparation is the same as described in
section 3.2.2 and the mounted samples analyzed using the same instrumental set up as

stated above.

3.4.4 Surface area and Adsorption Isotherms
The Zeolite powder samples were sent to the same laboratory described earlier in section
3.2.8 for the specific surface area determination. The same procedures and instrumentals

were also required as those described in the section stated.

3.4.5 Zeolite —_.AMD neutralization/Adsorptions
Neutralization/adsorption of AMD contaminants includes laboratory scaled batch-wise

experiment conducted at room temperature using an open Pyrex glass beaker. SOmL of
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AMD was reacted with 5g (equivalent to 100g/L) of HBP-Zeolite in one beaker and 10g
(equivalent to 200g/L) of MAP-Zeolite in a separate beaker, followed by vigorous
stirring for 4hours on VWR-OS-500 series shaker. The rest procedure is the same as

described in section 3.3.6.

3.5 Permeate Reactive Barrier (PRB) Application

The setup consists of a laboratory scaled reactive column under continuous flow of the
acid mine drainage water (AMD) through reactive barrier consisted of FA and silica sand
(1:1 FA: Silica sand proportion, Ref. Fig. 3.9a).

Two column used were made up of 6.50cm inner diameter and 28cm long Plexiglas
connected to each other. Each column has two openings (top and bottom) that allowed for
inlet and outlet of liquid. Both ashes are strong alkaline in nature with pH greater than 11
and total percentage by weight of S10> + Al.O; + CaO greater than 60%. MLA and XRD
techniques confirms the presence of cementing agent/material such as hydrated lime,
quicklime, gypsum and clay in both samples therefore they are pozzolanic and possess
cementitous properties. The samples were homogenized with silica sand in ratio 50%
w/w to prevent clogging at some point in the experiment. The silica sand of size ranges of
20-30 mesh (0.60-0.84mm) and density of 1.40g/ml was used and the FA-silica sand
mixture was placed in the middle section of each column in between 3cm pure silica sand
layer at the top and Scm silica sand layer at the bottom (fig.3.9a). Significance of this
arrangement 1s to minimize or eliminate potential clogging and cementation problem

during the later stages of the process.
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CHAPTER FOUR: PRESENTATION AND DISCUSSION OF

RESULTS

I Characteristics of Fly Ash

1.1 Trace, Minor and Major clement

he metals analr  :d are outhined in table 4.1. The most abundant metals | ent in both
samples are silicon (Si), phosphorus (P), potassium (K), sodium (Na), calcium (Ca), iron
(I . manganese (Mn), magnesium (Mg).  uminum (Al) and zinc (Zn). Additionally,
mctals such as copper (Cu), titanium (T1), nickel (N1), vanadium (V) and chromium (Cr)
were present. Metals at trace levels include cobalt (Co), arsenic (As). molybdenum (Mo),
sclenium (Se), cadmium (Cd) as well as silver (Ag). mercury (Hg) was not detectable in
the HBP sample and MAP-3 but trace quantitics were measured in MAP-1 and MAP-2.
Metals such as T1, As, Mo, Se, Pb, Hg, Cd, and Ag not detectable by ICP-OES, the  ore
were analyzed using ICP-MS. Also metals hke Si, P, Na and K were a yzed using
SEM-EDX, this is due to the fact that the calibration reterence used (JCFA-1) for other
metals was not suitable for calibration of these (S1, P, Na and K) metals. There is little

fference in concentrations among the grouped size fractions of the MAP samples
anal' :d except int  case of two metals (Na and K) with higher concentration in the

two largest size fractions, MAP-2 and MAP-3.






1.2 Chemical Composition of Fly ash
Table 4.2 summarizes the major chemical components of the two ashes as quant.._2d by
th¢ MLA. Both samples contain typical components of fly ash such as lime (Ca0), quartz
(S1:0), sodium oxide (Na>O), potassium oxide (K;O), magnesium oxide (MgO), alumina
(AL:O3), 1ron oxide (Fe-0s), manganese oxide (MnQ), phosphorus oxide (P-Os). and
titanium oxide (Ti-O). Quartz (S1-0) 1s the predominant constituent of both samples with
over 35% of total chemical composition. CaO and K.O wc  also present in a
considerable percentage (18-23%) which could account for the samples™ stror — alkalinity
in solution. The Na-O and MgO would also account for the samples alkalinity but are
present in smaller percentage compared to CaO and K-O. Smaller quantities of Py
ALOs, and Fe-O; were also detected with traces of TiO and MnO in both  nples.
Hence, both samples can be classified as class C ash grade in accordance with ASTM
Col8 as CaO is in the range of (17 — 32wt%) and Si-O is in the range of (25 — 42wt%).
Class C FA is self-cementing and does not require alkaline activator in cement

plication makin it an option for concrete and cement applications. 1t is so important
to note that these samples provide a rich source of Si0,, CaO, and ALO; which are
important feedstock for zeolite synthesis. The ratio of Si0» to ALOsis higher than 1.5 in

both ashes which is ideal for zeolite.
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Table 4.2: Major chemical component of the Ash sample

Major
component | HBP MAP-1 | MAP-2 | MAP-3
Si-O 37.05 36.36 36.45 36.97
(0 18.57 20.01 19.19 17.84
¥ 22.13 22.44 22.87 2353
ALO; 4.97 4.71 5.82 0.27
MgO 6.22 5.84 6.37 6.62
P-Os 8.30 7.71 6.64 6.01
Fe.0, .54 1.87 1.64 1.76
Na-O 1.04 0.84 0.92 0.88
MnO 0.01 0.04 0.02 0.02
TiO- 0.17 0.20 0.09 0.09
Lor 4.5¢ 12.47 3.32 2.01

LOuw . Loss on ignition

1.3 Significance of the Chemical Content of Ash
The adsorption and/or neutralization capability of fly ash is mainly attributed to presence
of chemical species such as SiO-, AlO;, Na-CO;, CaCO; and CaO (Somerset ¢t al.,
“104). Neutralization of AMD using FA occurs through dissolution of CaQ, Na.O, K-O
and MgO in the FA to the AMD thereby increasing the pH of the solution. In addition,
contaminants such as metals are adsorbed on to the FA. These chemical species (CaO,
Na-O, K0, SiO-, Al-O;and M ) were equally present in the analy | FAs in quantitics

applicable for AMD treatment and PBR application.

Si0- and Al-O; are key constituents when forming zcolite via the hydrothermal process.
The sodium ions (Keka et al., 2004) form sodium alunmim silicate hyc e

(Na-ALSiO.H-O) di g the hydrothermal process. The ratio SiO»/AlLOs of the sample
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1s crucial to zeolite synthesis and its performance as an adsorbent (Rios et al., 2008 and
Keka et al., 2004), gencrally a tow SiO»/ALO; ratio results in a hydrophilic zeolite, while
zeo te with high Si10-/Al0s ratio (high silica zeolite; S10-/AlOx > 2) will tend to be
hydrophobic and organophillic (Rtos et al., 2008). The analyzed FA  nples contain SiOs
and Al-Oj 1n a suitable ratio for zeolite synthesis (SiO-/ Al.O; = 6.0 to 7.7). since ¢
minimum ratio that would favors the formation of faujasite zeolite 1s S102/AlLO; ratio of

1.5 (Gitari et al., 2005) .

The total concentration of SiO-, Al-O: and Fe-O: and the alkaline content (M COx,
CaCOs;, Ca0, Na-O, K-O and MgO) are also important parameters for usc as a Pl

Hydrated aluminum-silicate mincrals from soluble salts of silicate and aluminates
immobilize the contaminants from AMD or contaminated water (Claudia ct al,  109).
Heavy metals are retained by oxides and oxy-hydroxides of Al Fe, Mn, lime, and ¢ -
minerals (Antomo and Ayuso, 2008). prior to their subsequent oxidation, neutralization
and/or bic gradation. The FA in this study has the total of SiO-, ALO; and Fe2Ox and
the alkaline content (Na-COs, CaCOj;, Ca0, Na-O, K>O and MgO) in the range of 90%

and above therefore confinms its suitability for PRB.

1.4 Morphology
SEM micrographs examination (fig.4.1a - ) show both samples are similar to published
data (Sarkar et al., 2010; Zhou and Haynes, 2010; and Min ct al., 2004) The FAs are

composed mostly of irregular-shaped amorphous particles with few spherical (micro-
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The presence of porous and carbon materials in the samples indicate that the FAs will be

goc candidates for adsorption and PRB (with good porosity and permeability).

4.1.5 Amorphous, Crystalline and Mineralogical composition of Fly ash
The X-ray pattern of the ash is shown in figure 4.2. The quantity of different compou s
id fied by XRD was estimated through the height of the corresponding diffracte  ams
pecaks. The peak intensitics (count values) suggest the presence of some crystalline
mineral phascs which are possibly product of combustion. However, the high bac  ground
intensity in the diffractograms (humps in the region 20 = 10 — 50°) also indi  e¢s a
significant fraction of amorphous (glass-like) phases, carbon, and other non  ass
amorphous minerals. The X-ray diffractograms of the HBP sample shows strong peak
intensity for quartz, lime, potassium phosphate, magnesium — copper oxide minerals, and
gchlenite while  cmatitc and  /psum are also present in much smaller amounts. In
addition to quartz, lime and gypsum the MAP sample also shows strong peaks for caleite
1t lower peak intensities for haematite, arnorthite, and gehlenite. Traces of other
minerals were also recorded with smaller peak intensities as shown in figure 4.2 such as

pyrite, rutile, illite, feldspar, ettringite, albite, anhydrite and clay.

The XRD mineral analysis table (table 4.3) corroborates this result showing quartz, lime,
calcite and alumino-silicate glass as the major mineral phases. It is important to note that

the mineral compounds determined by the XRD analysis are also in good ¢ cement with
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MLA analysis as both techniques indicated quartz. lime. and potassium compounds as the
major mineral phases of the samples. Furthermore. substantial amounts of  glassy
materials were recorded for cach sample and also cach ash contains two or more of the

four major crystalline phases.

400 N ' s r - O

Iy el ge )

Figure 4.2: XRD Micrographs for the samples showing different mineral phases for

all the samples.

Q-Quartz: L-Lime: C-Calcite: P-Pyrite: R-Rutile: I-ite: H-Taematite: G-Gehlenite:
Gyp-Gypsum: Al-Albite: Ah-Anhydrite: E-Ettringite: MgCuO- Magnesium Copper-
Oxide: K-P =Potassium phosphate: B-Beideltlite: A-Arnorthite: A-K-S — Ammonium-
potassium-Sulphate: M-Montmorillonite
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isotherm. It is a form that obtained from unrestricted monolayer-multilayer adsorption
and suggests particulate material with its pores and void communicating with its sur ¢
(Picerre et al., 2004). However, the MAP samples 1, 2, and 3 do not show the same
structure, instead a well defined adsorption-desorption hysteresis (fig.4.3 b, ¢ & d) was
present. The hysteresis represents the points where, at a given relative pressure, the
volume of gas absorbed is not equal to the volume desorbed during the adsorption-
desorption (Prerre et al., 2004) and its mplication is accumulation or build up in the
pores with time. This behaviour is attributed to capillary condensation taking place in the
clongated mesopores (narrow walls) and it occurs when the nitrogen multilayer begins to
behave like normal liquid and fill the voids (pores) of the material (Paya ct al., 2002).
Another characteristic of the samples that may be responsible for the hysterc Is
complex pore networks and interconnectivity of tiny and larger pores. The textural
properties of the samples were computed (as shown in table 4.4). The calculated area for
the samples is between 1.06 x 10" = 4.05 x 10 em”  which falls within published  1ges
for fly ash, meanwhile the specific arca of the samples can be increased reasonably by

stcam or hydrothermal treatment.
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Table 4.5 : Textural properties of ash samples.

Sample S.;er
(cm™/g) Total pore volume, V, from
PD =0.99 (cm'/g)
HBP | 7.41 x 10 0.029
MAP-1 | 4.65x 10° 0.085
MAP-2 | 1.36x 10 0.027
MAP-3 | 1.06 x 10 0.005

The MAP-3 sample is predominantly large and dense non porous particle therefore has an
overall lower pore volume.

4.1.8 Thermal properties of Fly ash

A series of step-wise thermogravimetric analysis under reactive/inert atmospheres was
used to determine the samples™ thermal properties as described in section 3.2.6. The total
loss on igmition (LOI) observed with HBP sample was approximately 5% and MAP
sample with LOI value ranges from  — 129% as shown in table 4.5 and its effect on

adsorption capacity is explained in section 4.1.9.

Loss of moisture occurred between 35-100°C under an inert atmosphere as shown in
figure 4.4a and  -esented by P1 on the temperatu weight loss profile. Dehydration of
hydrated lime started afterwards up to aro 1 40C  50°C. The major decomposition of
the sample was observed at temperature range of 350 °C to 800 °C. This decomposition

yresents dehydration, carbonate decomposition and carbon reactivity (carbon oxidation
duce to reduction of iron under inert condition and carbon oxidation in n tive
atmosphere) (Paya ct al., 2002 and 1998). Holding the system temperature isothermally at
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100 °C for 15 minutes removes all moisture content and reactive oxygen from the
samples as described in section 3.2.6. Heating from 100°C to 1000°C in inert atmosphere

(N2) at 75mL/min and 20°C/min results in the following proposed reactions (Pa et al.,

1998):
XCa(OH): —(heat) — CaO +XI11:0 (400-450°C) (+.1)
NMg(OH):  heat) — MgO + X110 (400-450°C) (4.2)

XCa(S1yAl:)Oxy . 8H-O5— (heat)— XCa(StoA )0~y + 8XH-04 (400-500°C), (4.3)

Equations 4.1 to 4.3 above represent dehydration of hydrated lime.

CaCOy —(heat)  CaO + CO- (700-800°C) +.4
MgCO: heat) — MgO + CO- (700-800°C) (4.5)

Equations 4.4 and 4.5 represents Carbonate decomposition

Fe,0, + C —(heat) — Fe O, +CO (700-1000°C) (4.0)
ALQ, + C —(hcat) ALO,.; +CO ( 700-1000°C). (4.7)
Fe-Ox+ C — (hCill) — FFe-0-+CO (4.8)

Equation 4.8 represents typical carbon oxidation due to reduction of iron under inert

condition

To determine the remaining organic carbon, samples were cooled tre 1000°C to 100°C

with 20°C /min cooling rate under N> at 75mL/min flow rate. The samples were then

heated from 100-1000°C at a heating rate of 20°C /min in air at 75mL/min flow rate. The
naining inorganic carbon is oxidized (a rcaction which is exothermic) in the ash wi

general chemical reaction shown below:
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It is important to note that dehydration and decomposition of other complex hydrated
minerals and some other slag formed during fuel combustion also accompanied the
process but are insignificant and occurs simultancously with other major decomposition

in the temperature range of 380-850°C.

- - “o o Y e nc)

of the ash sample with temperature and temperature derivative curve.

tad n

Abbreviations: P1: Loss of Moisture content at 30-100°C (under N~ atmospherce)

P2: Dehydration of hydrated lime at 400°C (under N, atmosphere)

-
‘v

Carbonate decomposition and reduction ot iron by carbon oxidation at 700-800°C  (under N,
atmosphere)
P4: Oxidation of metals (insignificant amount) into metallic oxides at 330-450 (under pure O atmosphere)

P5: Oxidation of organic carbon into CO» at 450-700 (under pure O atmosphere)
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To verify the inorganic carbon an alternative process was used by acid treatment (as
described in section 3.2.6) prior to TGA analysis. In this procedure decomposition
approximates loss of moisture content. dehyvdration of hydrated limes under inert (N»)
atmosphere and organic carbon oxidation under reactive (O») atmosphere. The estimated
TOC values with this technique were in good agreement with the DT technique (table
4.5). Figure 4.4¢ shows the temperature-weight loss profile for the analysis and tal @ 4.5

compared values of TOC for both TGA and 1:D1 technique.

kigure 4.4b: TGA Thermogravimetric curve showing decomposition (Zowt.change)
of the ash sample with temperature and temperature derivative curve.
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determines mn part the adsorptive capacity of a matenal. The free organic carbon materials
of the FAs are the porous fraction. The total organic carbon content (TOC) in the | \P-1
FA is approximately 3.83%. MAP-1 FA has the highest pereentage of free organic carbon
among all the analyzed FAs and therefore has the largest pore volume (0.085¢m’ id
largest surface arca (4.65 x 107 cm:/g) as shown in table 4.4. The percent free organic
carbon contents recorded by HPB and MAP-2 FAs are almost ¢equal (table 4.4) theretore
the values of surface arca and pore volume recorded by both FAs are also very close
(table 4.5). MAP-3 has the lowest percent of free organic carbon and the lowest pore
volumes and surface arca. The difference between the EDT estimated MAP-3 free
organic carbon and the TGA estimated value could be that the EDT technique is less
accurate for smaller value of t organic carbon. . .ic surface arca of the analyzed FAs
are within the published values in a study by Davim (1996). In Davini's study for SO-
adsorption surface arcas showing good absorption were in the range of 1 x 10" =3 x10°
em™/g while similar work by Teong et al., (2003) varied from 1.89 x 10" — 8.64 x 10

5

cm”

1.10 Other physcio-chemical characteristics
Table 4.6 outlines the pH and buftering capacity of the FAs. The pH values range from
10.54 to 13.08 or strongly basic. The total lime (CaQ) and potassium oxide (K>O) content
is approximately 45wt as shown in the table 4.2 and contributes to the FAs high p
Small percentage of MgO and Na-O might also contribute to the samples alkalinity

making an approximate 50wt% total (CaO, K-O, M D and Na-O) content.
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The HBP sample has a higher buffering capacity at 4.9 mmol/unit-pH than the MAP
sample at 0.5-0.6 mmol/unit-pH. The buftering capacity is defined as the amount of acid
or base required to change the pH of one molar solution by one unit, the higher the
buffering capacity, the better the matenal 1s able to absorb very low or very b 1 pH
solutions without an appreciable change in the pH of the material. Hence, HBP A has a
better neutralization capacity than the MAP FA. The differences in how the HBP  d
MAP arc handled at the pulp and paper plant may explain the large difference in
buffering capacity. The HBP is precipitated from the eftluent ¢ strecam while the MAP
ash sample is flushed with high pressure water stream through the sluiceway: therefore
some of the soluble alkaline content of MAP FA may have been lost into the w.
stream prior to its collection. This could also explain the small gap between the pH values
between the two types. Nevertheless, the pH values of both samples makes them good
alkaline materials for neutralization of an acid, and for pH control of con minants in
sohution.

Tawt~1.7: pH and Buffering power of ash samples

Buffering Power
Sample nH (mamol/pH unity |
HBP 13.08 | 4.90
MAP-1 10.54 0.50
| MADP.D 11.38 N 60
MAP-3 11351 0.50

Table 4.8 below ouuines the density and porosity of the samples. The HPB densities are
low on both a dry and wet basis which portrays its truc nature (light weight ash/fly ash).

Hollow particles such as cenospheres or plerospheres including carbon particulate matters
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might ¢ present in HBP resulting in the low density. The MAP-1 sample was slightly
higher in density. Again, this could be a result of the high carbon as both samples (3P
and MAP-1) had higher carbon percentage (table 4.5). MAP-2 and MAP-3 samples are
denser than the former two samples. There is less porous and carbonaceous matter (e
4.5) in these two samples.

Table 4.8: physical properties of the Ash samp'~<

Density (g/Cm?)
True
Density Dry Density Wet | Density
Comple porosity % | basis (g/cm?) basic ‘/cm?) | (g/lem?)
HBP 75 1.13 0.27 1.41
MAP-1 67 1.28 0.97 2.00
MAP-2 ~7 1.76 1.59 2.04
MAP-3 | 30 2.33 2.10 2.43

4.2 Mine tailings Characterization Results

4.2.1 Chemistry and clemental composition
Table 4.9 summarizes the analysis of the mine tailu 5 collected from a VALE mine site.
Major, trace, and minor metals are present. lron (Fe) and sulphate (SO,) are the dominant

species which is not unexpected as the mines process iron sulphide ores.
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Table 4.9: Mine Tailing Elemental Composition

Mine Tailing
Element (mg/kg)
Fe 514,156
SO, 273,160
Ca 8.584
Ni 1]
Al 2311
Ti 1,834
Mn 711
Cu 082.20
Br ~92.80
Zn 167.92
Co 92.06
. Se 82.29
\% 69.30
Cr 69.19 |
o 17 7]
M 3.4 ]
As 212
Ag 1.56
Cd 0.86
Below detection
Hg limits

2.2 Crystalline, amorphous and Mineralogical properties
The mine tailing is characterized by strong crystalline mineral peaks and very weak
amorphous background peaks. Mincrals detected at high levels included (Appendix A)
pyrrhotite (Fe.\S), pyrite (FeS>), magnetite (Fe;0y). chromium manganese sulphide
((Cry-~Mnpoa)S), titanium sodium hydrogen phosphate hydrate (TiHNa(PO,)».2H-0).
tetrascandium  hexachloride nitride  (ScyCIgN)  and  boron iron  terbium  silicon
(BsFe7SiaTby)yoay  with  small  quantity  of  silicon  alummum  compound
(SryCs11(AL2S13,044)). The high levels of metals and sulphur result in - tailings  Tluent

with a low pH (AMD) which in turn will result in precipitation of metals.
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4.3 AMD Generation and Treatment with FA

4.3.1 Chemistry of Generated AMD Water

As outlined in chapter 30 the tatlings were placed in humidity cells and the leachate
(ANMD) collected for analvsis and treatment. Table 4.9 outlines the chemistry ol the
AND. Figure 6 outlines the pH of the AMD collected over ¢ o weeks which varned
from 1.8 1o 3.5, The pH wend showed in the f 4.6 below indicates that the AMD
mereases i acidity in the first three weeks and strongly acidic AMD  solution was
generated in the fourth week. There was increase in the pH oin the fifth week and stables
at pH of approximately 2.5 afterwards. The metal ions and  cidic nature of AMD
represent  important - environmental  hazards  to - freshwater resources  and  aquatic
ceosystem. Sulphate ions is the major anion in the analvzed ANMD ranged from 8.729

. oL - . . . . .
mg Lo 38202 mg L while Fe™ is the dominant cation with concentrations rar- ng {rom

3300me Lo 18100 me L.
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Figure 4.6: Effluent (AMD) pH profiles
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pH Profiles

The pH trends obsernyved with both FAs during neutralization are similar to those observed
and reported by Gitart et al. (2010). and Kumar ¢t al.. (2008) from similar experiments
(fig.4.7¢). The tvpes and volumes of ash were different but ids were the same as

outlined in figure 4.7 a and b.
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Figurc 4.7a: Change in pH of AMD solution with time for doses of (HBP) Sample

NB: H represents HBP FA samples while Nx) stands for sample dosage in g L ¢
HN20 stands for 20g of HBP FA Liter of AMD
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Figure 4.7h: Change in pH of AMD solution with time for doses of (MAP) Sample
NB: M represents MAP FA sample: while N(x) stands tor sample dosage mg I ¢.¢.
MN20 stands for 2€ of MBP FA Liter of AMD
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Figure 4.7¢: pH as a function of time for various AMD: FA neutralization ratios

(modifed from Kumar et al., 2008)
NB: 100:01: 20:01: T0:01 ¢te... represents various AMD: FA ratios during neutralization,
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4.3.4 Basics of AMD treatment with Fly Ash (FA)

The neutralization of AMD is a function of the insolubility of contaminants under basic
conditions. S¢ ible lime (CaQ) and other soluble metal oxide such as MgO, T .0 and
K-O are present in considerable amounts in the FA (Gitari ct al, 2010, Mulu 1 et al.,
2010, Kumar ¢t al., 2008, Gitari ct al., 2005 and Komnitsas et al, 2004). The dissolution
of these compounds 1s the first step in the neutralization process when FA comes in
contact with AMD (aqucous solution) to form hydrated lime in solution. Dissociation of
alkaline compound in solution yields more hydroxide (OH)  oups that tri s the

solution pH (Aube, 2004), accordnn  to the reactions below:

CaO+H.O - Ca(OH), (4.10)
Ca(OH)- >  Ca’ +2(OHY (4.11)
MgO +H-0 >  MgOH) (4.

Mg(OH)- > Mg® + 2(OHY (4.13)

Dissociation of more (OH)  groups into the solution leads to the hy  xide 1ons
interacting and combining with dissolved cations in solution to produce precip ites

(Aube, 2004), according to equations below:

Fe'" + 2(OHYy > Fe(OH (4.14)
Co™ + 2(OHy Co(OH), (4.15)
AI'" + 3(OH) > Al(OH); (4.16)

By increasing the AMD solution pH to certain set-point, precip:  ion of some metals (in
form of metal hydroxides) occurs, Fe, Zn, and Cu precipitated at typical pH of 9.5 while
other metals such as Ni, Pb, Mn and Cd requires higher pH value (10.5 - 11 ) precipitate

and set :out (Aube, 2004 and Younger ¢t al., 2002).
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The acidity of AMD solution is a result of mineral acidity such as metal sulphide and
hydrogen ions depending on geological formation of the mine site, (Skousen, 1 '7). At
lower solution pH. the more soluble ions of Fe™ and Mn™ ¢ oxidized to 1 r less
soluble form Fe' and Mn'". F¢'" and Mn’" then combine with hydroxyl oups to form
insoluble precipitates (Your _ et al., 2002). As more sulphate 1ons and hydre  :n i1ons
are removed from the solution, the solution pH increases. Other dissolved metals  so
precipitate out of solution by forming insoluble metal hydroxide with the OH groups

N

while sulphate ions combine with cations such as Ca™", Feo', Mg, to form insoluble
metal sulphate and-or with Na© to form soluble Na-SOy as illustrated below:
2H.O + M(SOy) + Ca(OH)» 2>  M(OH). + CaSC 2H-0O; 37

where M represents metals ¢ (Cu, Zn, Fe) (Chalkley et al., 1989).
NaOH is often used preferably over Ca(OH)- in AMD treatment due to the lower volume
of sludge (less precipitation) generated. Hydrated sodium sulphate (Na; SOy 10XH,0)
formed trom NaOH is highly soluble therefore sulphate precipitates are not  acrally
formed (Chalkley et al., 1989). In general, suphate ions might stll be present in NaOH

cated AMD due to soluble Na-SO,4. 10XH-O and Na-SQj;. The Na-O in the FA could
produce NaOH in the AMD and subscquently fi Na-SO;. 10XH-O 1d Na-SQ,. This
would explain part of anomalous behaviour of suphate ion adsorption as discussed in the

section 4.3.5.
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4.3.5 Adsorption and Leaching Characteristics of AMD: FA Neutralization

Fe Removal

More than 70% of Fe was removed with a concentration 10g L of both FAs and all
o ectable amounts were removed with 30, 500 100, 250 and 500g 1. ol HBP. At 30g 1.
MAP FA all detectable Fe was removed. HBP FA concentrations except 10g L. all Fe’
and Fe'" were completely removed from the soluton (final pH of 7.0 — 12.5). This 1s
attributed o a rapid oxidation of Feo' o Fe' and subsequent hydrolysis of Fe'o 1o
insoluble hydroxides (Kumar et al.. 2008). The isoluble amorphous hvdroxides and or

oxy-hyvdroxides are retained on the solid FA residue.
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Figure 4.8: Iron removal profile from AMD solution

The sharp decrease in total iron in the AMD is Tikely duce to oxidation of e to Feo at

lower pH of 4 - 4.5 and subsequent precipitation of insoluble oxyvhydroxide ol iron out of
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the AMD. Studies by Gitari et al. (2010). Kumar ct al. (2008). Gitart ¢t al.(2005) and
Komnitsas ¢t al. (2004). showed similar behaviour. (figure 4.9 below compares data from

Kumar et al.. 2008)
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I 1re 4.9: Fe removal profile from AMD using FA (modified from Kun - et al.. 2008)

Ca, Zn, and Mn Removal

The wreated AMD with the MAP showed inercases in the Ca concentration indic— ing that
Ca was leached from the MAP FA This result fotlowed the trend observed by un et
al.. (2008). In Kumar mvestigation, alkaline reagents leach such celemer |2 Ca. Na,
and K mto solution. In contrast. Ca does not Ieach into the process wa ~as 3P FA
dosage increases for AMD treatment. This behaviour could be as aresult ol interaction of
calcium and sulphate 1ons in solution to precipitate gyvpsum (CaSO,.2H-0) (Kun - et al.

2008).



Zn and Mn also ached into solution from both FAs at the lowest coneentration ¢ FA
(102 1) but reverse this trend at higher concentrations (fig.d.10a and 4.10b). The
neutralization pH profiles (fig.4.7a and b) show that the solution pH for both sample with
10g L. was below 7.0 well below the pH region where Zn and Mn precipitates. but as the
FA doses increases the solution pH also increases to above 7.0 sulting in pr pitation

of these metals (Zn and Mn) onto the solid residue henee. their concentration in solution

decreases.
1800
= 1600
3t
£ 1400
g 1200
£ 1000
£ a-NTADP
~ 800
Jao BP
600
S 300
200
0
0 100 200 300 400 500 600

Ash dosc (g/l)

Figurc 4.10a: Calcium profile from treated AMD solution
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[.eaching of Ca and Mg into the solution was also reported by Kumar et al., (2008) from
FA — AMD ncutralization. According to Kumar et al., (2008), the treatment of AMD with
alkaline reagents leaves Ca and Mg in the final effluent water due to formation of soluble

salts of these metals.

Sulphur Removal

The sulphur removed from the AMD is shown in figure 4.1 1. As the concentration of FA
creast  from 10 to 50 g/L there was approximately 50% drop in sulphate in solution.
Various mechanisms could have responsible for S()f' removal such as dissolution of
CaO from FA and in the presence of acidic AMD Ca” ions released into the solution
precipitated gypsum (CaSO,.2H.0) on interaction with SO,™ causing the initial sharp
decrease (as shown in figure 11 below). Barium (Ba) and Strontium (Sr) salts present in
the FA could also dissolve interacting with SOJ:- resulty also in subscquent
precipitation of barite (BaSQj) and celestite (SrSQOy) or both (Kumar et al, 2008). At pH «
7, oxy-hydroxides of Al such as alunite, basaluminite and jurbanite could have interacted
with SO, I Al-oxy-hydroxysulphates of these compounds resulting also in arp
decrease of SO,™. Furthermore, at pH > 7 iron-oxy-hydroxides precipitates remor SO,
in la : quantities (Gitari et al, 2010), therefc  could have also contnibuted to S()f'
removal.

Further increase in FA dosage from 100 — 200g/L shows an incrcasc in SO,
concentration in the effluent water. Formation of soluble Na-SO4. 10XH-O and M SO, in

solution could be responsible for the increase in solution as discussed carlier in section
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4.2.4. Furthermore. since the volume ol AMD s constant for all the ash doses. it may be
that cations released into the solution (e.g Ca . Ba™ . and Sr) with 30 — S0¢ [ FA
doses. Therefore the increase i the SOL7 1on coneentration m solution while using the

HBP FA may indicate it contains more soluble sulphate salt than NIAP FAL
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Figure 4.11: Sulphur removal profile from AMD solution

Accordit - to Kumar et al.. (2008) several mechanisms could be responsible for sulphate
removal including gypsum (CaSO4.2H-0) . barite (BaSOy). and or celestite (SrSOy)
formation. As the solution pH increases o 3. oxidation of Fe™ 1o e’ with subsequent
precipitation ol amorphous lerric hvdroxide may also absorb SO, At a pH of 3-7 this
absorption reaches a maximum (Kumar ¢t al.. 2008 and Gitari ¢t al.. 2005). Gitar et al

(2010 found that when the FA doses were doubled. the SO4 concen  tion was not

doubled i weated solution therefore s sestin that solubthity control for SOy does
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exists. Removal profiles oberved for the suphate 1ons during neutralization is similar and

took the same trend as that reported by Gitari et al., (2005).

Co and Ni Removal

A sharp decrease in concentration was observed with cobalt and nickel as shown in * ¢
+4.12a and 4.12b below. The concentration of Co was high in solution initially at lower pH
(pH < ., in the 10g/L of HBA FA and was later on removed acec  ngly as the FA dose
increases. MAP FA does not recorded any leachin — of Co into the solution as there was
no any mitial increment in Co concentration with all dose of MAP FA This removal
could be attributed to precipitation of both metals at pH greater than 9.0. At pH of 9.5 or
greater, Ni ! precipitated as Ni(OH), and adsorbed onto precipitated amorphous Al or Fe
oxy-hydroxides while Co precipitate as Co(OH)> and adsorbed onto the FA surface

(Kumar ct al., 2008).
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Almost complete removal of Ni, Co and Mn occured as reported in investigations by
Gitari ct al. (2010 and 2005) and Muluken et al. (2010). Near complete removal of these
metals was ob ved at pH of 7 — 9. The metals are removed through precipiation as
insoluble metal hydroxyde at certain pH ranges (4.5 to 9.5 and above) (Aube, 2004;

Younger ct al., 2002; and Chalkley, 1989).

Neutralization of AMD with raw fly ash on a larger scale should be invest  ed as
efficiencies achieved in the  » may not fully translate to larger scale. However, the lab
scale results indicate the FA is an ctfective treatment system for AMD with remor - of
metals such as Fe, Ni, Co, Mg and Zn at 70°%+. The concentration of SO.{: in the AMD
is relatively unchanged at high FA concentrations for the HBP FA| due  + the re s
outline above. As long as the pH stays above ~6 (Skouscen et al., 1997) the salts will not
disassociate, however below this pH the sulphate could be released into solution resulting
in a drop in pH. This needs to be further investigated to ensure this reaction  es not

reverse thereby releasing sulphate into the environment.

4 FA- Neutrali tion Efficiency

Neutralization  Ticiency estimates the relative effectiveness of the FA in neutralizi
AMD acidity and subscquent contaminant removal from the etfluent water sttt n. The
contaminant removal cfficiency by the FA is thus evaluated as;

J = UC=CC* 100 (4.18)
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where [ represents removal efficieney, Cy represents the initial contaminant concentration
before  neutralization and  C.  represents  final  contaminant  concentration  after
neutralization. Hence, the overall treatment efficiency using raw FA: AMD neutralization

was estimated to be 85%.

4.3.7 Process Water Final pH

The final process water pH for all analyzed FA-AMD neutralizauon was greater than 6.0
exe 10g L MAP FA which is 5.8 (fig.4.7 a-b). The obscerved pH fluctuations in the
first Y0 minutes of contact time could be attributed to chemical interactions but become
stable after 150 minutes. Process water of all FA doses hit the maximum pH in 240
minutes and these values remained stable for several weeks. The FA: AMD ratio
considered as the optimum dosage for this research was 100g/L HBP FA and 250¢/L
MAP FA. The difference in the optimum FA doses between the two samples was

attributed to higher bufferin - power and pH of HBP FA.

4.3.8 Adsorption Mechanism

.2 pH is a very important parameter for this process due to the solubility and mobility
of metals such as ., .1, Co, Pb, AL, and Mn. At high pH levels these metals f
complex amorphous solids (Kuyucak, 20006) that retained on the surtace of adsorbents.
As the solution pH increases, an increase in the metal ions in solution occurs resulting in
the precipitation and/or co-precipitation metal hydroxides, oxides, carbonates, sulphides,

sulphates and phosphates (Zhou and Haynes, 2010). Specific adsorption includes metals
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ions and/or anions ¢xchange on various charged surfaces. The amorphous and ¢ alline
Fe. Al, Mn oxides and the aluminosilicates carrics varying cha  «d surfaces on which
adsorptions occurs (Zhou and Haynes, 2010). The mineralogical and chemical analysis
has shown that the¢ FA particles are composed primarily of amorphous ferro-
aluminosilicate, calcium-aluminostlicates, iron oxides, and aluminum oxides. Also, the
high pH of FA favours specific adsorption and/or surface precipitation of metal cations

and anions to its surface (Zhou and Haynes, 2010).

4.3.9 Optimization and Scale up design

1c optimum contaminant removal was achicved with 100g/L. HBP FA and 250g/L. MAP
FA during the laboratory scaled experiment. After 4 hours 100g/L HBP FA recorded final
pH of 12.2 while 250g/L MAP FA showed final pH of 9.2 and  these pH (pH™9.0 to
12.0) the solubility limit of common metals such as Cu, Zn, Cd, Mn, Pb and | Yois
exceeded therefore are less soluble and hence precipitated. This experiment was carried
out at ambient condition of temperature and pressure. Most AMD treatment plant
requires final effluent pH of circum-neutral (6.8) to 9.0 therefore recycling of lime in the
final process water may be required. Since a stab  effluent pH was achieved at 150
minutes of stirri the :tion/residence time could also be reduced to less than 3 hours
(2hours 30minutes). Mixing/stirring 5| :d has no effect on the final ¢ uent pH and

noval efficiency therefo  a minimum speed of 40rpm is reasonable for this process.
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Figurc 4.13: Optimum FA treated cffluent water pH profile

4.3.10 Scale Up

The scale-up of this process requires additional rescarch. however caleulations to reflect
feasibility are shown below:

Assuming a n° i effluent (AMD) pond 3.816 x 10" day (1.008 x 10°GPD) cftluent
discharge.  An cquinva amount of FA that would be required for the FA AMD
neutralization process is 381.6 tonnes dav of HBP FA and 9534 tonnes day of MAP FAL
This is strictly based on the AMD that has the same level of contamination as those
analyvzed. On average these values represent approximately 0.05% of A that 1s generated
annually in Canada. Furthermore. if the etfluent pH is more than 9.5, excess lime can be

reeveled back to the FA mixing tank therctore the amount of feed FA can be reduced



accordingly by balancing the final effluent pH and quantity of FA introduced from the
feed. Hence, the solid residue generate from FA: AMD ncutralization would be  ycled

for zeolite application as described in section 3.4.

4.3.11 Tailing weathering and natural degradation

Mineral weathertng is usually associated with some naturally occurring degrad  on
(Younger ct al., 2002). Many carbonate and silic ¢ mincrals are weathered by AMD and
in the process the AMD pH is reduce pH and it acts as a buffer. This is a process that
oceurs naturally with subsequent precipitation of amorphous and insoluble ninerals prior
to or during any treatment. Dissolution of minerals such as calcite, anorthite, albite,
aluminosilicate and felsdspar are classic examples of weatherit  that neutralizes or
reduces acidity (Younger et al., )02). Caleite and feldspar dissociate rapidly and
sufficiently cor ol the pH of process water (Younger et al., 200~ . This phenomenon was
observed in our experiments in untreated AMD although it is very slow process. _.reyish
precipitates formed at the base of AMD containers and were analyzed using XRD
techniques. The XRD analysis identified the precipitate as predominantly  psum
(CaS0,.2H-0). Example of such dissociation that occurs durin - mineral weat  ing is
outlined below:

CaCOxs) +H' € Ca™ +HCO™ (4.19)

KAISi;Oy + H +92H-0 > 2H;SiO4ug + 1/2A1S1:05(OH)y ) (4.20)
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4.4 Permeable Reactive Barrier

4.4.1 AMD pH profile

The change in pH with AMD pore volumes flowing through the reactive columns for
both FA samples are represented in the figure 4.14. The pH of the AMD was below 2.0 at
the start of experiment. The effleunt pH gradually increased from 1.8 to 12.5 just after the
first pore volume (approximately 400cm’ AMD) passed through the HBP reactive barrier
column. The process water had a pH of 12.4-12.6 and became constant. Dissolution of
some metal oxides such as MgO, CaO, Na-O and K-O likely contributed to this rapid pH
increase. The increase in the pH may also be due to the oxidation of Fe™' to Fe'',
hydrolysis of AMD-FA constituents such as Fe'', AI'". and subsequent hydrolysis to iron
and/or aluminum hydroxides as described by Kumar et al., (2008). The HBP FA had a
higher buffering capacity than MAP FA. The process water pH of the MAP reactive
column showed similar profile as that of HBP reactive column, however the overall pH
and buffering capacity was lower. Butfering plateaus occurred at pH of 6.0 to 8.4 as
shown in the figure 4.8 and became stable after the sixth pore volumes of AMD. This
indicated that HBP sample has higher neutralization capacity (as discussed in scction
4.1.10) than the MAP . .\ which is in agreement with the characteristics of the FA with

respect to pH and buffering power of the FAs.
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Fig.4.14 : pH profile for both ash samples (PRB Column)

4.4.2 Effect of Chemical Interactions on Flow rate and residence time

The permeable reactive column function is to immobilize metals and increase the pH
promoting sulphate reduction and metal sulphate precipitation. As the AMD  passes
through the reactive barrier. several physical and chemical interactions occur such as
dissolution of soluble salts. hyvdrolysis. oxidation. p ipitation and co-precipitation
may alter the flow through the column. This is hikely the cause of the unstable region

| | . - . .
hetween the 2™ and 7% pore volumes in the pH profile of the effTuent.

The volumetric flow rate of the column system was initially 1.800 ' day for MAP FA

column and 1.440cm day for HBP FA column with average residence t » ol 7.0 )
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and 7.5 hours respectively. After some time during the process, the {low rate and
residence time decreased significantly due to precipitation visualized through the column
wall in the first 0 — 8cm mark of the column. This precipitation occoured in both FA,
MLA analysis of the precipitate FA mixture indicated an increase in Fe and Ca of the
FAs. The XRD analysis confirmed large amounts of gypsum (CaSO,.2H-0), Fe.0. and
FeSO,. Aflter four pore volumes, the flow rate was reduced from 1,8()()cm" to
1200cm*/day for the MAP FA column and from 1.440cm’ to 960cm’/day for HBP FA
column. This is because the pore spaces of the reactive barrier were partially blocked by
(CaS0,.2  0), Fe.0; and FeSO, in both cases thereby reducing the volumetric flow
rates. The chemical reactions desribed below are likely examples of such possible
reactions which ¢
Calcite dissolution has little or no overall cffects on barrier but results in the removal of
lime and calcite from the barrier matnx (Chalkley et al., 1989) :

CaCO;+H' > Ca™ + HCOy (4.21)
Siderite  :CO3) formation results in replacement of chemical specics in barrier material;

CaCO;+ Feo > FeCOy +Ca™ (4.22)

FeCOs+H' >  Fe’' + HCOy (4.23)
Gypsum precipitation has the potential for precipitation and blockage of pore spaces in
barrier;

Ca™ +SO4™ > CaS04.2H-0 (4.24)
Fina 7 iron precipitation drops the pH of the solution due to production of more protons

into the solution by hydrolysis;

97



4Fe™ +Os + 10H-0 > 4Fe(OH): + 8H' (4.25)
(Chalkley ct al., 1989)
The total iron removal from solution results in iron precipitation that causing pore space
blockage in the barrier which was largely responsible for the change in the flow rates and
residence times.
A major pH increase was observed between 1" and 2™ pore volumes in both cases and
th

. . . . . . . i
chemical interaction might be responsible for the pH (lunctuation between the 2™ and 6

pore volumes (fig.4.14).

4..4.3 Chemistry of PRB Process Water Before and After Treatment

Table 4.12 summarizes cffluent contaminant removal through the permeable reactive
barrier application using the two FA samples. An appreciable amount of contaminats
were removed as more AMD pore volumes passed through the reactive barrier. The pH
trend of the final effluent water 1s similar to those investigated by and Muluken et al.,

(2010) and Komnitsas et al, (2004).
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Fe, Ni, Co, aud Mn Removal

The raw AMD sample was characterized by high Fe™” Fe' levels (18.038mg L) as shown
in table 4.12. ron was removed almost completely from the effluent stream after the first
pore volume. The behaviour is very similar in both ash samples as it can be seen from
adsorption profile (fig. 4.15a). The MAP ash sample removed the iron completely after
first pore volume while HBP ash sample removed iron 1o value less than 35mye L. This
happened at circum-ncutral pH (pH almost 7.0) for the MAP but at pH of around 12.8 for
the HBP sample. As previously mentioned a dark-grey precipitate was noticed in the first
column in the first 0 — 8cm of the reactive column.

Mn. Ni and Co  showed similar tends as Fe for both ash sample. The effluent Mn
concentration afier first pore volume decreased significantly o below 1.0 mg L for both
FA samples. This was the same for Nicand Co for both FAs as shown in figure 4.15(h —
d) except that Niiin e MAP sample was completely removed after the 3" pore volume.
Komnitsas ¢t al. 7I04). reported similar removal profile for Feo Coo Nicand Mn with

PRB application.
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Figure 4.15a : Iron removal from ceffluent water strecam by PRB
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Figure 4.15b : Manganese removal from cffluent water strecam by PRB
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Figure 4.15¢c: Nickel removal from effluent water strecam by PRB
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Figure 4.15d : Cobalt removal from effluent water stream by PRB

SO, Removal:

The sulphate 1on represents the dominant anion of the AMD and the inlet concentration
was approximately 31,776 mg L as shown in table 4.12. After the passi -+ of the Ist pore
volume. the sulphate concentration for both FA column dropped  signifficantly o
approximately 11.000 mg L. The next noticeable reduction in SO, concentration was
after the 3" pore volumes when the concentration dropped to less than 3.000mg 1. and
4.000mg 1. for HBP and MAP FA respectively. This occured at the high pH region (- 6.0
and above) for both ash as shown in figure 4.16. After the 3" pore volume the SO, begins
to mcrease. The final effluent sull had SOy of less than S00me 1. for HBP while for MAP

e it showed a value shightly abor 7.000me L. This indica 1 that F 2 sample s
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more cffective in sulphate removal than the MAP sample. The inc se in sulphate
concentration suggested that there are soluble salts of sulphate in the flv ashes which
dissolved leached into the effluent stream. Formation of gypsum (CaSO4.2H.0)) is most
likely major precipitate of this interraction as sug  sted by Muluken et al ") 10). As
discussed i section 4.2.2 the anomalous behaviour of sulphate 1ons in solution could also
responsible for the unstable nature of SOy adsorption profile as shown. Similar removal
profile were also reported by Muluken et al.. (2010). but cxplanations reasons as o

increasing behaviour of SOy jons in solution was not provided.
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Figure 4.16: Sulphur removal from effluent water stream by PRB
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Ca, Mg, Cu, Mo and Zn Removal:

A Large amount of Ca was released from both FAs into the AMD solution as shown by
the trend in the figure 4.17a. The leaching characteristics follows the trend described by
Kumar ¢t al. (2008). as discussed carlier (section 4.2.5.2). M also showed similar
lcaching trend with MAP FA but no lcaching of Mg was detected with HBP FAL this
could be that there are no soluble salts of Mg in the HBP FA. Mo mitally leached into
the AMD solution over the first three pore volumes and was adsorbed afterwards v en
the solution pH increased to the solubility limit (6.0 and above). 1 iching of Zn was also
observed in both FAs as shown in figure 4.17d. Cu also lTeached into the effTuent with

MAP FA but very little from the HBP FA.
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Figure 4.17a : Calcium profile in the effluent water stream through PRB column
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Figure 4.17¢ : Molybdenum removal/profile in cffluent water strecam by PRB
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Figure 4.17¢ : Copper profile in effluent water strcam by PRB
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4.4.4 PRB Treatment Efficiency

The removal mechanism of PRB techniques is similar to that of ncutralization and
approximately 97% cfficiency was recorded. Similar expression was also used to evaluate
the PRB efficiency (i.e. [ = {(C-C2)/Cy}* 100). Almost complete removal of Feo'/Fe',
Ni, Co, and Mn was achicved and metals that leached into the solution include Ca, Mg,
Mo and Cu. Therefore going by the evaluated cfficiencies, PRB is more ctficient than ¢
neutralization method in terms of contaminant removal. In terms of pH increase and
stability, the FA: AMD neutralization shows better pH control than the PRB. This could
be attributed to constant mixii  during neutralization, nevertheless, PRB also achicve

final process water pH of above 8.0 (by MAP FA) and above 12.0 (by HBP FA) which is

reasonable.

4.4.5 PRB Optimization

PRB optimization can be defined in terms of finding the balance between contaminant
capture/removal, residence time and the stability of PRB that produces a minimum cost.
In this investigation the amount of FA used for the PRB column was fixed unlike the
neutralization study and the volumetric flow rate was kept constant under gravitational
free flow. There was a significant reduction in the volumetric flow rate over time due to
blocking of pore spaces in the first 30% of the first column with amorphous ¢ :ipitates.
As more contaminant was removed from the AMD, more reactive barrier spaces were
blocked and less volume of AMD flow through the barrier and therefore more residence

tim¢ were required for the process. Hence at the end of the gh . re volumes, the
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unblocked part of FA (85%) of total volume still has the quality almost cqual to that of
fresh FA. Optimum design requires a mechanism that would maintain constant flow rate
throughout the life cycle of the FA and hydraulic perforation or subsequent removal of

the spent FA at the upper section of the column.

5 Zeolite Characterization Result

4.5.1 Mineral Content, Amorphous and Crystallinity

The XRD analysis of the FA produced zeolites showed a sharp peak of sodium aluminum
st ate hydrates (zeolite) and potassium aluminum silicate hydrate (Appendix A). = 2
matin zeolites formed are the sodium aluminum silicate hydrate (NaAl,Si;Os1 12H20),
potassium aluminum silicate hydrate (K- 5:Aljy «Si57 3,0-2).(H20)~55) and the lawsonite-
zcolite that 1s calcium aluminum silicate zeolite (CaAl>(Si-O7)(OH):(H-0). Gypsum,
aluminum silicate, quartz and muscovite are also present in significant amounts. There is
an indication that the aluminum silicate salts crystallize to various zeolitic materials
during hydrothermal process (Keka ct al, 2004).

The conventional hydrothermal treatment with alkali (NaOH) usces the NaOH as an
activator during fusion process at high temperature (500 — 650 °C) combining with

aluminum silicate sub-building units to form soluble groups (Keka et , 2004).

4.5.2 Surface area and textural properties
Table 4.13 shows the surface area and pore volumes of modificd FAs after hydrothermal

treatment. The pore volume of the modified fly ash incrcased 2.5 times for the MAP FA
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and 15 times for HBP FA. The specific surface arca incrcased approximately twice and
six times for MAP and HBA FA respectively

Table 4.13 Textural properties of ash samples.

Sample Sner (sz/g) Total pore volume, V,
from P/P,—0.99 (cm'/g)
MAP | 393x10° 0.20
MAP-zcolite 704 x 10 0.50
| IBP Loy (g 0.07
‘ HBP-zeolite 585x 10° 0.30

4.5.3 Zeolite-AMD Neutralization and Adsorption of Contaminants

The adsorption capacity of the zeolite synthesized from FA was compared with that of
commercial activated carbon. The pH profile of the process water after treatment with
FA-zcohte in figure 4.19 showced similar characteristics as those for FA: AMD
nct lization and PRB. The solution pH is stable on the s time scale as the PRB
without fluctuations as obscrved with PRB. The maximum pH achicved using
synthesized zeolite was 8.8 by HBP-Zcolite and 8.4 by MAP-zcolite at the end of 240
minutes of reaction. It is important to notc that process water pll remained stable after
trcatment for a number of wecks. Durii  the hydrothermal treatment of FA with NaOH,
most of the lcachable metals have been dissolved into solution during the process and as
such, there is no significant amount of metal Icached into the process water treated by the

synthesized zeolites.
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Figure 4.19: Effluent pH trend with time on neutralization with synthesized zeolites
NB: MAPZ represents MAP FA Zeolite treated AMD: Actv .C represents commercial
activated carbon treated AMD and HBPZ. represents HBP FA reated AMD

Table 14 and 4.15 respectively shows the ceffluent contamit at concentration and
ctficiency before and after treatment. A 200g . MAP—zcolite dose d 100g 1. of cach of
HBP — zcolite and commercial activated carbon were used tor AMD treatment under the
same condition of mixti In comparison with equivalent doses of - v FA treated AMD.
the moditied ash samples (Zeolites) showed higher efficieney for contamimant removal
(adsorption) than raw 1y ash. Contaminant concentration in the raw AMD treated by raw
and modified samples is quite dilferent. therefore 1t s better to compare their removal
cificiency rather than concentration of contaminants removed. The major contaminants,
e and SO4 are most four times more concentrated m the raw AMD treated by the

110









4.5.4 Zeolite Efficiency

The overall efficicney of both moditied FA in contaminant removal (using [ — 1(Cy-
C.)Y/Ciy* 100 as described in section 4.3.6.) was approximately 97% with almost
complcte removal of Fe, Ni, Co, Mn and SOy and Icaching recorded only with Cu.

The final process water pH was 8.4 and 8.8 respectively for modified HBP and MAP
FAs. The major difference between using the moditied FAs and the raw FAs for AMD
trcatment was that there is no significant amount of mctal lcaching with moditicd FA
trcat :nt. The moditied FAs removed a lager percent of SO4. Furthermore the final
process water pll of raw FA trcated is higher than those treated by the moditied FAs.
These ditferences could be attnbuted to dissolution of the soluble alkaline compound

from thc moditicd FAs during hydrothermal process.

4.5.5 Optimization

This investigation was not cxtended to the cffects of the hydrothermal reaction
wrameters such as hydrothermal process temperature, FA/NaOH ratio, caustic rei nt

molarity, fussion temperature, nucleation time and temperature, re  tion time c.t.c... The

dosc of modified FAs uscd for AMD trecatment was 100 g/L and 200 g/L of [IBP and

MAP respectively.
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CHAPTER FIVE: CONCLUSSION AND RECOMMENDATION

5.1 Characterization

The physical, mincralogical, chemical and physicochemical characteristics of AV Cell fly
and boiler ash was characterized for suitability in applications to adsorption, PRB, and
neutralization. Potential applications in the arcas ot AMD trecatment (ncutralization and
permeable reactive barrier) and zcolite application of ncutralization residuc were

cxplored experimentally.

The FAs arc of ASTM C618 class C with good pozzolanic propertics and MLA analysis
shows that these samples provide a rich source of SiO,, CaO, and Al-O; which are
teedstock for zeolite synthesis. The analyzed FAs have high ratios of S10,/Al,05 (ranges
from 6.0 to 7.7) which arc conducive to high performance zeolite.

The mincralogical and chemical analysis indicate FA particles arec composced primarily of
amorphous ferro-aluminosilicate, calcium-aluminosilicates, iron oxides, silicon oxides
and aluminum oxides. These compounds are key specics for adsorption applications.

The high pH of FA cnhances adsorption and/or surface precipitation of metal cations and
anions to its surfacc. The FA pH were in the ranges of 10.54 - 13.08 with buffering
capacity of 0.5 - 4.9mmol/pH hence, suitable for AMD mitigation through neutralization

and/or permcable reactive membrane (PRB).

The mitigation of CO- cmissions through adsorption onto FA or fly ash modificd matcrial

is a low cost and sustainable approach to CO; capturc and control. The chemical make-up
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and resulting adsorptive capacity of the fly ash studied make it a possible treatment
option. The presence of cementing agent such as hydrated lime, quicklime, gypsum and

clay indicated the ash could also be used in cement and concrete application.

In conclusion, there are a number of arcas of alternative use for the fly-ash. The most
promising and perhaps the most applicable in the natural resource context i1s use in

mining cffluent treatment/mitigation, cement/concrete application and carbon capture.

5.1.2 Treatment Application

In ¢ sccond phase of this research we conducted laboratory scale experiments in the use
of the FAs to mitigate acid mine drainage (AMD) from minc wastc. The optimum FA
dosc for ncutralization of AMD is 100g/L HBP FA and 250g/L MAP FA and the final pH
of the trcatcd AMD rosc from approximately 2.0 to 12.4 and 9.2 respectively. Both
samples showed high contaminant removal cfficiency (> 90%) for Fe, Co. Mn and Ni.
The impact on sulphate concentration in the AMD was difficult to evaluate duc to the
reactivity and solubility of the sulphate and formed soluble sulphate salts. However, the
variation in sulphatc concentration did not impact the final process water acidity. The
syn sized zeolite cffectively  decontaminated AMD  water  with  high  overall
contanminant rcmoval ctficiency (approximately 97%) and tinal pH of above 8.0 that

remained stable over 11 weeks
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¢ AMD was cftectively treated when the FA was used as a PRB. A laboratory scaled
reactive barrier column was constructed and AMD introduced at the top. Flow rates and
residence times of the AMD in the column were 1860 cm™/day and 7.5 hrs for MAP FA
and 1440cm™/day and 7.5 hour for HBP FA. Under these conditions, all contaminants of
concern were completely removed from the AMD, and the final process water pll varied

between 8.2 - 12.2 with leaching from Ca, Mg, Mo and Cu.

The mechanism of contaminate removal is proposed as: (i) solution pH increase due to
alkaline species dissolving trom FA to AMD, (ii) oxidation of Fe™" and AI"™ to Fe'" and
A" at low pll to circum-ncutral pH and subscquent hydrolysis and precipitation as a
scparatc phasc (iii) adsorption of hydroxide of’ Ni, Cu Mn and Co onto the surface of FA
at high pH (iv) co-precipitation of Cu, Zn and Co. lHencee the major inorganic species Fe,
SO4, Mn, Ni, Co and Zn were removed probably through precipitation of amorphous

oxides, oxy-hydroxides and hydroxyl-sulphates.

There are still challenges with respect to larger scale application of FA as a PRB and/or
AMD ncutralization agent. Saturation of pore spaces of the reactive barrier material with
amorphous precipitates at high pH occurs and thercfore the PRB design will need to be
optimized to cither climinate or mitigate this issuc. In terms of contaminant removal, the
PRB and zcolite production are more cfticient the use of the FA 5 a neutralization agent.
Reusc of ncutralization residuc has proved successtul in zeolite application therefore

suggesting total continuous recycling of FA with ncutralization proccess.
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AMD trcatment with FA provides a low cost, environmentally safc and beneficial use of

what would be considered a waste.

5.1.3 Research Contribution

1. Mincralogically and chemically, most rescarchers have characterized and quantified
various samples of FA using common techniques such as XRF, SEM.XRD, AND ICP-
MS and/or ICP-OES. Using Mincral Liberation Analysis (MLA) technique has not been
found from litcraturc for FA characterization. MLA is a robust technique with inbuilt
automated features for high degree of precision in studying physical, chemical and
mincralogical characteristics of mincral grains exploration, processing and refining. The
accurate and full charactenization of FA is a critical step in development ol alternative

LSCS.

2. In addition, most FA ncutralization application studics have not addressed the issue of
the ncutralization residue gencrated. Kumar ct al., (2008) investigated using the solid
residue generated from neutralization for backfill and construction materials. In this
in'  tigation ncw uscs of solid  iidue generated from FA was been investigated for

cycling in zeolite synthesis and proved successtul as the modified FAs showed an

improved adsorption propertics.

3. Most published work on laboratory scaled PRB employed the use of synthetic

(simulated) AMD for PRB purposcs. For instance Komnitsas et al., (2004) investigated
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the acidic leachate clean up with FA barricrs by using simulated AMD. Another  stance
was using FA-bentonite mixtures as a reactive barricr (Muluken et al., 2010). This
investigation considered the rcal site situations by using raw AMD for the study and
possibility of Iess encrgy input to the PRB system. The vertical tflow of AMD (undcr
gravity) through barrier column could be cost effective due to less energy input (docs not
requires the service ot pumps and vacuum). Operating parameters on larger scale must be

investigated to address feasibility of the proccess.

4. A 50-50% by volume of FA: silica sand was studicd in this rescarch and time taken for

partial and total blockage of the barrier pore spaces was reduced.

5.2 Recommendation for Future Studies

I. Future rescarch could explore other suitable arcas of FA applications such as binding,
agglomeration and paste technology, CO- sequestration and capture, SO- and other toxic
gas adsorption from ctfluent gases, cement and concrete applications. The analyzed FAs
arc of ASTM C618 class C with good pozzolanic propertics the  ore takit ad 1 zcof
its cementitous characteristics to control the formation of acid mine draina (AMD)
from minc waste through binding and/or co-placcment would be worthy of investigation
and its final strength and compaction should be tested for backfill applications. Also
cement and concrete application would require large volume of FA hence should i o be

investigated.
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2. Long-term cvaluation of PRB should also be studied with proper and adequate design
to study the rcactive barrier materials longevity to volumetric tlow rate, residence time on
contaminant removal, and final effluent pH. This rescarch investigated a verti tlow
gravity PRB design and therefore a horizontal system should also be studied which would

require pumps, ¢ ¢s and other flow devices.

3. Scale-up for all proposed systems (PRB and ncutralization) needs to be further

cxplored as key issucs may not present themselves on a small scale.

In the hydrothermal process for zeolite synthesis, the cftect of ratios of caustic rec  nt,
caustic molarity, fusion tempcerature, nuclcation time, fusion temperature, reaction time
cte... were not ivestigated and should be included for investigation in the tuture
rescarch. In addition the modificd FA (zceolite) and the raw FA show high cfficiency in
heavy metals removal but less so for SOy 10ns while commercial activated carbon shows
100% ctficiency in SO4 removal but low cfficiency in heavy metals removal. Possibly a
small portion of activated carbon could be combined with the modified FA or raw FA to

achieve better contaminant removal.
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APPENDIX B: Volume of gas (at STP) sorbed during N adsorption and desorption at
77K vs. Relative pressure P/Py for HBP FA, HBP-Zcolite, MAP FAand MAP-Zeolite
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Figure B - 1: Volume of gas (at STP) sorbed during N adsorption and desorption at 77K
vs. Relative pressure P/Py for HBP FA and HBP-Zeolite.
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