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The Pe~ersity Principle states that naîure is hostile and life is 

a struggle against a malevolent enemy. From this, we get the 

impression just my luck when something goes bad. Murphy's 

law (If something cm go wrong, it will) is thought of as an 

expression of the pemersity principle. The perversity principle 

is no more tnie than the Polyaana Principle (Everything will 

tum out al1 right). What is true is that innumerable random 

things are happening and that only a few of them are favorable. 

In communication terms, the environment is noisy and very 

little of the noise is musical. Murphy's law is quite tnie, but not 

because something is trying to get you.. . . 

(Lawrence J. Kamm, Successful Engineering, p. 139, McGraw-Hill, 

New York, 1989) 



Abstract 

Disposal of acid gencnting sulphidic trilingr is r major environmental 

problem ficing the Canaâian as welt u the htmatioIU1 mining and minenl 

industries. If the deposited tailings are mt tnited the ulphide m i n d s  oxidisc and 

mate  an rcidic environment. The leachaîe 6rom aich r rite is rich in soluble huvy 

m a s  and has the potemial to oontMUnate the groundwata as d l  as the local 

surface watacouroes. This thesis explores an r l t d v e  treatment method via 

cttringite formation, which stabilises and solidifies these highly rciaive tailings. 

Ettringite has the capacity of uptakhg 0 t h  metah into its stnichire by 

iwmorphous substitution. Ettringite has also a negrtive surfâct charge, which 

makes it a goad adsorbent for positively chrrged cotions. Furthmore, the high pH 

solution rquircd for cmingite formation will cause the precipitation of heavy metals 

h m  the solution. Therefon, aaingitc in a lime-tcmdirttd sulphite nch acid mine 

drainage Jystem could rerve as a physid and diemicd stabilization ugent, which 

could alro reduce the remediation costr over othu comrnercidly rvailable 

stabilization teçhnoiogy . 

In orda to asscss the feuibility of fonning ettringite in ailphide rich tailings, 

a thmnodywnic model was used to investigate the optimal geodKmicai 

ppnmetcn. The model predicts that crtringite is stable over a wide mge of 

compositions and pH. Ruults pre~ented in this thesis show that the ailphte contais 

of the tailings samples cwld  limit the prtcipitation of cüringitt, and monosulphte 

cwld be the end-pncipitate. 

Long-tam letchibility and dunbility uulysis showed tht ettringite w k 

f o d  as a stable mincnl in lime, fly ash ad duminum rich suiphidic tdings 

samples. EaMgitc formation rduccd the lachbility of the b v y  m d s  anâ 

i m p d  the gwtechnicai chamctaistics of the treated wnples. Freezc rad thaw 

analyses showed that fomution of ettringitc produce r low permability and high 
strength tailings amplt capable of withstandîng h n h  mvimmentai fiUCt\lltiom. 



Au Canada a i l'intemationaie, les industries minières a minérales souebent d'un 

problème enviro~emental d'envergure p d u i t  par l'entreposage de dsidus  SUI^ qui 

libèrent une substance acide à grande Cchelle. Sans traitement, l'oxydation des minhux i 

base de sulfurrs créent un mvironmment acide. Dans a s  régions, 1i nappe phréatique a ter 

bassins de drainage locaux risquent d'êtres contamints par le lerrivrge d'um p n d  q d C  

de métaux solubles. Ce mémoire explore un traitement altematif de l'acide lessivée ai 

étudiant h formation de I'énringite qui stabilise et solidifie les résidus hautement rérciifs. 

L'dmngite possède la capacité d'attirée d'autres métaux dans sa structure en raison 

d'une substitution isomoiphique. De plus, l'éttringitt possadc une charge négative sur sa 

surface qui aide cette molécule à absorber facilement des utions. Vieait s'ajouta le besoin 

d'une solution pH Clevéc pour la formation de I'çmingite. Ceci provoque la pdcipitation des 

lourds métaux dans la solution. Ceci dit, I'tmingite peut-être utilide comme un agent 

stabilisateur dans un système d'entreposage d'acide riche en sulphates traités i la ch- Cet 

agent peut ainsi réduire le coût du traitement du produit lessivé dans les mines. 

Un modèle thennodynamique a été développé pour Chidia les p~ram&es 

géochimiques optimaux. Ces paramètres ont servi à l'étude de nisabilitC sur Ir formation de 

I'étûingite dans les rejets riches m sulfures. Le modble thermodynamique dbmontre que 

I'éttringite est dans un état stable a ce. pour un gnnde gamme de compositions ef de 

teneurs en pH. Dans ce mémoire, les résultats démontrent que la concedon  de su@te 

dans les échantillons de résidus peut limita la r ia ion de précipitation de I'éttrîngitt. Il est 

possible qu'un maimurfate soit le produit de L dernière phue de précipitation. 

Une h d e  i long terme sur le lessivage et Ia duribilité i ai démontrer que 1'Cttrlngh 

est formée comme minéral stable dans des échtilti110~ de réridus riches en cbiux. en 
escarbilles a ai aluminium. L'éttringite réduit le kssivqe des r n h  lourds et rmCfMre ks 

camctéristiqua ghtcchniques des échantillons. Un étude de cornpomment gddégei air 

des échantillons de résidus, montre que la formafion de I'Cmingite produit un résidus de 

basse pcrmhbilité et de haute résistance I des dations climatiques sévhm. 
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Chapter 1 

1.1 Acid Mine Drainage 

Disposal of acid generating sulphidic mine tailings is a major world-wide 

environmental problem that adversely affects both surface and ground waters. It is 

caused by the oxidation and hydrolysis of metal mlphides (in particular pyrite) in 

water permeable strata. or in mined spoil dumped on the surface. This results in the 

formation of several soluble hydrous iron suiphates, the production of acidity and 

the subsequent leaching of metals. lt is principally associated with the mining of 

sulphide ores. the most comrnonly associated minerais king sulphur, copper. zinc. 

silver. gold. lead and uranium (Hossein et d., 1999; Gray, 1998). Acid mine 

drainage is a complex pollutanr characterised in surface and ground waters by 

elevated concentrations of  a wide variety of met& depending on the host rock 

geology . 

Environmental management of acid generating tailings is a challenge facing 

the mining ind- and govement. In active mine sites, and some inactive sites, 

mining companies operate comprehensive systems to collect and treat effluents and 



seepage fiom tailings and waste rock impoundments. When well operated, these 

facilities are sufficient to prevent d o ~ e a m  impacts to the environment. 

Unfortunately, acid generation may persist for hundreds of years afker mine closure. 

and the sludges from the treatment are themselves a waste product which need to be 

properly disposed of. The operation of these treatment facilities during pst-closure 

stage of the mine life is clearly not desirable and runs counter to the principles and 

goals of sustainable development . 

Environmental legislation. both in Canada and the United States, has added 

to a major risk and cost component to the mining company's business due to 

l iabi Mies sustained from the contamination of the environment. Mining companies 

are therefore placing more emphasis on improving mine waste charactetization and 

disposal technology in order to meet increasingly demanding environmental 

standards in a cost effective manner (California Mining Association 1992). 

There are various disposal practices that are currently investigated for the 

long terrn containment of tailings and other reactive mine wastes. These practices 

include (i) dry cover (Yanful and Si. Arnauld. 1991; Moharned, 1997; Mohamed et 

al.. 1992 and 1993a): (ii) Water Cover (Mohamed et al., 1993b and 1994; St. 

Arnauld and Yanful, 1993: Amourgis. 1994): (iii) Vegetation; (iv) compost (Pierce, 

1 992). (v) biological veaunent through use of sulphaie reducing bacteria (Kim et al., 

1999). and (vi) acid neutralization which involves nsing the pH of the pore waters 

by introducing lime to the system. This will result in changing the pH to a level 

where the solubility of moa metals is at its lowest. 



Another approach to the problem of acid generation would be the use of 

chemical fixation of sulphide bearing tailings to render them non-reactive. 

Stabilizatiod solidification is a proven technology for the treatrnent of hazardous 

materials. Stabilization refen to those aspects of technology which result in 

rendering a waste less toxic through fixation of the contaminants that contain and/or 

by providing a stable chemical environment. Solidification is related to those 

operations which improve the physical and handling characteristics of the waste 

( C o ~ e r ,  1990). This process typically involves the addition of binders and other 

chernical reagents to the contaminated material to physically solidifi the waste and 

chemically bind the contaminant into a solid rnonolith. 

Binder systems can be placed into two broad categories. inorganic and 

organic. While the organic binders have more specific applications and are 

generally expensive. the former. inorganic binders, such as cernent and pozzolanic 

materials such as lime. fly ash. and slag are best suited for the application in the 

mining and mineral indusüy. 

Lime treatment of acid generating tailings is the most common 

method of stabilization in Canada. In acid mine drainage systems,. pyrite oxidation 

produces a high concentration of sulphate. Lime treatments of tailings supply an 

elevated level of calcium in the system. Assuming that aluminum is available for 

the reaction, the system contains al1 the requirements for formation and precipitation 

of calcium sulphoduminate hydrates. One of these minerais, ettriagite 

(Cag[Al(OH)6]2(SOq)j*26Hfl). is responsible for retarding the hydration of 



tricalcium aluminates and binding aggregates in clests in cements and concrete 

(Mehta and Monteiro, 1993). Etaingite consists of columns of 

( [ c ~ ~ [ A I ( o H ) ~ ] ~ ~ ~ H ~ o ] + ~  ) which are basically lines of [AI(oH)&~ octahedra 

bonded with three ~ a + 2  ions. The coordination number of calcium is completed by 

water molecules. The sulphates are intercolumnar and can occur in four different 

positions. Three of these positions are occupied by sulphates and the remaining by 

two water molecules (Moore and Taylor, 1968,1970). 

Ettringite has the capacity to uptake some of the metals of concem into its 

structure. The central ~ 1 ~ 3  cm be replaced by any trivalent cation of shilar s i x  

through isomorphous substitution. Formation of ettringite may also be accompanied 

by the fixation of hazardous oxyanions such as arsenic. boron, chromium, 

molybdenum. selenium. and vanadium. Sarnples of substituted ettringites containing 

arsenic. boron. chromium. selenium and vanadium have been synthesized in 

laboratory studies (Hassett et al.. 1989). Also. the zeta potential, which is defmed as 

the electric potential in the double layer at the interface between a particle which 

moves in an electric field and the sunounding liquid. of ettringite has been measured 

at the pH of 10.7 and gives a value of [- 1 1.7 mV] (Chen and Mehta, 1982), making 

it a good adsorbent for a positively charged metal species. Moreover, in high pH 

regimes. dangling metai oxide bonds of phyllosilicates or multioxide felâspars, and 

ettringite sudace sites are negatively charged. Cations can, therefore, k physicdly 

adsorbed. Possible swface complexation sites on ettringite include dangling metal 

oxide bonds at the adge of polyhedron. Formation of ettringite is also associateci 



with a high pH condition in the solution, which will M e r  lead to the precipitation 

of heavy metals fiom the solution (Mohamed et al., 1995). 

It is the goal of this siudy to employ stabilizationlsolidification technology 

by the means of ettringite formation. This will create a chemically neutral and 

physically stable solid material for mine tailings without any adverse environmental 

effect. 

f .2 Statement of Work 

Acid mine drainage is a natural phenornenon caused by the oxidation of rnetallic 

sulphides. The extent of mine tailings deposits in Canada is estimateci to cover an 

area of land in excess of ! 5.000 hectares. with production of more than 500 million 

tonnes of waste every year in the forrn of tailings and waste rock. 

During the active life of a mine. collection and treatment of acid generating 

tailings can be done in a comprehensive manner; however, concem aises after the 

closwe of the mine as the acid generation can persist for hundreds of years. There 

are no proven technologies exist as yet to control and treat acid generating tailings in 

such a way to allow the mine operators to retire h m  the mine sites knowing that the 

environment will be protected. Amongst the technologies that have show some 

promising resdts so far are water cover, organic cover, wetlands, impermeable soi1 



covers, cementitious covers, bacterial inhibitation and alkaline treatment of sulphidic 

materials. 

One possible solution for the disposal of acid generating mine tailings would 

be employing stabilization/solidification technology pner to final disposal. 

Stabilization and Solidification have been used for two to t h e  decades as final 

treatment steps prior to land disposal of radioactive and chemically havvdous 

wastes. These technologies are aiso playing an increasingly important role for on- 

site or in-situ treatment and remediation of waste lagwas or contaminated soils. 

Stabilization refers to those aspects of technology which result in rendering a waste 

less toxic through fixation of the contaminants that contain a d o r  by providing a 

stable chernical environment. Solidification is related to those operations which 

improve the physical and handling characteristics of the waste (Conner. 1990). The 

ideal Stabilization/Solidification system would render al1 toxic materials in an 

industrial waste chemically non reactive and immobile. This irnrnobilization couid 

be obtained by encapsuiating the contaminant or including the contaminant in a 

stable crystalline lanice. Employing this technology can potentially create an inert 

material which can be disposed of without any M e r  monitoring. 

Lime treatment of acid generating tailings is the most cornmon method of 

stabilization in Canada. In acid mine drainage systerns, pyrite oxidation produces a 

high concentration of sulphate. Lime maunents of tailings supply an elevated level 

of calcium in the system. Assuming chat aluminum is available for the reaction, the 

system contains al1 the requirements for formation and precipitation of calcium 

sulphoaluminate hydrates. One of these minerais, ettringite, has the capacity of 



uptaking cations as well as anions into its crystal structure. The surface of this 

mineral is negatively charged which provides a suitable site for the positively 

charged metal ions adsorption. Moreover, the high pH induced environment 

required for the formation of ettringite will cause the pncipitation of heavy metais. 

It is the goal of this study to employ stabilizationlsolidification technology 

by the means of ettringite formation. This will create a chemically neutral and 

physically stable solid matenal for mine tailings without any adverse environmental 

effect. The chemicai l y stable and physically durable material with structural 

integrity can be used in different applications in and around the mining facilities. 

However. since ettringite becomes unstable in an acidic environment it is imperative 

to determine its stability field in lime remediated sulphidic mine tailings. 



1.3 Objectives of the Study 

This research deais with the feasibility of stabilization and solidification of 

lime remediated sulfidic mine tailings through ettringite foxmation. The objectives 

of this research program are: 

1 ) To evaluate the optimal thermodynamic conditions for ettringite formation; 

2) To evaluate the role of tailings composition on ettringite formation and its 

chernical stability: 

3) To evaluate the long-terni geo-environmental aspects of the stabilized and 

solidified reactive tailings. 

Therefore. proper binden and additives will be used to maximize the 

formation of ettringite in lime-remediated reactive mine tailings. The formation of 

ettringite will lead to neutralization. imrnobilization and encapsulation of the ions of 

concem in mine tailings. 

The outcome of this research will contribute to create an economical and 

environmental acceptable solution to the historical problem of acid mine drainage. 



1.4 Approach 

The objectives of this research are implemented through experimental and 

theoretical studies. Al1 the necessary details involved in the experimental studies 

will be explained in the corresponding chapters. The laboratory experimental 

studies include the following : 

1) Conducting various physical and chemical experiments to determine the 

composition and physical properties of two sulphidic mine tailings to be used 

in this project. The experiments include water content determination, 

atterberg limits. particle size analysis. specific gravity, specific surface area, 

pH, redox potential. inorganic content, cation exchange capacity. and 

detemination of optimum lime, fly ash. and aluminum content. Moreover, 

tailings samples' mineralogical composition will be detemined using x-ray 

di fiacrion spectroscopy . 

2) Application of stabilization/solidification principles to the iailings sample 

under investigation. 

3) Conducting m e r  chemical analysis to determine the chemical composition 

and chemical stability of the treated samples. Samples will be treated. cwed 

and tested for pH analysis. and leachability studies. ïhe  leachability analysis 

will be based on toxicity characteristic leaching procedure and will be 

conducteci on cured samples. X-ray difnanion d y s i s  as well as s c h g  



electron microscopy coupled with energy dispersive X-ray microanalysis will 

be conducted to study the rnineraiogical composition of treated samples. 

4) Conducting unconfined compressive strength, permeability, and fieeze and 

thaw analysis on stabilized and solidified tailings sample to assess their 

mechanical integnty and stability. Sarnples will be treated in designated 

percentages and will be cured in humid room before being subjected to 

geotechnical anal ysis. 

The theoretical snidy involves the application of an existing geochemical 

mode1 developed by the department of  Earth and Planetary Science at McGill 

University to the tailings sample under investigation. 

The thesis consists of nine chapten. the content of which is as follows: 

C hapter 1 : an introductory chapter to provide the necessary information on the 

background of the acidic drainage problem, strucm of the 

research and its objectives. and approach of the present shidy . 

C hapter 2: review and surnrnarïze the published literanue concerning acid 

mine drainage treaunent. and the overall bekvior of sulphide 



Chapter 3: 

Chapter 4: 

Chapter 5: 

Chapter 6: 

minerals when exposed to air and humidity. Moreover, providing 

a comprehensive review of the stabilization and solidification 

technology as it applies to chemically unstable inorganic wastes. 

describes the experimental methods, materials, and testing 

procedures employed to identiQ the physical and chernical 

characteristics of the tailings sample under investigation. 

describes the themodynamic mode1 employed and the result of its 

application on tailings sarnple under investigation. 

presents the results of labonitory optimization conducted on 

tailings sample to determine the optimal binder content required 

for formation and precipitation of emingite as a stable mineral for 

stabilization and solidification of the tailings sample under 

investigation. 

describes and presents the results of leachability analysis 

conducted on treated tailings samples. The results of x-ray 

difhction analysis as well as xanning electron microscopy 

coupled with energy dispenive x-ray microanalysis is dso 

presented to help to determine the extend of ettriagite formation on 

the treated samples. 

Chapter 7: describes and presents the results of the geotechnical sndies 

conducted on the treated tailings sample. These tests include 



Chapter 8: 

Chapter 9: 

unconfïned compressive analysis, pmneability analysis. as well as 

fieeze and thaw experiments. 

presents the results of the leachability analysis, x-ray diffraction, 

unconfined compressive analysis, pmneability analysis, as well as 

fieeze and thaw experiments conducted on another tailings sample 

stabilized and solidified based on the principle of the proposed 

treatment procedure. . 

provides the summaries and conclusions, suggestions for Future 

research and the project's scientific contributions. 

The major parts of the work described in chapters 4 and 5 are published in CIM 

Bulletin. Vol. 88. No. 995. in NovembedDecember 1995, and Vol. 92, No. 1029, 

Apri 1 1 999. 



Chapter 2 

State-Of-The Art: Review of Acid Mine Drainage 

2.1 Problem Identification 

The disposal of tailings is a major environmental problem. It becomes more 

serious with the increasing exploration for metals and the working of lower-grade 

deposits. It is estimated that the Canadian mining industry produces in excess of 500 

million tonnes of solid wastes each year. Wastewater associated with the mining and 

milling operations constitutes an equal quantity of liquid wastes. Quebec alone is 

estimated to have produced 102.1 million metriç tons of taiiings in 1990 

(Intergovemmental. 1988; Rallon. 1989). 

Surface disposal of mine waste matenal, as one of the most widely used 

method of tailings disposal in Canada. has b a n  well documented (Hossein, 1991). 

The problem arises when acid producing tailings have to be disposed of. Most 

Canadian base merals. precious metals and uranium mines contain suiphide 

minerais. either in the ore or in the surrounding waste rock. Sulphide minerais, 

particularly pyrite and pynhotite. are unstable when exposed to oxygen and water, 

13 



and begin to react immediately. This reaction yields sulphuric acid and causes the 

leaching of heavy metals. in concentrations toxic to aquatic life. As the reactions 

proceed, temperature and acidity rise which resuh in an increase rate of reaction. 

Severai other factors which contribute to the rate of reaction are sulphide content. 

morphology. fenic iron concentration and bacterial population density (Moskalyk. 

1995). 

During the active life of a mine. collection and treatment of acidic water can 

be done in a comprehensive manner: but c o n c m  arise afier the closure of the site as 

the continuation of treatment can become a very expensive operation. Acid drainage 

fiorn a reactive tailings site may contain very high concentrations of sulphate and 

ferrous iron. high concentrations of base metals such as lead, copper, nickel. zinc, or 

silver. and exhibit pH values below 7 (Filion et al., 1990). If acidic drainage is left 

uncontrolled and untreated. the drainage could contaminate groundwater and local 

watercourses. damaging the health of plants. wildlife. and fish. 

One possible solution for the disposai of acid generating mine tailings would 

be employing stabilization/solidification technology prior to final disposal. 

Stabilization and Solidification have k e n  used for two to three decades as final 

veaunent steps prior to land disposal of radioactive and chemically hazardous 

wastes. These technologies are ais0 playing an increasingly important role for on- 

site or in-situ treatment and remediation of waste lagoons or contaminated soils. 

Stabilization refers to those aspects of technology which result in rendering a waste 

Iess toxic through fixation of the contaminants that contain andlor by providing a 

14 



stable chemicd environment. Solidification is related to those operations which 

improve the physical and hanâiing characteristics of the waste (Conner, 1990). The 

ideal Stabilization/Solidification system would render al1 toxic materials in an 

industrial waste chemically non reactive and immobile. This immobilization could 

be obtained by encapsdating the contaminant or including the contaminant in a 

stable crystalline lanice. Employing this technology can potentially cieate an inert 

material which cm be disposed of without any M e r  monitoring. 

2.2 Acid Mine Research In Canada 

&id Mine Drainage (AMD) is the single largest impediment facing the 

Canadian mining indusay today. Nearly 500.000.000 tons of tailings are deposited 

annually into tailings impoundrnent's covering roughly 15,000 hectares of Canadian 

wildemess. If the deposited tailings are not treated. the sulphide minerals oxidize 

and the heavy metal-rich leachates. ofien contaminate the sunounding environment. 

Nearly 60 S u p e h d  sites in the U.S. cm attest to the destructive potential of an 

abandoned mine site (Davis er al.. 1995). 

To date, about 800 mining sites have ôeen exploited or intensively explored 

in Quebec for metallic and non metallic minerals. At present, 61 sites are still active. 

Each year, these activities generate close to 100 million tons of waste rock and 

tailings that accumulate on 262 sites covering more than 12350 hectares. Amoag the 
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6400 hectares which are no longer active, restoration work hm been conducted over 

2000 hectares. Most of the land occupied by rnining facilities has not been restored 

(Marcotte, 1995). 

The theory of acid generation from sulphide minerals is well documented 

(Hossein, 1991) and factors found to influence theû oxidation include sulphide 

content. morphology. femc iron concentration. bacterial population density and 

gaseous oxygen (Siwik et al.. 1989). Pyrite and other sulphide minerals that 

undergo weathenng produce acid solutions containing sulphate, iron and other 

dissolved metals. The cornplex series of chemical and biochemical reactions that 

result in the formation of acidic water can be reprernted by the following equations 

(Hossein. 1 99 1 ). 

Metals and acid-forming ions are likrated during the initial stages of 

oxidation: these may combine with alkaline materials associated with thc tailings, 



and settle out of solution as rnetal precipitates (Equations 1 and 2). With continued 

oxidation (Equation 3) and the lowering of solution pH, metaîlic precipitates may 

retum to solution when available alkdinity in the waste is depleted. Liberated metal 

ions. particularly Fe in the femc state, act as oxidizers which M e r  react with 

sulphide matends and produce Fe+2 (Equation 4). 

As the process continues and the pH of the solution drops below 2.5. the 

activity of F-3 is govemed by the combined effect of bacterial oxidation of Feç2,the 

reduction of Fe+3 by pyrite (Equation 4), and the associated formation of ferric 

sulphate and hydroxyl complex (Siwik et ai.. 1989). If the reactions are allowed to 

proceed uncontrolled. the c y cle will continue until the sulphide suppl y is depleted. 

The oxidation rate rnay increase 5 to 6 ordea of magnitude due to the catalytic 

activity of Thiobacillus firrooxidanî (Ritcey . 1 989). 

2.3. Available Treatmeat Technologies 

At the present time. most mining companies rely on lime treatment for 

neutralization of their acidic waters and for precipitation of soluble metals as 

hydroxides. However, there are some problems associated with this treatment 

technology. including the con and the need for long term commitments. Also 

sludges. which are produced as  a result of this matment procedure, retah water and 

rnay occupy up to 40 times more volume than the treated waste. The long term 
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stability of sludges has k e n  questioned, and some provinces have classified hem as 

hazardous waste materials (Dvorak et al.. 1 99 1 ; MacDonald et al., 1989). 

No proven technologies exist as yet to control and mat AMD in such a way 

that would allow mine operators to retire from mine sites knowing that the 

environmeni will be protected. The key to prevent AMD appean to be the 

prevention of oxygen fiom cominp into contact with sulphide-bearing waste 

materials. Technologies that have s h o w  some promising results so far include water 

cover (Mohamed er al.. 1993b. 1994: St. Arnaud and Yanful, 1993. Amourgis, 

1994). organic cover. wetlands. impermeable soi1 covers (Yanful and St. Arnaud. 

1991: Moharned er al.. 1993. 1993a). and cementitiou coven over the waste 

contaiment area. The former method. water cover, by flooding the a m  which 

contains the sulphide waste materials. seems to be one of the moa effective solution 

available today (Feasby er ai.. 1991 ; Miller et al.. 1990; Filion et al.. 1989; and 

Environment Canada. 1987). In tailings. the pnmary mode of oxygen transport is 

diffusion through the pore spaces. The recognition of this process has led to the 

suggestion thai materials with low dimisivities may be usehl in limiting the rate of 

oxygen transfer fiom the atmosphere into the tailings and thereby decreasing the rate 

of oxidation and acid production (Nicholson et al.. 1991). Doepker (1991), and 

Doepker and Drake (1991) have suggested that sulphide minerais do not undergo 

any considerable amount of oxidation while in a saturated zone. The oxidation of 

sulphide tailings occurs in the unsaturated zone, requiring both water and 

aunospheric oxygen. Thereby. the very low diffusion rate of oxygen through -ter 



cover (2x10-9 m%), and oxygen's low solubility (8.6 g/m3 at 2S°C), make water 

covers an effective way to prevent acid generation in sulphidic mine wastes. 

Therefore, a water cover on reactive wastes: 1) ümits available oxygen and hence 

controls acid generation, 2) eliminates surface erosion by whd and water action, and 

3) creates a reducing environment for bacterial reductions of nitrates and sulphates 

(Dave and Vivyurka 1994). In an study by Ritcey (1991), he conciuded that 

oxidation and therefore acid generation appears to be prohibited in low as well as 

high sulphide tailings. when deposited in a deep body of water. However, lysimeter 

tests have to be conducted under controlled, sirnulateci weathering conditions to 

deiennine the effective depth of water cover in a particular sulphide concentration. 

.At the sarne time he cautioned that subaqueous disposal of partly oxidized waste 

would result in release to the water of acidic teactions products that had accumulated 

on the mine waste sutface. 

For tailings that are not amenable to flooding, an alternative difision barrier 

is required and different materials have ken suggested for this purpose. It has k e n  

suggested that effective porous granular covers can be designed to rernain saturated 

above the water table by selective layering of materials. The contrast in the grain 

size between the cover and the underlying medium is the key factor that controls the 

moistw retention in these covers (Moharned et al.. 1993a; Nicholson et al.. 1991 ; 

Yanfûl and Nicholson. 1 99 1 ). 

Other researchers such as Dvorak et al.. (199 1) and Kuyucak et al. (1991). 

have exarnined the role of bacteria in suppressing the rate of acid production h m  
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sulphide tailings. It bas been suggested that a group of anaerobic bacteria. that can 

convert the sulphate into hydrogen sulphide, can react with metal ions to form 

insoluble metal sulphide. The bicarbonate ions then can consume protons, thus 

raising the pH of acidic water. Microbiological processes may be an alternative to 

lime neutralization for treatrnent of acid mine drainage. 

Arnongst the bacterial inhibitation method of preventing acidic effluent 

generation is to inhibit Thiobaciilus species which are responsible for metal sulphide 

oxidation (Ritcey. 1989). Anionic surfactants has been used successfully to inhibit 

thiobacillus ferrooxidans. an acidophile responsible for catalyzing iron and sulphur 

oxidation at pH values lower than 4.5. Tailings and waste rock environments are 

generally of neutral pH before oxidation begins. There is evidence that 

microoqanisms are involved in the initial oxidation of tailings, even if this has not 

yei been clearly demonsmted (Stichbury et ai.. 1995). There may be potential for 

preventing AMD by appl y ing chernical inhibitors which inhibit neutrophilic 

thiobacillio. thereby decreasing the initial oxidation rate of the tailings significantly 

until a wet or dry cover cm  be applied. 

One of the newly proposed techniques for aeating reactive tailings is the 

inhibition of pyrite oxidation by surface treatment. In this technique the oxidation 

can be controlled using a coating agents which can be applied to the samples prior to 

the oxidation pmess. By this technique the sulphide waste is coated with ferric 

phosphate. a highly acid stable mineral. which is the main component of the coatings 

created on steel to prevent metai corrosion (Georgopoulou et al., 1995). Iron 
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sulphide waste will be mated with phosphate solution and upon oxidation the ferric 

ions released will react with the phosphate ions forming a passive coating on the 

sulphide mineral surfaces. Thus sulphide oxidation and acid production will stop. 

Acetyl acetone, hurnic acid, lignin, oxalic acid and sodium silicate are among other 

agents used for coating the sulphide minerals (Maki et al., 1995). 

Another approach to the problem of acid generation would be the use of 

chemical fixation of sulphide bearing tailings to render them non-reactive and 

immobile. This idea has been applied to uranium tailings in the past (Lakshmanan er 

al.. 1984; Haw et al.. 1983). But the high cost of application has prevented the base 

metal and gold mining industry fiom integrating this method of waste treatment into 

their operation. 

Lime neutralization process is the rnost popular treatment available of acid 

generating tailings. Lime or hydrated lime. (Ca0 or Ca(OH)2). is the moa 

commonly used neutralizing agent for treating AMD because of their high reactivity, 

availability. and relatively low cost. The principal reaction in lime neutralization cm 

be expressed as follows: 

In some cases, other alkaline chemical reagents such as NHJ, NaOH or 

CaC03 can be used. The mixture of metal hydroxide precipitates and gypsuxn 

(CaS04) is called "sludge" and is allowed to settle in ponds or in a solidlliquid (Sn) 
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separation device (e.g. clarifiedthickner). The settled sludge is then disposed of in 

specifically-designed storage ponds. Hydroxide sludges are usually voluminous due 

to their gelatinous texture and, as a consequence, solidlliquid separation is difficult 

(Kuyucak et al., 1995; Kuyucak, 1995). The annual volume of sludge production by 

the Canadian mineral industry is estimated at 140.000 dry tonnedyear (Fyson et al., 

1995). 

The choice and cost of AMD treatment technologies depend upon site 

specific characteristics such as climate, geology, topography and proximity to 

population centres. Self-sustaining vegetative covers can be established on sites 

which contain sulphide waste material. Such coven improve aesthetics and help in 

controlling surface erosion. However. they help little in reducing either the 

oxidation of matenals or the flow of water through the impoundment. 

Stabilization/solidification is a proven technology for the treatment of 

hazardous wastes and hazardous waste sites. This technology has k e n  w d  to 

minimize leaching of the resultant solid waste after disposal. Stabilization 

techniques attempt to reduce the solubility or chemical reactivity of a waste by 

changing its chemical state or by physical entrapment. This process usuaily involves 

adding matenals that will ensure the hazardous constituents are rnaintained in their 



least mobile or toxic fom. The addition of lime or sulphide to a metal hydroxide 

waste to precipitate the metal ions is an example of stabilization. Solidification 

refea to techniques that encapsulate the waste in a monolithic solid of high 

structurai integrity. The monolith can encornpass the entire waste disposal site, 

cdled a "monofill", or be as small as the contents of a steel d m .  The contaminants 

do not necessary interact chemically with reagents. Instead, they are mechanically 

locked within the solidified matrix (Means et al., 1995; Anderson, 1994; 

Environment Canada, 1 99 1 ; Corner, 1990; U.S. EPA, 1989). Contaminant 

migration is restricted by vastly decreasing the surface area exposed to leaching 

md/or by iso lating the contaminants fiom environmental influences within a 

relatively impervious capsule. 

In the early days. many of the approaches used in solidifjing or stabilizing 

hazardous industrial wastes originated in the area of radioactive waste management. 

The major goal in radioactive waste stabilization was the production of a solid 

material which would be suitable for transportation. Additionally, a great deal of 

work was done in developing solid materials that were suitable for long-term 

containment of radioactive wastes. The multing processes were designed to 

produce a material that would ( 1 )  contain the waste in a nonleachable fom, (2) be 

nondepâable. (3) reduce the potential for exposure to radiation and (4) be produced 

easily and nonexpensively. Solidification requknents in radioactive waste 

management m a  were satisfied by systems using cernent mixtures, bitunhous 

material, donnaldehyde  resins or glas  (Thompsm, D.W., et al., 1979).. 



Industrial waste solidification differs h m  radioactive waste containment in 

that ofien in industrial processes very large volumes of waste are produced that have 

relatively low toxicity. The general emphasis in solidification of low toxicity 

industrial wastes is the production of a low coa material that as a mult  of cementing 

reactions has a decreased pemieability and an increased shear strength. These son of 

wastes have frequently been solidified by adding pozzolanic material such as fly ash. 

cernent, lime and cernent kiln dut.  

Since the stabilization/solidification technology refm to the formation of a 

product which is resistant to the leaching in the environment, it is essential to 

undentand the leaching process and the tests by which it is measured. Leaching can 

be defined as the process whereby water. or any other liquid, cornes in contact with 

the waste material and dissolves part of it. The liquid is called the leachant and the 

contaminated liquid that has passed through the waste the leachate. The capacity of 

the waste material to leach is called the leachability. Therefore, leaching is a rate 

phenornenon and our interest. environmentally. is in the rate at which hazardous or 

other undesirable conaituents are removed fiom the waste and passed into the 

environment via the leachate. The rate is usually measured and expressed, however. 

in terms of concentration of the constituent in the leachate (Conner, 1990). 

According to Enviromnent Canada compendium of waste leaching tests (EPS 

3MN7, 1990), in porous wastes. leaching is initiated at the pore space, or at the 

particle interface. These wastes consist of individual particles with voids between 

them. If a porous waste is wet. there could be many différent phases present: several 



solid phases. an aqueous phase, a nonaqueous phase Liquid, and a gas phase. Before 

contact with a leachant, the waste is normally at or approaching a state of chemical 

equilibrium, contarninants are associated with specific phases. Contacthg the solid 

phase with leachant disrupts this chemical equilibrium, initiating the leaching 

process. The new system rnay evolve towards a new quilibriurn state if suffîcient 

tirne is available. provided that the leachant is not renewed. For wastes that are 

initially dry. wetting initiates leaching by mobilizing those constituents that are 

easily dissolved or desorbed. At the pore scale, immobile constituents become 

mobile, as a result of complex combinations of chemical reactions, such as 

dissolution. desorption, and subsequent transport through the lipuid film of immobile 

water that surrounds a particle of waste. by rnolecular diffusion. 

The ultimate impact of leaching on the environment occurs when 

contarninants are transprted away fiom the waste. If water flows within the solid 

waste, advective transport causes contarninants that have been mobilized by the 

reactions at the pore xale to flow through the waste at various velocity. The pore- 

water velocities Vary considerably in both magnitude and direction because the pore 

water must travel a sinuous pathway (tonuosity) within the available pore spaces. 

terrned effective porosity. which are co~ected  in a nonuniforni manner. The 

velocity variations at this scale result in individual elements of water moving faster 

or slower than the average velocity. which causes spnading (i.e. dilution) of the 

contaminant concentration with increasing distance h m  the source. If there is no 

flowing water within the prous waste soluble constinients may still be transported 



by molecular diffusion as a result of concentration gradients. Together, mechanical 

dispersion and d i f i i o n  constitute the lurnped parameter known as hydrodynamic 

dispersion. Leaching, therefore, is the result of chernical reactions at the scale of 

individual particles. which acts to mobilize contaminanis, coupled with transport 

processes that may be govemed by advection, diffusion, or a combination of both, 

depending on the magnitude of leachant flow (EPS 3 W ,  1990). In an extensive 

study by Environment Canada (EPS 31HA.19, 1991), it was shown that the hydraulic 

conductivity of a stabilizedlsolidified waste detemines whether leaching will take 

place primarily by advection or molecular d i h i o n .  The report refers to a work 

which was done by Shackelford in 1988. and concludes that for a hydraulic gradient 

around un@. difision can be neglected if the hydraulic conductivity is higher than 

1 m/s. On the other hand. diffusion limits the raie of transport when hydraulic 

conductivity is lower than m/s. When two materials with different hydraulic 

conductivities are involved (Le.. a solidi fied/stabilized waste and a surrounding soil). 

an anal ysis by Atkinson ( 1 985 ). reveals that infiltrating min water or groundwater 

fiows mainly around or through the waste and may thus control the contaminant 

transport mechanism. According to the report by Environment Canada (EPS 

3MN9. 199 1 ), if the hydraulic conductivity of the stabilized/solidified waste is 

much lower. (e.g.. two order of magnitude) than that of the smounding material. 

water follows the path of least resistance by flowing mainly around the waste. In 

this case. leaching is limited by molecular diffusion in the connected porosity of  the 



stabilizedko lidified waste matrix (even if the hy drauiic conductivity of the 

mbilized/solidified is higher than 10-9 d s ) .  

When contaminants reach the stabilidsolidified waste-surrounding 

material interface, they are carried away by the ground water. If, on the other hand, 

the hydraulic conductivity of the solidified waste is on the sarne order of magnitude 

or higher than that of the surrounding material, water flows through the waste. The 

pore water solution is thus displaced and leaching takes place largely by advection 

(EPS 3MN9, 1991). 

There are several tests available for measurement of the leachability of the 

treated waste. In the United States. the environmental acceptability of a hazardous 

waste is based on the US EPA Extraction Procedure Toxicity (EPT) test and more 

recently. on the Toxicity Characteristics Leaching Procedure (TCLP) test. Other 

leaching procedures include the Multiple Extraction Procedure (MEP) and, the Oily 

Waste Extraction Procedure (OWEP) test (US. EPA. 1989). Al1 of these tests create 

worst case scenarios. as their stnngth to leach out contaminants is much more than 

what could occur in nature. Most leach tests use a leachant to waste ratio of 20:l. 

Therefore. the maximum concentration of the constituents elements or compounds 

that can be attained in the leachate is only 5% of their concentration in the solid 

waste (Conner, 1990). 

The leachability of a waste is a fùnction of different variables and may give 

different results if one or more of these variables is changed. A list of the important 

factors that affect leachability are presented below (Corner, 1990): 



Surface area of the waste; 

Extraction vesse1 ; 

Agitation technique and equipment; 

Nature of leachant; 

Ratio of leachant to waste; 

Nurnber of elutions used; 

Time of contact; 

Temperature; 

pH adj ustmcnt: 

Separation of exwct: and 

Analysis. 

Stabilization/Solidification processes typically involve the addition of 

binders and other chemical reagents to the contaminated material to physically 

solidie the waste and chemically bind the contaminants into the monolith (Bishop, 

1990). Binder systems can be placed into two broad categories, inorganic or 

oqanic. Most inorganic binder systems in use include varying combinations of 

hydraulic cements. lime. fly ash. pozzolans. gypsum and silicates. Organic bindea 

used or experimented with include epoxy, polyesters. asphalübiturnen, plyolefuis 

(primari1 y pol yethy lene and pl y butadiene) and urea foddehyde .  Combinations 

of inorganic and organic binder systems have also been used. These include 

diatomaceous earth with cernent and polystyrene, polywethane and cernent, polymer 

gels with silicates. and lime cernent with organic modified clays (Bishop, 1990; 

Cote. and Gi lliarn, 1 989). Vitrification is another stabilization/solidification process 

which is relatively new and involves h i n g  of hazardous materials into a glas  or 



synthetic silicate matrix. This has been done in-situ, by Geosafe Corporation of 

Kirkland, WA, and is a commonly used means of treating ash fiom a rotary kiln 

incinerator. In its in-situ application, electrodes are inserted into the ground around 

the contaminated site and an electric current is passed between them. The current 

melts the soi! and organic compounds evaporate. The area k i n g  processed is 

shrouded with a hood which captures released organics and particdate air emissions 

for capture or fùrther treatment (Weitzrnan. L., 1990). For treating ash from a rotary 

kiln incinerator, the incinerator is operated at a temperature hi& enough to melt the 

ash. After the molten ash is extinguished. it foms a rocklike slag which 

imrnobilizes metals in the waste. Oved l ,  vitrification is considered a specialized 

technique for small scale applications involving extremely hazardous materials. 

Organic stabilization/solidification. has been applied only to selected 

hazardous waste. Organic-based additives are nomally hydrophobic. When used 

with aqueous waste strearns. water is either evaporated in thermosetting processes or 

encapsulated within the polymer matrix in catalyst-based processes. Organic-based 

processes nomally show very low leaching of contaminants since the matrices are 

impervious. However. there is usually no reaction between the wvte constituents 

and the polymer. Since hazardous constituents are not destroyed or insolubilized, 

the long terrn stability of the waste form depends entirely on its physical integrity in 

the disposal environment. Organic-based processes are energy intensive. requiring 

high coa additives and sophisticated blending equipment. Theù use has been 



practically iirnited to special types of hi@-hazard, low-volume wastes (Cote and 

Gilliam, 1989). 

Inorg anic- based sy stems al1 used some kind of hydraulic cernent that allows 

the waste fonn to develop sufficient strength to be self supporting in a landfill. 

These processes create an alkaline environment suitable to the containment of 

several toxic metals. The additives. which are ofien themselves waste materials are 

inexpensive and can be blended with the waste using simple equipment. Cement- 

based processes have widely k e n  used commmially for chemically hazardous 

wastes and low level radioactive wastes (Cote and Gilliam. 1989). 

Stabilization/Solidification has considerable technical merit for the treatment 

of hazardous waste sites. Employ ing stabiliratiodsolidification techniques. not only 

solidi@ the waste by chernical means. but also insolublize, immobilize, encapsulaie, 

destroy. sorb. or otherwise interact with selected waste components. The purpose of 

these systems are to produce solids that are non hazardous. or less hazardous. than 

the original waste ( C o ~ e r .  1990). Mile stabilization has been used for decades in 

geotechnical/civiI construction. conüuninated soiVwaste stabilization odand 

solidification is a relatively new technique. The typical goal of 

stabilization/solidification is to prevent or rninimize the release of contaminant into 

the environment by ( 1 ) producing a solid, (2) improving hancüing characteristics, (3) 

decreasing surface area for contaminant transport, (4) limiMg mobility of the 

contaminant when exposed to leaching fluids, or (5) chernicaiiy transfomiing or 

bonding the contaminant into a nontoxic f o m  (Kieppe et al.. 1992). 



A variety of stabiiization/solidification technologies are available. However, 

the selection of a particular process is mainly dependent on the physical and 

chernical characteristics of the waste. Moreover, it is important to test the 

compatibility of the waste with the candidate fixation processes. Other 

considerations are pretreatment requirements, ease of operation. specifications of the 

finished product, cost of processing, and the location and method of disposal 

(O'Brien and Gere Engineers. 1988). 

Inorganic-based solidification/stabilization systerns are best suited for 

hazardous waste containing heay metals and. is the dominant method of choice for 

the mining and minera1 industry (except for the uranium mining); and therefore, it 

will be elaborated on fùrther. As it was discussed earlier, the& principal types of 

inorganic bindea are cernent binden and pomlanic binders (lime, kiln dust, fiyash). 

A poaolan is a material containing silica and alumina that has little or no 

cementitious value itself but. can react with lime or cernent and water at arnbient 

temperature to produce cernentitious material (Means et al.. 1995; U.S. EPA. 1989). 

Pozzolanic materials are plentiful. widely distributed in nature or are available as 

industrial by-products. The basic solidification reaction in ponolanic systems 

requires polyvalent metal ions in stoichiometric excess, so calcium compounds such 

as lime is most cornmonly added as setting agent (Malone, G.A., and Lundquist, 

D.E.. 1994). 



2.4.1. Cernent-Based Tecbaique 

Cement based techniques were the fmt developed stabilization and 

solidification methods and were a direct outgrowth of the use of cements to stabilize 

soils in various engineered fil1 applications. Use of cements to stabilize hazardous 

wastes at superfwid sites in the United States &tes from the earliest remedial actions 

conducted in the mid- 1970s (Malone. G.A.. and Luodquia, D.E., 1994). 

Cernent-based techniques generally use portland cernent and sludge dong 

with certain other additives including fly ash or other aggregates to form a 

monolithic rock-like mass. The basis for the succeu of this technique has been a 

reduction in the surface area-to-volume ratio and a decrease in permeability in the 

sludge mass (O'Brien and Gere Engineers. 1988). The cernent-based techniques 

have proven successful on many sludges generated by the precipitation of heavy 

metals. The high pH of the cernent mixture tends io keep the metals in the form of 

insoluble hydroxide or carbonate salts. Metal ions may also be taken up into the 

cernent matrix (Jackman and Powell. 199 1 ). Cocke and Mollah (1993) suggest that 

a wasre ion may "chemisorb. precipitate. form a surface compound to any of several 

cernent component surfaces. form inclusions or be chemically incorporated into the 

cernent structures. or have simultaneous occurrence of several of these situations". 

Cernent-based stabilhtion/x>lidification has been applied to plating wastes 

containing various metals such as cadmium. chromium. copper, lead, nickel, and 

zinc. Cernent has also been used with complex wastes containing PCBs, oils and oil 

sludges; wastes containing vinyl chloride and ethylene dichloride; &; 
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stabilized/solidified plastics; asbestos; sulphides; and othcr materials (U.S. EPA, 

1989). 

2.4.2. LimeBascd Technique 

Lime-based stabilization of soil dates back to the construction of Roman 

roads. Lime and other ponolans were used to improve the strength and durability of 

the soils. The mechanisrn for the soil stabilization process is facilitated in a high pH 

environment and occurs during the ionic substitution of calcium into the clay 

mineral lattice crystal structure. The soi1 lime reactions are cornplex and not 

completely undentood. According to Chou (1 987), an oversimplified qualitative 

view of some typical soil-lime reactions are: 

Ca(OH)2 + Ca- + Z(0H)- 

Ca- + Z(OH)- * Si02 + Calcium Silicate Hydrate (CSH) 

Ca- + Z(0H)- + A1203 + Calcium Alumina Hydrate (CAH) 

Lime-based stabilization techniques generally depend on the reaction of lime 

with fine grained siliceous material and water to produce a hardened material. 

Hydrates of calcium silicates. calcium aluminates, or calcium duminosilicates are 

formed by the reaction of calcium in lime with amorphous alurninosilicates. Eades 

(1 962) suggested that the high pH causes silica fiom the clay minerals to dissolve 

and. in combination with Ca* . form calcium silicate. Diamond, et al., (1964) 



theorized that lime molecules are absorbed by clay surfaces and react with other clay 

surfaces to precipitate reaction products. These studies suggest that the clay lanice 

components are dissoloved fiom the clay stnrcture and are precipitated as CSH and 

CAH. Jackman and Powell (1991) suggest that the poaolanic products fonned 

during the lime soi1 interaction has the capability to entrap the wastes. 

Some of the most common additives used in lime-based stabilization 

processes are fly ash and cernent-kiln dust and blast furnace slag.. Al1 of these 

materials are waste products that have to be disposed of. Therefore, the fixation 

process can reduce the contamination potential of several wastes. Waste materials 

that have been stabilizedkolidified with pozzolans include oil sludges, piating 

sludges containing various metais (alurninum. nickel. copper, lead. chromium. and 

arsenic) and waste acids ( U S  EPA.. 1989). 

Solidification/stabilization ( S B )  is an economical process for the disposal of 

man! types of hazardous wastes. the method involves mixing liquid or semisolid 

wastes with binders to produce a solid which is stnicturally sound and relatively 

impermeable. Binden often consist of ordinary portland cernent or cernent plus 

some ponolanic materials (Means et ai.. 1995). The primary concem in selecting 

stabilization and solidification technologies is assuring that the contaminants are 

su fficientl y irnrno bilized under al1 anticipated environmental conditions. 

In order to further understand the mechanism of inorganic basecl 

stabilization/solidification systems and its application in mining and mineral 



industry, special attention must be given to cernent and the mechanism of its 

hydration. 

2S. Cernent 

2.5.1. Cernent Technology 

Cernent is a finely pulverized material which by itself is not a binder. but 

develops the binding property as a result of hydration (Le., fiom chernical reactions 

between cernent minerals and water). A cernent is called hydraulic when the 

hydration products are stable in an aqueous environment. The most commonly used 

hydraulic cernent is portland cernent. which consists essentially of hydraulic calcium 

silicates (Mehta and Monteiro. 1993). Portland cernent is produced by buniing at 

high temperatws mixtures containing lime. alumina, iron. and silica in definite 

proportions. 

When portland cernent is dispened in water, the calcium sulphate and the 

high temperature compounds of calcium tend to go into solution, and the liquid 

phase becomes rapidly saturated with various ionic species. As a result of 

combinations between calcium. sulphate. aluminate, and hydroxyl ions within a few 

minutes of cernent hydration. first the needle-shaped crystais of a calcium 

sulphoaluminate hydrate called "ettringite" make their appearance. A few hours 



later large prismatic crystals of calcium hydroxide and very small fibrous crystals of 

calcium silicate hydrates begin to fil1 the empty space which formerly was occupied 

by water and the dissolving cernent particles. M e r  some days, depending on the 

alumina-to-sulphate ratio of the cernent. ettringite may become unstable and 

decompose to fom the monosulphate hydrate, which has hexagonal-plate 

morphology (Mehta and Monteiro, 1993; Neville, 198 1). 

Calcium sulphoaluminate compounds occupy 15 to 20 percent of the solids 

volume in the hydrated paste and therefore play only a minor role in the structural 

property relationship of portland cernent. As it was already stated, during the early 

stages of hydration the sulphateldurnina ionic ratio of the solution phase generally 

favors the formation of tnsulphate hydrate (emingite), which forms needle-shaped 

prismatic crystals. In paste of ordinary portland cernent, emingite eventually 

transforms to the rnonosulphate hydrate which forms hexagonal-plate crystais 

(Mehta and Monteiro, 1993 ). 

Anhydrous portland cernent consisu of angular particles typically in the size 

range of 1 to 50 Pm. It is produced by pulverizing a clinker with a small arnount of 

calcium sulphate. The chemical composition of the clinker minerals corresponds 

approximately to C3S 1. C3A. and CqAF. 



The acnial mechanism of cernent hydration is still a matter of debate in the 

field of cernent chemistry. Two mechanisms for cernent hydration has been 

proposed. According to the first theory, through solution hydrutiion, anhyârous 

compounds are disçolved to their ionic constitumu, formation of hydrates in the 

solution, and the eventual precipitation of the hydrates from supersatunited solution 

due to their low solubility. According to the second theory, called the topochemical 

or solid stafe hydrafion. the reactions take place directly at the surface of the 

anhydrous cernent compounds without entering into the solution. However, fiom the 

electron microscope studies. it appean that the through solution mechanism is 

dominant in the early stages of cernent hydration. At later ages when the ionic 

mobility in solution becomes resuicted. the hydration of the residual cernent 

particles may occur by topochemical reactions (Mehta and Monteiro, 1 993). 

Since portland cernent is composed of a heterogeneous mixture of several 

compounds. the hydration process consists of simultaneously occurring reactions of 

the anhyàrous compounds with water. However. al1 the compounds do no! hydrate 

at the m e  rate. The aluminates are known to hydrate at a much faster rate than the 

silicates. From the stand point of cernent stiffening, setting, and waste 

immobilization. the hydration of tricalcium aluminate (C3A)in the presence of 

gypsum becomes importani. According to Mehta and Monteiro (1993), since 

gypsum and alkalies go into solution quickly, the solubility of C3A is depressed in 

the presence of hydroxyl, alkali. and sulphate ions. Depending on the concentration 
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of aluminate and sulphate ions in the solution, the precipitating crystalline product is 

either the calcium aluminate trisulphate hydrate, called emingire, or the calcium 

monosulphate hydrate. Emingite is usually the fb t  hydrate to crystallize because of 

the high sulphate to aluminate ratio in the solution phase during the first how of the 

hydration. Later. after the depletion of sulphate in the solution when the aluminate 

concentration goes up due to renewed hydration of tricalcium aluminate, ettringite 

becomes unstable and is gradually converted into monosulphate. 

There is another phenornenon related to the presence of sulphate containing 

compounds in cernent which involves the formation of expansive products. known 

as sulphate attack. On hydration. portland cement with more than 5 percent potential 

tricalcium aluminate will contain most of the alurnina in the fonn of monosulphate 

hydrate. In the presence of calcium hydroxide in portland cernent pastes, when the 

cernent paste cornes into contact with sulphate ions, the alumina containing hydrates 

are converted to ettringite. There is a general agreement that the sulphate-related 

expansions in concrete are associated with ettringite; however, the mechanisms by 

which the ettringite formation causes expansion is still a subject of controveny 

(Cohen and Mather. 199 1 ). Exenion of pressure by growing ettringite crystals, the 

crystal growth theory. and swelling due to adsorption of water in alkaline 

environment by poorly crystalline emingite. the swelling theory, are two of the 

several hypotheses that are supported by most researchers (Mehta and Monteiro, 

1993). 



The crystal growth theory is based on the topochemical theory of ettrhgite 

formation and States that the expansive forces arise fiom the crystallization pressures 

of ettringite bound to the surface of C3A clinker (Cohen, 1983). The arnount of 

growth also depends on the nurnber of nuclei sites per unit volume and the growth 

speed of the crystal. If the concentration of sulphates in the pore water are suddenly 

reduced ettringite converts back to monosulphate through metastable intemiediates 

containing 3 to I sulphate and 33 to 18 water molecules. The expansion capacities 

of these metastable intermediates increase with more sulphates and water in the 

lanice. This is why the monosulphate is the least expandable of al1 the calcium 

sulphoaluminate hydrates and ettringite has the largest expansion capacities. The 

swelling theory is based on through-solution theory and explains the expansion by 

invoking the adsorption of water on high surface area ettringite. Adsorbed water 

increases the surface tension of ettringite particles, decreasing the interparticle Van 

der Waals forces and therefore. resulting in expansion (Cohen. 1983). 

Both theories agree on the role of ponlandite -Ca(OH)2- in the solution. The 

absence of portlandite promotes the formation of large emingite crystals which are 

nonexpansive. However. when portlandite is present, it limits the sire of ettringite to 

a very small particles which are more susceptible to yield large expansive pressure 

(Deng and Tang. 1994). The two theories disagree. however on the rate of hydration 

of the ettringite in the presence and absence of lime. According to the first theory, 

hydration is more favorable and quicker in the presence of lime and the mode of 

formation of emingite is topochemical; in the case where lime is ab- the 



formation of ettringite is through solution. According to the second theory, ettringite 

always foms in a through solution mechanism, regardless of the presence or absence 

of lime. However. hydration of ettringite is smdler in the presence of lime. 

2.5.3. Fly Asb 

Fly ash is the finely divided residue that results fiom the combustion of 

ground or powdered coal. Fly ash is transportecl ftom the combustion chamber by 

exhaust gases and is usually collected by mechanical or eiectrostatic precipitators 

(Mehta. P.K.. 1986). It is considered a waste itself. although it is increasingly king 

used in the concrete industry as a partial replacement for cernent. Fly ash production 

in the United States was estimated to be 65 million tons per year in 1993. only 20 

million tons of which were used as a substitute material in different projects. While 

its production is projected to double by the year 2005 (Khan and Sarker. 1993). the 

problem associated with the use or safe disposal of fly ash is intensifying. It is 

estimated that over a billion tons of fly ash has been stockpiled in the United States 

(McLaren and DiGioia 1987). 

Fiy ash is a siliceous material which. in the presence of water, combines with 

lime to produce a cementitious matenal with excellent structurai properties. 



Fly ash is composed of particles that are predominantly amorphous and 

spherical in shape, whether solid or hollow (TRB, 1976). They range in diarneter 

from 1-50 pm with surface areas of 4000-7000 cm2/g. The size particles depends 

largely on the collection mechanism used; thus, electrostatic precipitators collect an 

ash that has much fine particles than one collected by a cyclone (Berry, E.E.. 1976). 

The composition of fly ash varies considerably depending on the nature of 

the coal burned and the power plant operational characteristics. Fly ash is 

designated as class F or class C depending on the parental coal source. Class F ash 

is denved fiom bituminous or anthracite coals. Class C ash cornes fiom sub- 

biturninous or lignite coals predominantiy mixed in the western United States. Type 

F fly ashes do not have pouolanic reactivity while the type C ashes contain 

significant arnount of Ca0 that gives a good pozzolanic characteristics (Usmen and 

Bowders. 1988). Table 2.1 provides the typical chernical composition of fly ash 

type C and F. 

TABLE 2- I TYPICAL CHEMICAL COMPOSITIOK OF FLI' ASHES AND PORTLAND CEMENT 

(AFTER SMITH. 1993) 

Compoundr 

SiO, 

AlPf  

Fe203 

C a 0  

M m  

so~  

Fîy a b  C l w  F 

54.9 

25.8 

6.9 

8.7 

1.8 

0.6 

Fîy h h  Clus C 

39.9 

16.7 

5.8 

24.3 

4.6 

3.3 

PortLod Ccmcat 

22.6 

4.3 

2.4 

64.4 

2.1 

2.3 



2.5.3.2. Pozzolanic P r o d e s  

By far the most important of the characteristics of fly ash is its ponolanic 

properties. A ponolan is defined as a "siliceous or siliceous and aluminous 

material, which in itself possesses linle or no cementitious value but will, in fmely 

divided fom and in the presence of moisture, chemically react with calcium 

hydroxide at ordinary temperatures to form compounds possessing cementitious 

properties'' (ACI. 1 985 3 .  

The lime-fly ash reaction (pouolanic) is a slow process that takes place 

withour any heat generation. When water and fly ash are mixed with lime, the silica 

and alumina will react with lime and the resulting ptoduct is tricalcium silicate and 

tricalcium aluminate. The presence of suiphates and sulphites in the fly ash will 

result in the formation of calcium aluminate trisuiphate hydrate, ettringite 

(Co~er.1990). The factors which affect these reactions are temperature, curing 

time. materials used and proportions. Barenberg (1974) suggests that for a given 

lime-fly ash mixture. increased quantities of pomlanic materials are produced by 

extending the curing time and increasing the temperature. 

According to Bem (1976). two successive stages of reactivity are taking 

place for ponolanic reactions: (1) after the immediate mixing of fly ash with cernent 

and water. the reaction seems to be controlled by the percentage of the amorphous 

particles present in the ash. as well as the reactive surfaces available for reaction 

with lime; (ii) after long curing periods, the reactivity becomes a fûnction of the 

total SiO, and AlzO, available in the ash. 



2.5.3.3. LimeRlv Ash Stabifization 

LimeMy ash combinations have been studied for some time. Without 

question, compositions including lime and fly ash have comprised the largest 

volumes of wastes treated in the United States. There seem to be two reasons behind 

mixing these two additives. The first one is to stabilize the fly ash itself. as it is 

considered a hazardous by-product of coal bunùng. The second one is to provide a 

binder within which other hazardous sludges and wastes could be stabilized. The 

range of applications of lime/fly ash extends fiom waste and soi1 stabilization to 

pavement construction. An example of the former case is the use of fly ash in the 

stabilization of tropical soils (Nicholson and Kashyap, 1993). A study was 

conducted on Hawaiian soils wirh high percentages of iron and aluminum. The 

stabilization process was attributed to two basic sets of reactions: 

Short term: This set included flocculation and agglomeration of clay particles 

due to iron exchange. The result was a reduction in swelling. shnnkage and 

plasticity; 

Long terni: This set of reactions resulted in the binding of the soi1 particles 

together due to the formation of cementitious materials. The main factor 

behind these reactions was the presence of pozzolans provided by the fly ash. 

Since the limelfly ash treated soils gave higher mngth values, the authon 

concluded that this method may provide a more coa effective treatment than the one 

with lime alone. 



Not only soils, but wastes have also been stabilized using a limeffly ash 

binder. Smith (1993), has done a comprehensive study on the utilization of these 

additives in industrial waste treatment. He States that fly ash and kiln dusts are the 

less expensive additives in stabilization, unlike portland cernent and lime. Work in 

recent years has focused mainly on the application of lime and fly ash as a binder 

within which wastes and sludges have been solidified and stabilized. The main 

criterion for the success of the binder has been the amount of metais that could be 

leached fiom the end product. One such example has been the reduced leachability 

of metals from a combination of wastes (Hassen and Hassea, 1988). The authors 

concluded that the reduction in leachability was due to the formation of solid 

hydrated phases incorporating the trace metals and not just due to the rise in pH. 

Synthetic sludges have also been used with limeMy ash binders. Roy and Eaton 

(1992) made a sludge with the metals nickel, chrornium, cadmium and mercury, 

which were precipitated by lime addition. X-ray diffraction showed the formation of 

calcium hydroxide and calcium carbonate phases. The heavy metals were found to 

be in complex forrns and were also seen on fly ash surfaces by energy dispersive x- 

ray spectroscopy (EDX). In another study by DebRoy and Dara (1994), synthetic 

sludge was made and h e e  solidification procedures were followed: 

O Fixation: The lime and fly ash were mixed and then the sludge was added to it. 

Afier the addition of water. the samples were compacted; 

Coating: Cubes were prepared according to the above procedure, then dipped 

into a 5% sodium silicate solution; 



Encapsdation: Cavities were made in the limeMy ash mixtures molds and then 

the cavities were filled with hydroxide of the sludges. 

After the initial cuiing and successive leaching of al1 the samples. the following 

conclusion regarding the effectiveness of the different methods were made: 

Encapsulation > Coating > Fixation 

Metal sludges are by no means the only type of waste to which limelfly ash 

binders can be applied. Martin et al.. (1988). were able to appiy it to a hydrocarbon 

siudge in a silty maaix. The binder was seen to effectively retard leachability due to 

physical micro encapsulation. Joshi ei ol.. ( 1989). studied the properties of Alberta 

fly ash. concentrating mainly on its physical cha-tenstics. They reached the 

conclusion that the addition of lime decreased the conductivity of the mix. increased 

iis strength and decreased the leaching of rnetals fiom the fly ash. 

2.6. Ettringite 

2.6.1. Ettringite; DefinitMn and its Sîructure 

Ettringite (Afi phase) is formed in limited amounts in portland cement pastes 

in the initial stage of hydration. h has the general formula (tricalciun)-Aluminate 

Femte ni (sulphate. hydroxide. etc.) (hydrate). The AFt designation was first 

suggested by Smolcyk in a 196 1 publication in order to distinguish the high 



sulphate hydrate phases from the low suiphate phases. which arc collectively tcrmed 

Afin (Aluminate F a i t e  &mono) (Gougar. M.L.D. et al., 1996). Emingite occm as 

a naniral minera1 dong with others of similar smicnirr and composition fitting into 

the emingite groupe of minerais. 

Emingite, f Ca,[Al(OH),],(S0,)3~26H,0}. - - is mponsible for ~tarding the 

hydration of tricalcium aluminates and binding aggregates in clasts in cements and 

concrete (Mehta and Monteiro. 1993). Ettringite consists of columns of 

bonded with three Ca+2 ions. The coordination numkr of calcium is completed by 

water molecules. The sulphates are intercolumnar and can occur in four diffmnt 

positions. Three of these positions are occupied by sulphatcs and the ttmaining by 

two water molecules (Moore and Taylor. 1968.1970). 

T h m  50;' Ions 



2.6.2. Emiagite Formation 

The mechanism of ettringite formation is not a well resolved question. There 

are two different schools of thought existing on the mechanism of ettringite 

formation. They are the topochernical and the through solution mechanism (Cohen, 

1983). But under which conditions one mechanism follows the other is not 

understood. Most of the studies of the mechanism of earingite formation were 

focused to explain the expansion characteristics of expansive cements and lack a 

common opinion about the mechanism (Havlica and Sahu, 1992). The crystal of 

ettringite foms in-situ in pore solution with high hydroxyl ion concentration, and 

forrns both in-situ and in bulk solution under conditions of low hydroxyl ion 

concentration (Deng and Teng. 1994). During the hydration of portland cernent or 

super-sulfaied cernent, it may be assumed that, upon interaction of polar H,O - 
molecules and/or OH- ions wiih aluminates particles, intermediate components form 

on some surfacial regions of the grains. 

H 

Al O ............ H O H and Ca ....... O 

With the formation of these new bonds the original Ca--O and Al-O bonds will 

weaken. and evennially break down. The pieces broken down will exist mainly as 

Cg- and AI(0H)s- ions in pore solutions of cernent pastes (Reardon, 1990). It is 

accepted thar gypsurn can readily dissolve into water, producing Ca2+ and S042- 

ions. OH- ions in pore solutions may corne h m  the dissolution of either alkalies in 
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clinkers or predominant clinker phases such as calcium aluminates and calcium 

silicates or both. When the pore solution is supersaturated with respect to ettringite 

crystals, the crystals will precipitate from the solution (Deng and Teng, 1994): 

2.6.3. Ettringite As An Agent For The Fixation Of Hazardous Waste 

Materials 

The concept of fixing toxic inorganic and organic compounds into the 

crystalline structure of another mineral. by sorption into the crystal layers, 

adsorption on charged surfaces and replacement OH- and H,O groups is relatively 

new. By intelligently manipulatine the chernical environment, it is possible to 

synthesize new classes of minerals that can be w d  for immobilizing and/or 

entrapping toxic substances. In some cases. there is a need to develop a new class of 

cernent specifically for this purpose (Pollman. H.. 1993). Emingite, a hydrated 

mineral. has the potential for successful use for entrapping toxic wastes. 

The emingite structure is a very "forgiving" one. h can withstand some 

deviation in composition without a change in structure. Diodochic andfor 

isomorphic substitution of Ca2* and ~ l ' -  can occur in the crystal lattice. In the case 

of diodochic substitution. ions of similar sizes and charges substitute for each O-, 



and in the case of isomorphic substitution, ions of similar sizes but different charges 

substitute for each other. Structurai ~ a ' '  can be replaced by other divalent metal 

cations like Zn2', Cd2', Pb", Ni2+, etc., and structurai ki13+, can be replaced by Cr", 

~n". Ti3', Ti4' . Si4', etc. (Vempati, R.K., et al.. 1996). The isomorphic substitution 

of ions will result in development of permanent structural charge. Hence, the ion- 

exchange capacity can be increased. which will result in additional fixation of 

metallic cations. 

Al1 crystal chemical substitutions in the mineral enringite occur at the 

aluminum and sulphate sites. The aluminum site, in general, accommodates a 

variety of trivalent and tetravalent cations in a spectnun of proportions. Bensted and 

Varma ( 1971 ). have confirmed some of this mineral substitution by replacing Alto, 

with various sesquioxides of the first transitions. Also attempted in this study was a 

replacement of alumina with B,O,. ln addition to those substitutions seen in the 

minerals. Bonen and Sarkar ( 1994). report Ni3* and Co3- replacing aluminurn and 

Bensted and Varma (1972). make reference to an analogue of ettringite with Ti3' in 

the aluminum site. 

Although no calcium-site substitutions occur in the ettringite minerals, a 

number of reports suggest a variety of divalent cations will replace Ca2'. An 

ettringite analogue with S? replacing Ca2* is reported by Bensted and Varna 

( 1972). Glasser (1 993). suggests chat ~ a "  and Pb2'. among othm, will generaily 

replace calcium in cernent hydrated phase. Bonen and Sarh (1 994). report the 



ettringite phase accommodating Cd', Co2-, Ni2+, and Zn2+ at the divalent metal site 

in the crystal structure. 

Nurnerous studies conducted al the University of North Dakota as well as the 

Suite University of North Dakota bas shown that formation of ettringite may be 

accompanied by the fixation of oxyanions in their structures. In a hidy by Hassett 

et 01.. 1989, the oxyanions substituted ettringite were synthesized and their long term 

stability over wide pH ranges were detennined. For this purpose the cakiurn, 

aluminum. and sulphates in the samples were leached and their content in the 

leachate were measured with the use of a inductively coupled argon plasma (ICAP) 

spectroscopy and ion chromatography. They concluded that the formation of 

ettringite could lead to the immobilization of elements such as arsenic. boron. 

chromium. molybdenum. selenium. and vanadium, while its stability decreases 

below the pH 10. 

ln another study by P. Kumarathasan et al (1990) the oxyanions substituted 

ettringite were leached over one thousand days. The results which showed between 

76.96% of the trace elements of concem (As, B. Mo. Se. and V), were fixed in some 

solid phase or phases. Such results led them to the conclusion that solubility of these 

elements is king controlled by the fomation of mineral ettringite. They also 

reponed on previous works which has shown the substitution of borate, chromate, 

selenate, carbonate, nitrate. hydroxyl, and sulfite for dphate  in the smicture of 

ettringite. In addition to the above mentioned elements, they s u g g e d  that other 



oxyanions which might substitute for sulphate are: M d 4 *  , ~0~'- , ~0~'- , Seo3'', 

Te0 ". Sb0 , Bi0 " . 
4 4 4 

Examination of the ettringite group of minerals provides naturally occurring 

evidence of compositional change at these sites. When compared with ettringite 

( Ca,[Al(OH),]2(S0,),.26~ } . the thaumasite mineral formula 

{Ca6siî(oH)l2(so4)2(C03)2.24HZO), - for exampie, shows aiurninum replaced by 

the tetravalent cations, Si4'. along with sulphates' partial replacement by another 

divaient anion. CO,'- (Gougar. M.L.D.. et al.. 1 996). Table 2.2. provides a complete 

list of ettringite group of minerais. Study of these structures provides information on 

some natural and. therefore. stable ionic substitutions possible in the stnicture of 

ettringite. 

TABLE 2- 2 STR~~CTURE OF THE ET~RINCITE CROUP OF NATURAL MINERALS 

Charlesite subgroup 

Bentorite 

Charlesite 

S tunnanite 

Ettringite subgroup 

Ettringite. syn 

Thaumasite subgroup 

Jouravskite 

Thaumasi te 



Table 2.3 provides a summary of docurnented substitutions into the ettringite 

structure as reporteci by different authoa. 

TABLE 2- 3 REPORTED WASTE ION Sumi tv r io~s  1N ET~RINCITE MINERALS AND SYNTHETICS 

( A ~ R  GOUGAR Et AL., 1996) 

(Ca2+) site (AD+) site . (SOJ+) site (OH-) site 

S r 3  Cr3- B(OW4- 02- 

Ba2+ S i4+ C0,2- 

Pb2+ Fe3+ C1- 1 
C U +  Mn3 .- OH- 

C02+ N i P  Cr0.2- 

Ni2+ co3+ AsOJ- 

(Ca2+) site (AU+) site (S0,2+) site (OH-) site 



Wastes containing toxic and often highly soluble sludges can be transfomed by 

using cernent based systems into solidified and stabilized materials ( C o ~ e r ,  1990). 

Depending on the application of various cements and cementitious matenals 

different ùnmobilization mechanisms can be predicted: 

1. Precipitation at high pH-values of cement materials; 

2. Sorption effects at high surface cernent phases; 

3.  Crystallochemical incorporation into cernent materials. 

It is widely accepted that cernent and pozzolan-based waste foms rely 

heavily on pH control for metal containment. The formation of insoluble heavy 

metal compounds during stabilizationinduced high pH conditions. make it difficult 

for heavy metal species to remain in the solution. The hydroxides formed by many 

of the multivalent metals are characterized by decreasing solubility as the pH of the 

solution increases. Unfonunately. dl metals do not reach minimum solubility at the 

same pH. so that optimum pH of the system must be a compromise. Solubility 

curves for various metai hydroxides. detived fiom severid sources and here adapted 

from Conner ( 1  990). is s h o w  in the figure below: 

A number of metal hydroxides such as arsenic and chromium, however, 

become increasingly soluble as the pH of the solution increases (Environment 



Canada, 1 987). Thmefore, their immobilization is not d y  acplained in terms of 

hydroxide complexation mechanisms. 

Another mechanism of immobilization is adsorption of metal oxides to the 

surface of cernent based solidieing materials. At the solid surfaces of cernent 



materials cohesive forces such as ionic, covalent and Van der Waals forces, are 

unbalanced. This situation gives rise to the phenornenon of adsorption. Adsoxption 

occurs when a molecule or ion becomes attached to a surface. In surface layers of 

metal oxides, the metal ions have a reduced coordination number. In the presence of 

water. they develop a hydroxylated surface with a net negative charge at high pH. 

This cause the adsorption of cations to the surface of cernent materials (Conner. 

1 990). 

Glasser (1992) reponed that in the progress of hydration a microporous 

matrk is  built up and the tendency for leaching is decreasing. In another study by 

Amitava et al. (1 992). waste matenals fiom an electroplating plant were mixed with 

ordinary portland cement or lime and hi& calcium content fly ash. Sodium sulphate 

was added to the mixtures and its effect on the physical and chernical stability of the 

cementitious matrix was analyzed. The result of their investigation showed that 

upon the addition of  sulphate to ail the mixtures, ettringite was fomed. The 

formation of mineral ettringite conuibuted to the reduction of elements of concem in 

the leachate fiom the rnatrixes. They concluded that physical encapsdation of the 

heay metais in the matrix was the principal mechanism of immobilization. The 

result of this study revealed that the newly formed ettringite crystals contained 

significant arnounts of Na. Cr and Ni. 

Therefore, formation of emingite in sulphate rich tailings could provide 

several stabilhtion possibilities: (1) incorporation into the crystal structure of 

ettringite: (ii) replacement of OH- and H,O groups in the crystal lamice of ettringite; 
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(iii) adsorption on charged surfaces a d  (iv) pmcipitation as insoluble metal-oxides 

and hydroxides because of alkaline nature of the composite waste mixture. 

The formation of ettringite can be promoted in lime-remediated mine 

tailings. The acid generating mine tailings contain an important amount of sulphidic 

minerals which if left untreated could pose a serious environmental threat to surface 

and groundwater regime. The acidic environment is characterized, arnongst others 

by an elevated amount of sulphate and femc iron. Traditionally. mining companies 

in Canada rely on lime treatment of their acidic tailings which provides an alkaline 

environment with elevated levei of calcium ion in solution. However, if suficient 

amount of aluminum can also be provided in the solution, the system contains al1 the 

requirement for the precipitation of calcium sulphoaluminate hydroxide hydrate, 

enringite. Formation of emingite in lime remediated mine tailings can be associated 

with the fixation of heavy metals fkom the sunoundhg environment into andlor onto 

its crystal structure. Moreover. the high pH induced environment required for the 

formation of this minerai will cause the precipitation of heavy metais fiom the 

solution. 



2.6.6. Ettringite Swelliag and Expansion 

It is generally believed that expansion of sulfoaluminate-type expansive 

cernent is associated with the formation of ettringite. This phenornenon is called 

"sulfate attack" in the cernent and concrete industry. Whereas researchers have yet 

to agree on the mechanism by which emingite causes expansion, it is observed that 

ettringite is also the primary source of strength in many cements. 

As was discussed earlier. the origin of ettringite expansion is not yet fully 

understood. The nurnerous theories and models aimed at explaining the mechanism 

of formation of ettringite and expansion due to ettringite can be divided into two 

major groups: i) the crystal growth theory. and ii) the swelling theory (Deng and 

Tang. 1994: Mehta. 1983; Cohen. 1983). Accordhg to the first theory, expansion is 

caused by the growth of ettringite crystals which fom on the surfaces of the 

expansive particles or in the solution. The growth of these crystals, commonly 

referred ro as crystal growth. is responsible for the crystallization pressure and, 

hence. expansive force (Cohen. 1983). According to the second theory. expansion is 

caused by the swelling of the ervingite particles that are of colloidal size. These 

particles are commonly refened to as gel. This gel has a large specific surface ma, 

takes up water to produce overall expansion by swelling. However, extensive 

research has show that. regardless of the mechanism of expansion, ettringite growth 

and expansion depends on the concentration of hydroxyl ions in the pore solution 

(Deng and Tang, 1994; Wang et al.. 1986; Mehta, 1983). Mehta (1983), based on 

extensive experimental anal y sis has pro posed to categorke ettringite crystals into 
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two types: Type 1 ettringite crystals are large lath-like crystals, 10-100 pm long. 

They are typically formed under conditions of low hydroxyl ions concentration. 

Mehta (1983), has shown that cements containhg considerable amount of large 

ettringite crystals manifest high strength but no expansion. This type of ettruigite 

crystals are not expansive. 

Type 2 ettringite crystals are small, rod-like crystals, typically 1-2 prn long, 

which are formed under conditions of high hydroxyl ions concentration. This 

condition exists. for instance. during the hydration of normal portland cements. 

From high magnification electron rnicroscopic observations and surface area 

measurements by small angle diffraction study conducted by Mehta (1983). he 

concluded that the actual size of the ettringite crystals may even be considerably 

smaller than 1-2 Pm. Since large arnounts of these crysrals are found in concrete 

deteriorated due to sulfate attack. it was proposed that this type of ettringite is 

expansive. 

However. it is important to note that the question of ettringite expansion and 

swelling has been mostly addressed in the context of cement and concrete. Such 

environrnent is characteriad by high hydroxyl ions concentration and ettringite 

formation is within a solid state. Enringite crystals which are fonned under this 

circumstances are small and are prone to expansion. On the other hand, in lime 

remediated mine tailings environment ettringite crystals are larger than those f o m d  

in portland cernent environrnent and have no swelling or expansion characteristics. 

Furthemore. ettringite will be fonned in a liquid state in mine tailings rather tban in 
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the solid state of cernent and concrete environment. Such a condition will prevent 

emingite expansion. Moreover, the expansion pmess of emùigite takes place, if 

any, during its formation process and not after it has been formed. Therefore, once 

the ettringite mineral has formed. its stability is related to the chernical 

characteristics of the surrounding environment, such as the availability of sulfate 

ions and pH condition. Hence. concem over emingites' potential swelling and 

expansion has no effect on the adsorbed and/or absorbed ions from its structure. 

2.7 General Remarks 

From review of the existing literature. several comments cm be made conceming 

the importance of new and innovative techniques to deal with the problem of acid 

mine drainage. Most researchers in the area of prevention and treatment of acid 

producing tailings have worked with the existing technologies and have uied to 

improve upon them. However. the natural constituents of reactive tailings have not 

been fully explored for immobilization and abatement of acidic drainage. 

Ettringite utilization in tenns of waste stabilization is a relatively new technology 

with great potential in stabilization and solidification of heavy metals and oxyanions 

in an alkaline environment. Acid producing tailings, on the other hanâ, has ail the 

n e c e s q  constituents of etmngite formation, providing the pH of the medium is 
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buffered and can resist acidification. If these conditions are met, it is believed that 

emingite and ettringite substituted minerais can be formed in a stable f o m  in 

potentially acid producing tailings. Formation of emingite in these tailings will 

generate an inert material with reusability potential. 



Chapter 3 

Materials and Methods 

The laboratory testing program is focused on physical and chemical characterization 

of the tailings sarnples selected for this snidy. The experimentai procedures used for 

evaluation of the proposed treatment procedure, such as leachability, pemieability. 

and unconfrned compressive strength have been explained within the corresponding 

c hapters. 

3.1 Materials 

Two sulfate rich mine tailings samples were obtained fiom two mine sites in 

Quebec. The first sarnple came from a copper. nickel, zinc, gold operation (labeled 

sarnple 1 ) and the second came fiom a copper. nickel, gold mine (labeled sarnple 2). 

Samples were received in sealed plastic containers and during the duration of the 

tests were kepi in the humid room. Portion of the samples were air dned in order to 

conduct the initial physical and chemical anaiysis needed for identification of the 



samples. The air dried samples were gentiy cnished with a mortar and pestle and 

were kept in sealed glass container for m e r  anaiysis. 

3.2 Physical Characterizrition 

Al1 the following physical charactenstics experiments are conducted according to 

ASTM standards testing procedures and various techniques reported by different 

researchers as described below. The selected analysis are conducted in triplicate and 

their average values are reponed in Table 3.1 . 

TABLE 3.1 PHVSICAL ANALYSIS OF TAILINCS SAMPLE 

Ttst Samplc t Slmpk 2 

Moisture Content (%) 10.29 9.20 

Specific Gravity 3.60 2.94 

Specific Surface Area 10.62 12.76 

Liquid Limit (L.L.) 1 8.23 19.06 

Plastic Limit Close to L.L. Close to L.L. 

3.2.1 Moisturt Content 

The measurement of the moisture content, both in the natural state and under 

certain d e h d  test conditions. can provide an extremely usefid methods of 



classiwing cohesive soils and of assessing their engineering properties. Moisnire 

content is dehed as ratio of the mass of fluid in the sample to the mass of the solid 

particles as: 

Moisture Content (5%) = Weight of pore jluid (g) * 100Neight of Solid Purticles (@ 

ASTM method D22 16 were followed for determination of moisture content. 

3.2.2 Specific Gravity 

The specific gravity is defined as the ratio of a unit volume of materid at a 

stated temperature to the mas. in air. of the sarne volume of distilled water at a 

stated temperature. Soil's specific gravity is in the range of 2.6 to 2.75. However, 

given the nature of the samples under investigation, it is expected that a higher 

specific gravity will be recorded for the mine tailings sarnples. ASTM method D854 

was followed for measurement of specific gravity and their values are given in Table 

3.1. 

3.2.3 Liquid Limit and Plastic Limtt 

The liquid limit and the plastic lirnit together constitute the Atterberg limits 

of a given soi1 sample. There are two comrnon methods for determining the liquid 

lirnit of a soi1 and both were considered for the tailings samples under investigation. 



However, the method proposed by ASTM D4318 involviag the use of the 

Casagrande apparatus proved difficult since the samples w m  rather silty. This 

property did not allow cutting a clean groove in the paste as outlined in the ASTM 

suggested method. Therefore, the cone-penetrometer method (British Standard BS 

1377: part 2: lWO:4:3) was employed (Head. 1992). The test was conducted in 

triplicate and the average values are given in Table 3.1. The test involved the use of 

a polisher stainless steel cone. 80 gram in weight. which falls fmly  for 5 seconds 

and penetrates the soil (tailings) sample contained in a special cylindrical cup. 

Tailings were mixed with varying amounts of distilied water, put in the steel cup and 

iested with the cone penetrometer. Four readings between 15 and 25 mm of 

penetration were taken for each tailings sample. The numben were piotted against 

the respective moisture contents of that sample. The liquid limit of the tailings 

sample were detemined by reading the moisnire content for a penetration of 20 mm. 

The plastic limit was detemined based on ASTM D 43 18. 

3.2.4 Grain Size Analysis 

The purpose of particle size analysis of any soil is to determine the relative 

abundance of certain ranges of particle sizes. Detemination of particle size analysis 

was done according to ASTM D421 and D422 testing procedures. Three Hunâred 

gram of air dried sample was washed over a 200 mesh sieve. The residue was oven 

dried and later used for sieve analysis while the quantity which passed sieve # 200 



was carefully collected, dried and were analysed for theu grain size distribution, 

using a hydrometer. A mechanical shaker was used for 15 minutes in order to 

perform the sieve analysis. The results of tailings samples grain size analysis are 

given in Figures 3.1. The results presented in the figures below indicate that both 

samples contained between 3.5 (for sarnple 1) and 4.4 (for sample 2) of clay size 

particles. Most of the particle size distribution for both samples falls in medium to 

fine sand, with very limited amounts of silt and clay size particles. The Atterberg 

Grain S b  Analysis 
S a q k  No. 1 

Hydrometer Analysis -. . - ................ r 

Gram Diameter (mm) 

limit tests conducted previously reveal that these tailings posses relatively low 

plasticity potentials. 



Grain Ske Analysir 
Sampk No. 2 

80 . . . . . . . . . . . . . . . . . . .  - . - ---. .- 
8 Sieve Anabsis 

Grain Diameter (mm) 

3.2.5 Specfic Surface Area 

Specific surface area (SSA) is the ratio of the surface area of a media over its 

volume or mass. Usuall y the specific surface is an indication of the surface of ionic 

activity for a type of soil. Small particles tend to have larger specific surface area 

than larger particles. This is due to the relative size of the soi1 particle compareci to 

its volume. Clays are very small particles and thus have larger specific surface area 

than other soi1 particles such as sand. A larger surfâce area is generally indicative of 

a more active site. be in tems of cation exchange capacity or water adsorption. Clay 



have a negatively charged surface due to isomorphous substitution and imperfections 

in the clay lanice. Isomorphous substitution occurs when one atom is replaced by 

another type of atom within the crystalline structure of the clay minetal. The overall 

effect of atomic substitution is to incnase the negative charge on the particles (Holtz 

and Kovacs. 1 98 1 ). 

The ethylene glycol-monoethyl ether (EGME) method as described by Carter 

er al.. (1986) was used to determine the samples specific surface area. The 

experimental procedure used to deterrnine the specific surface area consisted of 

measuring the adsorption of a specific cation or molecules on the surface of the soi1 

particles. The table below is the result of the experiment to mesure the SSA value: 

3.3 Chemical Characteristics 

k 

SAMPLE S S A m  (ni2/@ Trial 1 S S A m  (m2/g) Trial2 
Sample No. 1 12.03 9.20 

Sample No. 2 14.18 1135 

33.1 pH and R d o x  Potential Measurcments 

Avmge 

10.62 

12.76 

Chemical experiments were perfomed on the tailings samples in order to 

better characterite their propenies. Due to the focus of the project on stabilhtioa 



of reactive tailings via the formation of enringite, measurement of acidity and/or 

alkalinity of the samples are crucial. Therefore. pH and redox potential of the 

sarnples were measured in order to assess the properties of the samples. 

pH measurement of 1 :IO tailings - water extract was conducted according to 

ASTM method D4972 (Standard Test Method for pH of Soils). The redox potential 

was measured using the same extract solution and the mults of the analysis are 

given in Table 3.3. 

The redox potential of a galvanic ce11 depends on the activities 

(concentrations in infinitel y dilute solutions) of the reduced chernical species and 

oxidized chernical species in a solution (Benefield, 1982). It is also known that 

redox potential readings are directly related to the pH of a solution. The 

measurement taken is the potential difference between the reference and indicator 

eiectrodes. which. in tum. depends on the activity of the hydrogen ion in the 

solution. Note that the redox potential of a solution i s  inversely proportional to its 

PH. 

TABLE 3.3. rH AND Rmos P O T E ~ A L  

Sampk PH W o x  Potentirl (mv) 
-- 

Sample # l 2.49 

Sample # 2 3.26 



33.2 Cation Exchange Capacity 

Cation exchange capacity is defmed as the exchange of cations in solutions 

for cations adsorbed to the negatively charged sudace of a clay. organic colloids. or 

other negatively charged particles. The cation exchange capacity is the total of 

positively charged particles that a soil can adsorb at a given pH. The usual 

exchangeable cations that exist in a soil are as follows: ca2', M ~ ~ ' ,  Kt, and Na'. 

The exchangeability of the ions is limited by the valence charge of the cation, the 

size of the cation (which is directly related to the hydrated radius) and the abundance 

of the cation in solution (Gnm. 1968). The usual replacement order is as follows. 

In general K* will replace Na* or ~ a "  will replace K'. However, an ion with a 

higher replacement power can be replaced by an ion with low exchangeability by 

making that ion available in high concentrations. This process is used in the 

experimental procedure. where the silver ion is made available through a leaching 

solution containing high concentrations. 

3.3 .t. 1 Exwri;nental ~rocedures 

The method describecl by Chabra et. al.. (1975), employing silver-thiourea 

solution, was used to determine the tailings samples' cation exchange capacity. In 

general. the silver-thiourea solution is used to saturate the tailings samples. Due to 

the samples high preference for the silver-thiourea cornplex it is adsorbai to the 



tailings particles while the other exchangeable ions are released into the solution. 

The concentrations of exchangeable ions. ca2+, M~", K' and Na' and of silver are 

measure by atomic absorption spectroscopy. The difference in silver concentrations 

indicates the cation exchange capacity. 

Due to the fact that the silver reagent solution is light sensitive. any step 

involving the silver reagent had to be done in the darkroom. Anhydrous thiourea in 

an amount of 7.5 g was dissolved in 250 ml of distilled water. Afier mixing 7.71 g 

of ammonium acetate to the mixture. the pH was measured and adjusted to 7. using 

NaOH if pH > 7. and acetic acid if pH < 7. The solution was transferred to a one- 

liter flask where 500 ml of 0.02 M &NOl was slowly added. This solution was 

then diluted to one liter to finally give a solution 0.001 meq Ag/ml. The tailings 

sarnples were air dried and ground to pulverize the larger parricles. Tailings samples 

of 0.5 g were weighed and placed in plastic centrifuge tubes. 40 ml of silver- 

thiourea reagent was also poured into each centrifuge tube. The tubes were then 

placed on the mechanical shaker for four hours, and then were immediately 

centrifuged and decanted. Atomic absorption spectroscopy was uscd to determine 

the concentration of each ion as previously mentioned. 

[ion]( meq I 1 )  x Vol. solution added x 1 O0 
E*raciuble Carions (meqI100 g of railings) = 

Soi1 Weight ( g ) 

CEC(meq1100gof Soil) = 

([Ag' l , ,  ( IOmeqI I )  -[Ag'],,,, (1 O me9 / 1 ) )  x Vol. Solution odded (ml) x 100 
- - 

(500 x (Soil Weight ( g  )) ) 



The results of cation exchange capacity measwement are given in Table 3.4. 

Sam ple CEC Measund (mq11ûOg) 

Sample # 1 

Sample # 2 

3.3.3 Elemental Analysis 

Tailings sarnples elemental composition was determined using two different 

techniques. A portion of air ciried and slightly pulverized samples were submitted to 

school of Earth and Planetary Science at McGill University for elemental analysis 

using X-ray Fluorescence Analysis. The XRF is a useful technique in detemining 

the total composition of a sarnple. The results of XRF analysis are given in Table 

3 3. 

As for the second method. to identiQ the soluble metal analysis in the 

samples. the acid digestion method involved the use of nitric (HNO,) and 

hydrochloric (HCI) acids as the main reagents were used (US. EPA method 3050 

-1986). The testing procedures were as follows: 2 gram of each air-dned tailings 

samples were taken and transferred to a conical beaker. 10 ml of 1:l niîric 

acid:water solution was added to the beakers and then were covered with a watch 

glass. 



TABLE 3.5. THE XRF ANALYSIS OF TAILINCS SAMILES 

Element Sampk 1 Sampk 2 

The slurry solutions were heated to 95°C and then nfluxed for 20 minutes. M e r  

this period. 5 ml of concentrated nitric acid was added to each beaker and allowed to 

reflux for another 30 minutes. The solutions were then allowed to evaporate until 

the tailings samples were barely covered with liquid. The samples were allowed to 

cool dom. afier which 2 ml of distilled water and 3 ml of 30% hydrogen peroxide 

were added to each beaker. Subsequently, they were retumed to hot plates for re- 

heating and to begin the peroxide reactions. M e r  this sep, 5 mi of concentrated 

hydrochloric acid and 10 ml of distilled water were added to the beakers and allowed 

to reflux for another 15 minutes. The slunies were then allowed to cool and diluted 



to 100 ml with distilled water. The new solution were allowed to sit for 30 minutes 

before 30 ml of each was transferred to a tube and centrifbged at 8000 rprn for 10 

minutes to separate the supernatant fiom the solid particles. The former was 

anaiyzed for different elements using atomic absorption spectroscopy Perkin-Elmer 

3500 machine. Sulfate content was rneasured using Dionex DX-100 Ion 

Chromaiography. The results are given in Table 3.6. 

TABLE 3.6. THE ELEMENTAL ANALYSIS OF TA~LINCS SAMPLES 

Element Sample 1 (ppm) Sampk 2 @pan) 

Alurninum 

Arsenic 

Calcium 

Cadmium 

Chromium 

Copper 

1 ron 

Potassium 

Magnesium 

Manganese 

Lead 

Silicon 

Sulfate 

Zinc 



3.4 Mineralogical Composition 

In order to determine the mineralogical composition of the tailings samples 

under investigation, representative specimens were used for x-ray diffraction 

analysis. Air dned samples were pulverized to pass sieve number 200 and then the 

powder was subjected to X-ray d ihct ion  analysis using Rigaku D/Max 2400 

automated powder diffiactometer. The X-ray diffraction pattern of both samples are 

given in Figure 3.1 

FIGURE 3.2 XRD DIFFRACTION PA'ITER~ OF TAILINCS SAMPLES (SAMPLE NO. 1) 



The XRD analysis of sample I indicate that the mineraiogicai composition of 

this sarnple is mainly composed of pyrite, graphite, quartz, illite, clinochlore, 

thulium tellurate, nimite, copper sulfide, nickel sulfide, tin sdfide, strontium oxide 

and cobalt oxide. 

Sampk 2, 0% L k ,  0% FA 
No Treatment 

FIGURE 3.2 XRD DIFFRACTION PATTERN OF TAILINCS SAMPLES (SAMPLE NO. 2) 

Sarnple two mainly consin of quartz. copper hyâride, moganite, graphite, nimite. 

and iron phosphate. 



3.5 Fly Asb Composition 

The chemical composition of the fly ash w d  in this project is given in Table 

3.7. The fly ash is type "C" and was supplied by CANMET research laboratory in 

Ottawa Canada. The chemical composition of fly ash type "C" has k e n  compared 

to that of ordinary portland cernent type 10. 

TABLE 3.7 CHEMICAL COMPOSITION OF CEMENT AND FLV ASII TYPE "C" 

Ekment Portlant Cernent (% W/W) Fly Asb 4% W/W) 

h farg t  type 10 type "C" 

SiOz 

A1203 

TiOt 

P205 

Fe20j 

Ca0  

Sr0 

MsO 

Na@ 

K 2 0  

so3 

LOI 



3.6 Project Related Experiments 

Al1 project related experiments, samples preparation, and curing methods are 

discussed in correspondhg chapters. 



Chapter 4 

Thermodynamic Modeling 

4.1 Introduction 

Long-term batch leaching studies of composite waste compounds containing 

calcium. alurninurn. and sulphate along with other heavy metals have show the 

prominent formation of an ettnngite structure phase, accompanied by reduction in 

solution concentration of potentially hazardous elements in leachates. Thexfore, it 

is postuiated that ennngite and ettringite like minerals have the potential of uptaking 

other metals (Solem. and McCarthy. 1992: Kumarathasan er al., 1990). The 

immobilisation of heavy metals can take place in the fom of isomorphous 

substitution: adsorbtion of positively charged metal species to negatively chaiged 

surface of ettringite; and precipitation of metals in high-induced pH environment 

necessary for ettringite formation and precipitation. Hence, ettringite, in a lime - 

remediated sulphate-aluminate rich acid mine drainage system could therefore serve 

as a physical and chernical stabilizing agent (Mohamed et al.. 1995). 



Study the optimisation process of fomiing and precipitating ettringite as a 

stable mineral in a acid producing tailings system rich in calcium, aluminurn, and 

sulfides is essential to success of the project as well as to reduce the remediation 

costs over other comrnercially available stabiluing agents. Therefore, 

thennodynamic modeling was used to study the optimization process of ettringite 

formation in acid mine drainage system. 

In order to evaluate the possibility of forming ettrhgite in mine tailings 

s y stems, the optimal geo-c hemical parameters needed cm be devised by 

thermodynamic models. Damidot and Glaser (1993a) have produced a thme 

dimensional graph depicting the thresholds of the stability of comrnon cernent 

minerals in cernent water system as show in Figure 4.1. The range of calcium. 

aluminum and sulphate concentrations needed to precipitate emingite in a system 

devoid of dissolved CO2 is show in Figure 4.1. It dws not, however. depict the 

influence of pH on stability of minerals. For lime-remediated purposes. pH is a 

critical factor for insoiubilizing heaw metals. and precipitating ettringite at the same 

time. Hence. the focus of this chapter is on the effect of pH on the stability of 

ettringite via thermodynamic modeling. Tailings samples fiom a Quebec mine were 

analyzed and the thermodynamic propenies of their aqueous species were modelled. 

The optimal geo-chernical parameters required to precipitate enringite in the samples 

and the residud metal concentrations were calculated. 



FICI~RE 4.1 THREL DIMEWSIONAL REPRESESTAT~ON OFTHE CAO-AL@,~&~,-H@ SVSTEM. 
FROM DAMIDOT AND CLASSER (1993). 

4.1.1 Properties of Ettriagite in Cernent Syrtems 

Addition of gypsum in a cernent mixnae delays the binding propcnits of 

cements undcrgoing hydration. While this proccss is wcll-known throughout cernent 

chemistry community. the actuai mechanisms through which the dclayad C,A 

hydration of cements proceed is ni11 a matter of dcbate. Sulphate-rich waters 

seeping through Mcned cements induce f.wtbcr growth of ettringitc and on a long 



term basis expansion of concrete. Once more, the mechanism involved responsible 

for the source of expansion are controvenial in the field of cernent chemistry. 

4.1.1 . 1  Exmrimental Procedure: C,A - and Water 

In the study of the stability of various calcium sulphoalurninate hydrates for 

different pH. Gabrisova et al. ( 1  992), mixed tricalcium aluminate with water and 

observed the pH. pCa and solid state changes. In a first instance, 

tCaO.A1,0,.8H,O and 4Ca0.A1,03. 19H,O form both conven slowly to hydrogamet 

(3CaO.A1,O3.6H,O). The addition of sulphates in the solution at a pH p a t e r  than 

10.7 induces the conversion of hydrogarnet to ettringite 

(3CaO.A1,0,.3CaS0,.32H,O). When sulphates deplete. ettringite converts to 

monosulphate (3Ca0.AIZ03.CaS0,. 18H20). This experiment can be basically 

related to the role of sulphates in the delayed setting of cements. If sulphates are 

not available. hydrogamet in the final hydration product of tricalcium aluminate 

and a "flash set" of the cernent mults (Mehta. 1986). By adding a srna11 amount of 

gypswn. the setting tirne of concrete is delayed, whether ettringite is the cause of 

the delayed hydration of C,A or is a by-product, is the centre of a lingering debate 

in the field of cement chemistry. 



4.1.1.2 Exuerimental Procedure: C - ,A-CaSO, - .2H,O-H,O - - 

One of the most common experiments conducted in the field of cernent 

chernistry makes use of a simplified cementitiou system containing tricalcium 

aluminate and gypsurn. Upon the addition of limited amounts of water, gypsurn 

part1 y dissolves (solubility = 0.0022-0.00272 g / d )  and provides sulphate ions to 

the slurry. In a very similar expriment using hemihydrate (CaS0,.l/2H20) Brown 

and LaCroix (1989) show that the growth of ettringite is delayed by a lag time 

during which hemihydrate converts to gypsum which in tum ultimately dissolves. 

Also. by adding Ca(OH), (portlandite) to the solution, the rate of dissolution of 

gypsum is reduced due to the higher activity of calcium ions in the solution. In 

such conditions. the amount of sulphate ions available for the growth of ettringite 

is greatly reduced. 

The hydration of calcium silicate produces a C-S-H gel (tobermonie) on the 

surface (Fu et al.. 1994). This gel serves as a sink for suiphates by adsorbing them 

and therefore increases the extent to which gypsum can dissolve. The gel with its 

adsorbed sulphates is called "phase X " (Fu et al. 1994), and acts as a kinetic 

barrier to the formation of ettringite by holding moa of its constituents in a gel 

phase. The rate-detennining step for the formation of emingite is the diffusionally 

conuolled desorption of the sulphate fiom phase X. 



4.2 HYDRATION RETARDATION MECHANISMS 

The actuai mechanisms through which cernent hydration is delayed are a 

rnattet of debate in the field of cernent chemistry. There are two dominant theories. 

topochernical and through solution theories, which are both contradicting and 

controversial. Also, no one agrees on whether ettringite plays an important role in 

the delayed hydration or is just a by-product cementhg grains and aggregates. 

4.2.1 Topocbernical Theory 

Tricalcium aluminate clinken react topochemically with CaSO,. resulting 

in the formation of a film of ettringite on the surface. This film would serve as a 

physical barrier to the pore waters and therefore depress the solubility of C,A. As 

the sulphate content decreases ettringite converts to monosulphate. This mineral 

still convens the unhydrated cernent but has less expansive properties than 

ettringite. A renewed activity of cernent hydration could be due to the disniption 

of the ettringite film by (1) crystallization pressures or (2) osmotic pressures arising 

from the difference of ion concentration between the film and the unhydrated 

cernent. and the film and the pore waters. 

Part of the reason why the debate has k e n  lingering is cawd by how the 

theory is interpreted. Some interpret the theory as a solid-solid phase 

transformations where the atoms of the cernent lattice would migrate to the surface 



and reacting with sulphate and water. Solid-solid transformation is a process that 

can only occur at very high temperatures and pressures. The temperatutes, at 

which cements hydrate. even if the heat liberated is large, do not allow this 

mechanism to proceed. In addition. the spacing groups of emingite and C,A are 

very different. The other. and more redistic. interpretation is the ettringite would 

preferentially form at the surface of cements since C,A is the source of calcium and 

aiuminum. Furthemore. aiuminwn surface sites could offer stable nucleation sites 

for etteringite. 

4.2.2 Througb-Solution Mechanism 

In a series of experiments Mehia (1976) has proposed that ettiingite forms 

indiscriminately through the solution and that the topochernical theory could be 

ruled oui. Proponents of this theory contend chat the depressed solubility of the 

C,A is due to the presence of sulphates in the pore waters. Skalny and Tadros 

( 1 977). have shown that C ,A dissolves incongruently. leaving an aluminum;rich 

surface. Calcium would adsorb on the structure (but they did not say at what 

element) and therefore. minimize the reactivity of dissolution sites. In the pmence 

of smdl arnounts of gypsum. sulphates acisorb on the duminum-rich surface and 

also reduce the nwnber of dissolution sites. 



4.23 A Compromise Betwrn the Two Thtories 

In the C,A-H,SO,-water system described above, Gabrisova et al. (1 991) 

established the pH stability fields of the different hydration products of tricalcium 

aluminate. For pH greater than 10.7. ettringite is stable and forms long needles. For 

higher pH, ettringite forms smaller crystals with the formation of monosulphate 

favored. Havlica and Sahu (1992) proposed that if the pH at the cement/water 

interface is greater han 10.7. then ettringite forms on the surface. If the pH is less 

than 10.7. a liquid interface would form between the surface and the hydration 

products in the pore waters where pH is higher. Based on their calculations, they 

conciude that if the thickness of the liquid interlayer is more than 10 microns then 

the mechanism of ettringite formation is labeled as "through solution"; if it is 1.4 

microns thick then the mechanism is "topochemicai". 

4.3 Sulphate Attack and Expansion 

Seawater or sulphate-rich groundwater have deleterious effects on hardened 

cements. Sulphates promote the formation of ettringite, which could mult in the 

expansion. and breakage of concrete structures. Two theohes which explain the 

mechanism of growth and expansion are in conflict. 

The crystul growth theory is based on the topochernical theory of ettringite 

formation and states that the expansive forces arise h m  crystallization pressures of 



ettringite bound to the surface of C,A clinken. The amount of growth also depends 

on the number of nuclei sites per unit volume and the growth speed of the crystal. If 

the concentration of sulphates in the pore waters is suddenly reduced emingite 

converts back to monosulphate through metastable intermediates contai~ng 3 to 1 

sulphate and 32 to 18 water molecules. The expansion capacities of theses 

metastable intemediates increase with more sulphates and waters in the lattice. This 

is why monosulphate is the least expandable of al1 the calcium sulphoaluminate 

hydrates and enringite has the largest expansion capacities. 

The swelling rheory is based on the through-solution theory, and explains the 

expansion by invoking the adsorption of water on high surface area ettringite. 

Adsorbed water increases the surface tension of ettringite particles. decreasing the 

interparticle Van der Waals forces and therefore, resulting in expansion. 

Both theories agree on the role of portlandite in the solution. The absence of 

ponlandite promotes the formation large ettringite crystais, C,A. CSH,,, and 

gibbsite. Portlandite limits the size of ettringite to very small particles, which are 

more susceptible to yield large expansive pressure than larger crystals would. The 

two theories disagree. however on the rate of hydtation of the emingite in the 

presence and absence of lime. The first school contends that the presence of lime 

favoun the hydration of ettringite and that the mechanism of ettringite formation is 

topochemical; in cases where lime is absent the formation of etaingite is always 

through solution and the hydration of the ettringite is reduced in the presence of 

lime. 



4.4 Tbermodynamic Approacb to Expansion 

ln two recent papers, Ping and Beaudoin (1992a,b) developed an expression 

relating thennodynamic properties of cernent hydrates and crystalliûttion pressures. 

The formula is expressed for the following reaction where the reactants, &, with 

their respective stiochiomeaic coefficient y,, form a solid S. 

The normalized fiee energy of the overall reaction is the sum of the chemical 

potentials for each reactant involved: 

The relation G = H - TS is normalized into chemical potentials and expressed in 

ternis of partial derivatives with respect to temperature and pressure: 

This can be rewrîtten in ternis of changing temperature and pressures and S, is the 

entropy and V, the volume of solid. 

dps = -S,dT + YdP, (4) 

The change of the chemical potential for each =actant for changing temperatures and 

pressures is expressed by the following where ai is the activity: 



dps = dp,"(T, P) + ( R  in ai )dT + RTd in a, ( 5 )  

Equation (2). (4). and ( 5 )  are rearranged in the following format: 

At constant temperature, the formula is rearranged in tenns of dP, and the integral is 

taken: The surn of the natural log of the activity is converted to the 

solubility products of the solid. S. under atmospheric pressures. , and pore water 

pressures. IQ; R is referred to as the "solubility product ratio". 

P, is the crystallization pressure: 



This is rearranged in ternis of the molecular weight, M,, and the density . p, of the 

solid: 

This simple algebraic expression implies chat expansion is c a w d  by 

crystallization pressures, which result fiom the conversion of k chemical energy to 

work. Two conditions are. however. essential for expansion to proceed: (1) 

confined crystal growth (pore water pressures greater thm normal atmospheric 

pressures) and (2) R > 1. 

Expansion in crmentitious system would therefore rely solely on the 

formation of any cernent hydrates in a hardened cernent. That is, the formation of 

enringite. portlandite. monosulphate. or any other solid phases should result in 

expansive forces. The rationale behind this is simple: the precipitation of aqueous 

phases takes up volume. The explicit reason why ettringite plays a detemining role 

in the expansion of cements is th& its solubility product ratio. Q is significantly 

larger than any other coexisting hydrates. Crystdlography tells us that etûingite has 

a large lattice cell and that it can adsorb many water molecules. therefore resulting in 

expansion. The formation of portlandite. calcite or even barite (Ping and Beaudoin, 

1992b), for exarnple, do produce expansive pressures but these are not as large as 

those produced by the formation of ettringite. Coming back to the debate between 

the c r y d  growth and the swelling theones. the former agrees best with Ping and 

Beaudoin's (1 W b )  thennodynamics expression. In the presence of poitlandite, the 



activity of calcium in pore waters is greatly increased aiid therefore ihe drive for the 

formation of emingite is increased. The most logical explanation for expansion 

wouid therefore be related to the activity of the reactants. Also, the crystal growth 

theory is probably ri@ by invoking the two mechanisrns (topochernical and through 

solution) of ettnngite growth in the presence and absence of portlandite (when 

ponlandite is present, C,A is not the only source of aluminurn and calcium and 

ettringite can f om anywhere). However. these processes should be definitely put 

aside when it cornes to rationaliùng expansion. 

4.4.1 Thermody namic Modeling 

Thermodynmic models of cernent systems using speciation programs is 

staning to make its way in the field of cernent chemistry. The speciation of the 

system before and Mer precipitation of aqueous species has occuned is crucial in 

predicting the migration of contaminants. The idea is to devise the speciation of 

each element "nanoseconds" before the onset of precipitation. With this, using 

solubility curves for each element. the final concentrations of each element can be 

find. Then. and only then. one can qualitatively describe the decreased concentration 

of metais through adsorption and absorption by ettringite. In order to undentand in 

microscopie details the contribution of ettringite in serving as sorptive agents, 

experimentai studies describing thermoâynamic properties are needed. 



4.4.1.1. Aaueous Swciation 

Most speciaton programs solve for the activity of dissolved species at 

equilibrium. The activity. a,, is the product of the concentration, m,, of a solute, i, by 

its activity coefficient, y, An activity coefficient is a fraction expressing the degree 

of non- ideality of a solution: when a solution is ideal, y = 1 and the activity is equal 

to the molality. It is an expression that accounts for the efiect of long range ion - 

ion interaction (repulsion and attraction). As the concentration of solutes increase in 

a solution. the solution becomes more and more non-ideal because water is taken up 

in order to solvate ions interact with each other. There are many equations used to 

calculate activity coefficients of a solution. The extended Debye-Htickel with the BI 

term is the most commonly used for solutions of ionic strengths, 1, lower than 0.1. 

Ionic strength is calculated by : 

Where 2, is the charge and m, the molality of ion. i. ActiMty coefficients are then 

calculated with the extended Debye-Hückel: 

Where A = 0.5 and B = 0.33 at X°C, 1 bar. The A term is a fiinction of the 

dielectric constant of the water. E. and the pressure and temperature. The B terni 

equals 50.3 (ET)'" and a is an adjustable parameter in angstmm corresponding to 



the size of the most cornmon ion of the solution (usually, and preferentially, that of 

the electrol yte). 

For highly concentrated solutions. the extended Debye-Hückel cannot be 

sued to calculate activity coefficients. The Pitzer equation is then used and is good 

for ionic strengths less than 6.0. This equation is essentially a Debye-Hückel term 

with additional empirical terms specific to the solution. The description of how the 

free energy of a solution is related to the activity, and how the Pitzcr equation fits in 

are as follows: 

Where the logy terms is the energy due to the charge or polarity of a molecule. 

Charge and polarity create interactions with other molecules and so this energy is 

reaction energy of charged or polar molecule relative to an uncharged non-polar 

molecule. 

G, = G," + 2.3O3RT logm, + 2.303RT log y, 

Now. we express the fiee energy due to a non-ideaiity by: 

G,,, = M O M T  log y, 

And generally the equation for a given solute becomes: 

G,., + (Debye - Huckel) + (solvent) + (ion - ioninteration) 



The total fiee energy taken up by non-ideaiity is : 

Where n, is the weight of water, ml the molality of species i and f(I) a fom of the 

Debye-Hückel which is only dependant on i. The variables )i, and pi,, and the 

second and third virial coefficient. They express the short-range interaction in 

water-dorninated fluids. Specifically. X,, applies to the interaction of the ion pairs i j  

and is a function of 1: p,,, applies to the interaction of the ion triplets i j , k  and is 

independent of 1. The h and p parameters have built in parameters which are 

specific to different electrolytes. They cannot, be extrapolated to other elecwlyte 

compositions. 

4.5 Materials and M e t b d s  

Acid digestions of three samples of the tailings from a Quebec mine were 

performed according to the U.S. EPA method 3050 (1986). The metais were 

analyzed by flame atomic absorption spectrometry. Detennination of suiphate 

content was done using turbidimetric analysis. Sulphate analysis involved using 



b a e r  solution and barium chioride crystals to induce a barium sulphate precipitate. 

The results are show in Table 4.1. 

TABLE 4.1. AA RESULTS OF EPA AClD DIGESTION OF SAMPLES (IN LOG MOWLITY) 

(B.D. = below detection limit) 

Element 

Al 

Si 

As 

Pb 

Mg 
Mn 

Zn 

Cd 

Cr 

Cu 

Fe 

K 

Sample 1 

- 1.94 

-3.30 

B.D. 

-4.53 

- 1 -97 

-4.14 

-3.19 

B.D. 

-5 .O2 

-3.46 

-1.57 

-3.8 1 

Sample III 

-2.12 

-3.19 

-3.5 1 

-3.78 

-2.95 

-4.04 

-3.42 

B.D. 

-5 .O2 

-3.57 

- 1.22 

-2.94 

Sample IV  

B.D. 

4.6 Application of Thennodynamic Modcling to Tailing Undcr Study 

The speciation of 10 metais, carbonate and sulphate has been done for 74 

aqueous species (Appendix 1). Also. 0.01 m o n  of lime bas been added to the 



solution and the qstcm is sssumed to bc closed and to have quilibiated with an 

atmospheric pCO, of 3.5. A cornputer program which was developed at McGill 

University, department of Eanh and Plancta~y Science mis wd for t h t r m o d y ~ c  

modeling. Basically. the progam solves tbe speciation at equilibrium using a 

Newton-Raphson iterative technique. The itcrations arc driva by the convergence 

of the ionic strcngth and the activity coefficients are caiculated with the Debye- 

Hückel theory. The speciation of calcium, aluminum, sulphate and iron an shown in 

Figure 4.2 and represent the hypothetical speciation at equilibrium kfore the onset 

of precipitation. 





fi ci;^^ 4.2. (d) S?ECIATIO\ OF Ilta\. BEFORE THE ONSET OF PRECltITAftON 

Using these results. the pH-dependence on the stability fields of minerais 

with respect to a specific metal are devised by building activity ratio diagram 

(Stumm and Morgan. 198 1 ). This method consists of plotting the logarithm of the 

ratio of the activity of the minerals and the building cation vmus pH. The salubility 

products of these minerals are given in the appendix. The stability field of 

aluminum-karing minerals. for example. was foimd by ploning the activity ratios of 

kaolinite. gibbsite. emingite. C,AH,. C,AH,, C,AH,,, and monosulphate. The 

formation of emingite is characterized by (Reardon, 1993): 



Ca&ü(OH),)2(S0,), 26H,O o 6Cà' + 2Al(OH); + 3S04 *' + 40R + 26 H20 

log Y, = -43.13 

This c m  be rewritten as: 

The activity ratio then becomes: 

The data is then piotted for given 2Al(OH),'. SO, -', and OH' activities (a,,,aM = 1 ) .  

The mineral with the largesi activity ratio is the one that precipitates, providing its 

saturation index aiso exceeds unity. The saturation indices of each mineral 

considered at pHs larger than 9 al1 exceeds unity. Figures 4.3 and 1.4 show the 

activity ratio diagrams for aluminum- and calcium-bearing minerals. The diagrams 

have k e n  constnrcted with silica aluminum and sulphate concentrations reflecting 

those of the tailings dong with 0.01 moVL of calcium. The activity ratio diagrams 

for alurninurn-bearing minerals (Figure 4.3). a system containing 10'' mol& of 

sulphate. show that 0.0 1 m o n  calcium (Figure 4.3a) is needed to form enringite at a 



pH of approximately 10.2. If the concentration of caicium was IO4 m o n  (Figure 

4.3b). thrn ettringite could only fom above a pH of 12.4. Moreover, the depletion 

of sulphates narrows the stabili~ field of cttringite to higher pHs. In the case of 

calcium-karing mllicrals we h d  that at least 0.01 moYL of duminun and more 

than 1 0-3 moVL of sulphate with 0.01 moVL of calcium arc needed to precipitatc 

ettringite at pH Iarger than 1 1.4 (Figure 4.4a). 

a 

kaolinite gibbsite ettringite 



kaolinite gibbsite ettring ite - 

kaolinite gibbsite ettringite 





For lower sulphate concentrations, emingite would no longer precipitate. 

Therefore, in a system containing 0.01 m o n  AI(OH)& 0.01 m o n  Ca ", and 0.001 

mol& ~0,'~ calcium and aluminum solubilities wodd d o w  ettringite to form at 

pHs larger than 1 1.6. Furihtmore, if the dissolved CO2 content decrrases to values 

below the nomal content of closed systems equilibrated with the atmosphere, the 

stability of calcite would decrease and ettringite would therefore. form down to pH 

of 10.2. While the gaph suggests pH of 9.6. the activity ratio diagram for alurninum 

does not allow emingite to fom below a pH of 10.2. 

From activity ratio diagrams. the solubility of calcium and aluminum for 

given constant calcium. aluminum and sulphate concentrations were devised (Figure 

4.5). The rnethod consists of calculating the activities of al1 the species of the 

cation-forming mineral fiom the solubility product of each minerais that have 

predicted of being fonned. In the case of calcium, for example, the maximum 

amount of Cao' allowed by the solubility product of ettringite is: 



calcite ettrinaite 

- kaol. 5 l \ 
-\ gibbsite 
\\' . ettringite 



From the activity of Cav2, the activities of the other calcium species are calculated 

and the sum of the activities of al1 the species is the solubility of calcium with 

respect to ettringite. These calculations an performed also for calcite and gypsum. 

The outline of the solubility curve of a given mineral is then drawn according to pH 

range. 

4.7 Fate of Residual Metais 

With the solubility curves of each metal considered in the modeled (Biies and 

Mesmer. 1976: Sturnm and Morgan. 198 1 : Figure 4.5), the pmentages of metals 

removed fiom the solution by precipitation for each pH were calculated (Table 4.2). 

The residual meral concentrations are reentered in the computer program and a new 

speciation is calculated. 

The most dominant species for each metals are FeOH', Fe(OH),, Fe(OH),, 

ZnOH'. Zn(OH)I'. Zn(OH),". ~ n " .  MnOH-. Pb(OH)2, Pb(OH);, Cr(OH),, Cu(OH),, 

CU(OH),". Cu(0H)i. and H~s~o,". The metals for which less than 95% of their 

initial content has been insolubilizecî at pH 12 include silica, arsenic, lead, 

manganese. zinc and chromium. 



TABLE 4.2 PERCENT OF METALS REMOVED BY PRECIPITATION (RD.= BELOW DETECTION 
LIMIT) 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 

B.D. B.D. B.D. B.D. B.D. 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 

G.00 0.00 0.00 0.00 0.00 

90.6 99.0 99.9 99.9 100 

10.8 91 .O 99.1 99.9 99.9 

79.1 97.9 99.7 99.9 100 

0.00 0.00 0.00 55.3 95.5 

0.00 0.00 0.00 55.3 95.5 

0.00 0.00 0.00 64.5 96.4 

95.1 99.7 99.7 99.6 95.1 

91.6 99.5 99.5 99.4 91.6 

83.0 99.1 99.1 98.9 83.0 

86.8 96.9 0.00 0.00 0.00 

86.8 96.9 0.00 0.00 0.00 

78.1 94.5 0.00 0.00 0.00 

100 100 100 100 99.9 

100 [O0 100 100 99.9 

100 100 100 100 99.9 

100 100 100 100 IO0 

99.9 99.9 99.9 100 100 

99.9 100 100 100 100 

sample 1 

sample III 

sample IV 

B.D. 

0.00 

0.00 

0.00 

0.00 

0.00 

1 00 

1 O0 

100 

99.4 

99.4 

99.5 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

97.1 

96.2 

97.1 

100 

100 

100 



In high pH regimes, dangling metal oxide bonds of phyllosilicates or 

muitioxide feldspan. and ettringite surface sites are negatively charged. Cations can 

therefore, be physically adsorbed. Dissolved organic acids could also influence the 

partition of cations since metal organic complexes could compte with the surface- 

metal complexes. Providing that the solution is devoid of organic matter, the metals 

that could be adsorbed include iron, manganese and zinc. The dominant surface 

species of these meütls are >S-O-FeOW'. >s-O-MW', >S-O-MnOW', and >S-O- 

ZnOH"'. where >S-Oz is the surface site. Also, due to steric effects. the stability of 

surface complex of the bare cations is larger than that of the hydroxylated metals. 

Since adsorbed metals cm be treated as species. surface complexation reactions may 

be characterized thermodynamically and included in speciation prognuns. Amongst 

the zinc and iron species. Fe(OH),. Fe(OH),', Zn(0H);. and Zn(OH)," are not 

expected to forming surface complexes. As for lead. chromium, silica and copper, 

PkOH),. Pb(OH),' .Cr(OH)i. Cu(OH),. CU(OH)~*~ ,  Cu(OH),' , As(OH);, and H,SiO,' 

' remain in solution. 

The residual metais that are of concem after lime has been added are 

therefore lead. chromiwn and arsenic. In fact. these metals should not have been 

partitioned. The formation of stable ettringite precipitates in these systems would 

t here fo re be necessary . 



4.8 Stability of Ettriagite Precipitates 

With the use of the calcium and aluminum solubility curves, the rnolality of 

calcium, sulphate and aluminum ions lost in the crystallization of enrùigite cm be 

calculated. With 6 calcium ions, 2 alumina and 3 suiphtes are consurned into the 

crystal lattice of ettringite. Sulphate concentrations in the tailings are ranging from 

10"" to 10''~' mol/L and are approximately one order of magnituàe less than 

aluminurn and calcium concentrations. The depletion of sulphate will therefore be 

limiting the extent to which ettringite precipitates. Througb the consumption of 10.' 

molL of sulphate, the minimum concentrations alurninum and calcium can reach 

through the precipitation of etvingite is therefore 10'." moVL (assuming an initial 

0.01 molL concentration for both). These values are well above the maximum 

concentrations allowed by the solubility curves of aiurninum and calcium. The fast 

depletion of sulphate relative to calcium and aluminum would probably drive 

ettringite to convert to monosulphate (Figure 4.4). For experimental purposes, it 

could thus be usehl to add sodium sulphate to the solution. such that calcium, 

aluminurn and sulphate reach stoichiometrically proportional concentrations. A 

significant quantity of ettringite could precipitate and hence mobilize the residual 

metals. 



4.9 Conclusion 

The results of the mode1 should be used as a tool to understand the processes 

in lime-remediated mine tailings. It is possible to define the stability of each 

hydrates fiom the calculation of their equilibriurn. Etrringite is stable on a wide 

range of composition and pH. However. the sulphate contents of the mine tailings 

limit the precipitation of ettringite. and monosulphate could be an end precipitate. 

Thermodynamic modeling is a powerful tool to detennine the variation of the 

system in presence of solution having known compositions. A knowledge of 

equiiibriurn diagram is important because it enables one to trace the kinetic path of 

the reaction and determines solution saturation of stable as well as unstable hydrates. 

The reponed method of calculation, which is described in this study. is the 

framework of the current research program on lime-remediated mine tailings. The 

experimental studies are focused on the importance of ettringite as sorptive agent. 



Chapter 5 

Laboratory Optimization of Ettringite Formation 

5.1 INTRODUCTION 

The experimental program were undertaken in order to evaluate the effect of 

calcium. aluminum and water variation on etaingite formation. Ettringite, 

(Cag[AI(OH)6]2(S04)3.26H~. is responsible for retardhg the hydration of 

tricalcium aluminates and binding aggregates in clasts in cements and concrete 

(Mehta and Monteiro. 1993). Ettringite consists of coiumns of ([Ca6[~4î(OH)6]2. 

24~?0 ]+6 )  which are basically lines of [AI(oH)~]-~ octahedra bonded with t h e  

C& ions. The coordination number of calcium is completed by water molecules. 

nie  suiphaies are intercolumnar and can occur in four difierent positions. T k  of 

these positions are occupied by sulphates and the remaining by two water molecules 

(Moore and Taylor. 1968.1 970). 

Ettringite can also be used as a means of stabilization of the sulphidic rich 

tailings. Emingite, has the capacity to up take some of the meds  of the concm 



into its structure. The central Al+3 can be replaced by any trivalent cation of similar 

size through isomorphous substitution. Formation of ettringite may also be 

accompanied by the fixation of hazardous oxyanions such as arsenic, boron, 

chromium, molybdenurn, selenium, and vanadium. Samples of substituted 

ettringites containing arsenic. boron. chromium, seleniurn and vanadium have been 

synthesized in laboratory studies (Hassett et al., 1989). Aiso, the zeta potential. 

which is defined as the electric potential in the double layer at the interface between 

a particle which moves in an electric field and the sunounding liquid. of ettringite 

has been rneasured at the pH of 10.7 and gives a value of [-11.7 mV] (Chen and 

Mehta. 1982). making it a good adsorbent for a positively charged metal species. 

Moreover. in high pH regimes. dangling rnetal oxide bonds of phyllosilicates or 

multioxide feldspars. and ettringite surface sites are negatively charged. Cations 

can. therefore. be physically adsorbed. Possible surface complexation sites on 

ettringite include dangling metal oxide bonds at the edge of polyhedron. Formation 

of ettringite is also associated with a high pH condition in the solution, which will 

further lead to the precipitation of heavy metals fiom the solution. 

5.2 EXPEIUMENTAL PROCEDURE 

Laboratory experiments were set up in order to determine the optimum level 

of calcium and aluminum required to fom and precipitate the minerd ethingite in 



oxidized mine tailings. A tailings sarnple with known amount of sulphate. high level 

of dissolved metal concentration and the pH of near 2 was rnixed with different 

percentages of calcium and alurninum. The tailings sample was lightly pulverized 

before any mixing. Various water to solid ratios were used in order to obtain the 

maximum reactivity of the admixtures. The required amount of calcium and 

aluminum were obtained by mixing the tailings with predetermined arnounts of 

quicklime. high calcium fly ash and an alurninum salt. 

The formation of mineral ettringite requires a high pH environment where 

sufficient dissolved calcium. aluminum, and sulphate are present. In the previous 

studies (Moharned et al.. 1995: Solern and McCarthy. 1992; Kumarathasan et al., 

1990: Hassen et al.. 1989). it was shown that the required pH condition to optimize 

the formation of this mineral is between 11.5 and 12.5. Therefore, lime as a source 

of dissolved calcium. was added to the waste materials to elevate its pH to the 

optimum level. Moreover. based on the stoichiometry of the ettrîngite. sufficient 

amount of aluminum in the fonn of soluble aiurninurn nitrite was added to the 

samples. 

The experimental program underiaken in this study consists of determination 

of optimum lime. water. and aluminum content. X-ray diffraction spectroscopy 

(XRD) were used to determine the extent of ettringite formation within the samples. 



5.2.1 Optimum Lime Content 

When a significant quantity of lime is added to a mil, the pH of the mil-lime 

mixture is elevated to approximately 12.4, the pH of saturated lime water. The 

solubility of silica and alumina, which might be nanually available in the waste 

compound, are greatly increased at elevated pH. Thus the conditions necessary for 

the formation of cementitious hydrates are provided. When the waste materials 

contain sulphate ions. as in the case of this study, it can combined with the alumina, 

and form a series of calcium-aluminate-sulphate hydrate compounds, leading 

ultirnately to the formation of ettringite. 

In order to estabiish the appropriate lime content and ensure a pH of 12.4 or 

near that level for sustaining the strength via popolanic reaction. a series of tests 

based on the method described by Eades and Grim (1966), were conducted. 

Samples of air dried tailings passing sieve no. 40 were used for this experiment. 20 

gram of the sarnple were mixed with predetermined arnount of lime and an equal 

amount of water to solid ratio (Le.. WwAUs = 100%; Ww = weight of water. and 

Ws = weight of solid). The samples were mixed for 48 houn using a table bench 

mixer and the pH of the s lmy was recorded at the end of 24 and 48 hours and 

subsequently for several days thereafier. After establishing the optimum level of 

lime content. this amount was slightly increased and the effect of excess calcium on 

ettringite formation was studied. X-ray d i k t i o n  analysis was used to monitor the 

extent of ettringite formation on lime treated samples. 



5.2.2 Optimum Water Content 

In order to achieve the maximum reactivity of the admixhucs, the arnount of 

water added to the mixtures becomes crucial. Sarnples of the waste were lightly 

pulverized and then were mixed with different percentages of distilled water 

containing 225 mg/L of aluminum (calculated based on sulphate content of the 

sample and the stochiometry of ettringite). After rnixing, the resulting low pH 

slurries were allowed to mellow for 24 hours at 20°C and 95% relative humidity. 

Then lime was added to the slurries in an attempt to raise the pH and provide the 

conditions needed for ettringite formation . The arnount of lime added to al1 of these 

mixtures were kept to a optimum lebel which was determined from the previous 

experirnent. These final mixes were allowed to cure and the formation of mineral 

ettringite was studied by X-ray difiction analysis. 

5.2.3 Optimum Aluminum Content 

The formation of ettringite requires a sufficient amount of aluminurn, 

calcium and sulphate ions in its structure. ln order to further study the conditions 

required to optimize the formation of this mineral in mine tailings sarnple, different 

percentages of aluminum were added to the mixtures while the other variables were 

kept constant. The added aluminum was in the fom of solid aiurninum nitrite which 

was added to the water prior to the final mixing with the lightly pulverized waste 



materiais. M e r  the samples were allowed to mellow for 24 hours at 20°C and 95% 

relative hurnidity. lime was added to the slurries and the resultant mixtures were 

allowed to cure. The formation and disintegmtion of ettringite were M e r  studied 

by X-ray difiction analysis. 

5.2.4 Optimum Fly As& Content 

Fly ash is the fine residue that results fiom the combustion of coal. It is 

usually collected by mechanical or electrostatic precipitatoa. Fly ash is considered a 

waste itself, although it is increasingly king used in concrete industry as a partial 

replacement for cernent. The annual US production of fly ash is 50 million tons. 

70% of which is land disposed (Maher et al.. 1993). The addition of fly ash to soils 

may change the following propenies of the mixture: alteration in texture, bulk 

density . moistue holding capacity . pH. cation exchange capacity, hydraulic 

conductivity. cohesiveness and surface area (U.S. Department of Commerce. 1984). 

Moreover. due to its low cost. high alkalinity. and hi& metal adsorption capacity, 

fly ash can be an effective stabiliùng agent (Roy and Eaton, 1992). 

Fly ash possesses poaolanic piopenies. A ponolan is a "siliceous or 

siliceous and aluminous material. which in itself possesses littk or no cementitious 

value but will. in finely divided fom and in presence of moisture, chemically rcact 

with calcium hydroxide at ordinary temperatures to fom compounâs posscssing 



cementitious properties. Fly Ash is typically classified by standards set by ASTM as 

class "F" or class "C" and the classification is generally based upon the parent coal 

source (ASTM C618. 1994). Class F fly ash is generated h m  the buming of 

bituminous or anthracite coals which are found in the eastem, mid-western and 

southern parts of the United States. Class C fly ash is generated fkom the buming of 

sub-bituminous or lignite coals of the type predominantly mined in the western 

United States (AC1 226.31, 1987). Class C fly asb has generaily a higher percentage 

of lime. than class F fly ash which tends to make it a better stabilizing agent for soi1 

improvement. Its stabilization characteristics may be furdiet improved upon the 

addition of lime (Nicholson and Kashyap. 1993). ïhe principal active constituent of 

fly ash is silicious or alurninosilicate glass. The principal active constituent in class 

C fly ash is calcium alumino silicate glass (AC1 226.3R 1987).Class C fly ash ofien 

react directly with water to form cementitious phases such as C-S-H (calcium- 

silicate-hydrate). calcium hydroxide. and ettringite. 

The high calcium content of fly ash class C as well as its fine particles made 

it a suitable admixture to be used in conjunction with other additives in our 

experiments. The fly ash type C which was used in our expriment contained 13% 

by weighi of calcium in the form of calcium oxide. and 53% by weight of silicon. 

Fly ash class C was added to the mixtures after the initiai curing, which was the 

resdt of lime-waste pozzolanic reactions, had been taken place. Application of the 

fly ash to the mixtures wouid have help to d u c e  the moisture content and create a 

higher compressive mngth in the admixture. Use of fiy ash as a drying agent to 



facilitate compaction was one of the initial application for self-cementing ashes. 

Compaction of stabilized material during the fa11 or the spring is often hampered by 

the inability to reduce moisture contents to levels suitable for compaction. The 

addition of class C fly ash provides an immediate drying effect and allows final 

compaction to be completed within an hour or less (Fergoson. G.. 1993). 

Fly ash stabilize soil because of two basic sets of reactions: (1 ) Short terni or 

immediate reactions and (2) Long term reactions. The immediate effect of the 

introduction of fly ash to the soil is to cause flocculation and agglomeration of the 

clay panicies due to ion exchange at the surfaces of the soil particles. The result of 

these shon-term reactions i s  to enhance workability and provide an irnmediate 

reducrion in swell. shrinkage. and plasricity @iicholson and Kashyap. 1993). The 

long term reactions are accomplished over a period of time (many weeks. months. or 

even years may be required for completion of these reactions) depending upon the 

rate of chernical breakdown and hydration of the silicates and aluminates. This 

results in m e r  binding the soi1 grains together by the formation of cementitious 

materials (Usmen and Bowders. 1990). 

Compressive stmigth of materials treated with class C ash is dependent upon 

moisture content at the tirne of compaction. A well-defined relationship exits 

between unconfïned compressive strengths and moisnire content, and this 

relationship king very similar to the rnoisture-density relationship established for a 

given compactive energy. Maximum strengths, however, have been obsmed at 

moisture contents ranging fiom O to 7 percent below the optimum moi- content 



for maximum density (Ferguson, 1993). The gain strength of lime-fly ash stabi l i~d 

soi1 is primarily due to the formation of various calcium silicate hydrates (CSH) and 

calcium aluminate hydrates (CAH). 

5.3 RESULTS AND DISCUSSION 

5.3.1 Preliminary Tests 

The experimental program undertaken in this study consists of laboratory 

characterization of a mine tailings sarnple with the following specifications: 

TABLE S. 1 : Test Results 

1 Test 1 Magnitude 

1 Moisture Content (field) (%) 1 10.29 

1 Cition Exchange Cipaciiy (aqllûûg) 1 13.71 

1 Lquid Limit (@/a) 1 la.= 
1 Plutic Limit (8) 1 C k i o  LL. 



The soluble elernental analysis of the sarnple were performed bas& on acid 

digestion technique using nitric and hydrochloric acids and the mults are show in 

Table 5.2. The mineralogical composition of the semple was detennined by using 

XRD anaiysis which revealed chat the sample contains pyrite, graphite, quartz, illite, 

thulium tellurate. copper nickel tin sulphide, and stontium cobalt oxide. 

The samples were air dried and lightly pulverized (passing sieve No. 40) 

before conducting any of the above rnentioned tests. Al1 of these experiments were 

conducted based on ASTM standards. Al1 tests were performed on duplicate 

specimens to obtain average results. 

TABLE 5.2: CHEMICAL ANALYSIS OF SAMPLE 

EIemen t Concentration (ppm) 

Aluminum 206 

Arsenic 1 23 

1 Cadmium 1 O 

1 Chromium 1 0.5 

1 lroa 1 3332 

zinc 1 25 



Since emingite formation requkes an alkaline environment, it is irnperative 

to determine the availability of calcium. aluminum and sulphate within the waste 

material under the alkaline condition. Therefore, waste sarnples were leached with 

distilled water at pH of 12 which was set by the application of sodium hydroxide. 

Solid to water ratio of 1:20 was used in this leaching experiment and the samples 

were shaken for 24 houn. This method of leaching is based on ToKicity 

Characteristic Leaching Procedure (TCLP) test as described by U.S. EPA (1989). 

The results of the leaching test is tabulated below: 

1 Leacbing of the Sample Under Alkaline Condition (pH 12) 

Based on these results and the stochiometry of enringite, which indicates that for 

every 3 moles of sulphate ion 2 moles of aiuminum is needed. it was calculated that 

at least 225 ppm of alurninurn is required to form ettringite in the mine tailings under 

investigation. 

Waste Sample 

53.2 Optimum Lime Content 

Addition of lime to raise the pH of the sluny is an effective technique to 

precipitate the soluble metals of concem as well as providing the necessary 

conditions needed to form ettringite. Lime in the fom of quick lime was added in 

Alurninum (ppm) 
l 

20 

Calcium @pm) 

O 

Sulphate @pm) 
I 

1 200 



different percentages to the air âried and lightly pulveiized waste material. Distilled 

water was added to this mixture with solid to water ratio of 1 :5 and the resultant 

slurry was shaken with the use of a mechanical shaker for up to 48 hours. The 

results of these experiments are shown in Figures 1 and 2. 



The results obtained fiom these experiments indicate that addition of 4% 

lime to our waste is sufficient to raise the pH of the sluny to above 12. Attaining 

and maintainhg such a high pH is necessary for ettringite formation (Mohamed et 

of.. 1995). However, it should be noted that the lime added merely raised the pH of 

the waste to the desired plateau; other variables such as reactivity of added lime with 

the waste materials and other additives were not taken into consideration. Defining 

the cntena needed to mise and maintain the high pH regime is an important factor 

for a system which relies heavily on pH of the system for its eficacy. 

Afier determining that 4% lime is sufficient to mise the pH of the slurry to 

above 12. more experiments were undertaken to detemine the effect of excess lime 

on the formation of mineral ettringitr. However, since the waste simple lacked the 

proper aluminum content. 225 pprn of aluminum in the form of aluminum nitrite was 

added to the waste mixtures. This amount of alumulum was calculated based on the 

availability of sulphate in the waste sarnple and the stochiometry of the ettringite. 

During this test. distilled water containing 225 ppm of aluminum nitrite with 

the solid to water ratio of 1 :1 was added to the waste material. M e r  mixing and 

allowing the resultant low pH slurry to mellow for 24 hours, different percentages of 

lime in the form of quick lime were added to the rnixnu~s and the formation of 

enringite was rnonitored using the X-ray difnaction analysis. Furthmore, the 

potential for formation and deterioration of emingite was snidied with respect to the 

formation of gypsum in the mine tailings. The high sulphate content and availability 

of calcium in such a syaem could i d  to the formation of gypsum which will effect 



the stability of ettrhgite. Figures 5.3a and 5.3b show the extent to which ettriagite 

and gypsum have k e n  formed in these mixtures. The d-spacings, 0.763 nm and 

0.972 nm were used for following the development of gypsum and ettringite. 
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FIG~IZE 5&a) EFFECT OF LIME COWEST ON E~RINGITI ;  AND CYPSUM FORMATION 

Figure 5.3a shows that 3 O h  lime is insufficient to create the conditions 

needed to fonn the minerai ettringite. This conclusion is evident h m  the pH 

conditions afier the application of 3% lime as shown in Figure 5.2. From the 

geochemical modeling conducted previously (Mohamed et ai.. 1995), it was shown 



that the pH conditions required to optimize the formation of ettringite is between 

11.5 and 12.5. 
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FIGVRE 5>.( b) EFFECT OF LIME CO~TENT ON E~RINGITE AND CYPSUM FORMATION 
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Application of 3% lime could not satisfy this requirement. However. the availability 

of sulphate within the tailings sample and the introduction of calcium in the form of 

added lime. has resulted in the formation of gypsum in the tailings sample (Fig. 

5.3b). Ettringite was fomed after the application of 4% lime. Although based on 

lime optimization experiment, such a reaction was expected, the XRD peak 

intensities of characteristics peaks for ettringite w m  very srnall while, a substantial 

amount of gypsum was stiil fomed in the treated sample (Fig. 5.3% &b). This 

Water CO Solid Ratio = I 

Lim Content 



rnight be the resuit of pH decline to around 10 in the sample. The reduction in pH 

causes a decre3se in the magnitude of the mineral ettringite fonned with 4% lime 

application. 

Addition of alurninurn compound to the system and the miction between lime and 

the admixtures might have caused this reduction in pH. 

Treaünent of the tailings sarnple with 5% lime resulted in a much stronger 

XRD peak intensities for ettringite and a sharp decrease in the magnitude of the 

gypsurn fomed (Fig. 5.3a. &b). The pH of the treated samples with 5% lime were 

stable and remained around 12. Application of 6% lime also induced high XRD 

peak intensities for ettringite with low level of gypsum formation in the treated mine 

tailings samples. However. Figure 5.2 showed that the pH level of these samples 

were around 13. According to the study by Harnpson and Bailey (1 983). on the 

influence of pH on the microstructure and stability of the ettringite. it was reported 

that ai such a high pH (about 12.5 and higher), the crystal structure of ettnngite is 

disordered and the fiber length is reduced compared to that of ettringite fonned at pH 

level between 1 1.5 and 1 2. 

Theefore, while 4% lime could satisfy the pH requirement for the waste 

materid. it seems that in the case of other additives, more lime was needed to rise 

the pH and to optimize the formation of the minera1 ettringite. This is especially tme 

as the age of the samples have increased. The reactivity of other additives in the 

waste samples caused a slight decrease in the pH of the mixtures with 4% lime. This 

in tum results in the fewer ettringite mineral in the samples. 



533 Optimum Aluminum Content 

Ettringite, which is a calcium aluminosulphate hydroxide hydrate compound. 

requires aluminum for its formation. In order to fom this mineral in the lime 

remediated sulphidic mine tailings. the aluminurn content of the samples were varied 

and the results were monitored by using the XRD analysis. From the stochiomeüy 

of the ettringite and with the given specification of the waste in this experiment (Le., 

Ca and S04 content). it was calculated that about 225 ppm of alurninurn is required 

to form this mineral in the system. Moreover, the potentid of other trivalent cations 

already available in the waste matnx to replace the aluminurn had to be investigated; 

and therefore, different arnounts of alurninum in the form of soluble aluminurn 

nitrite were added to the mixtures. As a result the final mixtures contained 110,225, 

350 and 500 ppm of aluminum. At the same time. al1 the above mentioned samples 

were also made with the addition of 20% of fly ash type C. Fly ash was added to the 

samples so that the effect of high calcium additives as well as its bounding capacity 

on the formation of minerai ettringite could be monitored. The effect of added 

aluminum on formation of ettringite and gypsum. has k e n  compared and are show 

in Figures 5.4 (a & b) and 5.5 (a & b). 

The results indicate that ettringite formation in samples without the addition 

of fly ash was not significant (Fig. 5.4 a). Although lirnited amounts of cttringite 

were fonned with the addition of 110 and 225 ppm of aluminum, they were 

completely disappeared after 28 days of curing. The pH of al1 these mixtures 
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remained around 10.5, which is below the requited pH for the formation of the 

ettringite. The disappearance of ettringite givcs nse to the gypsum formation, while 

more of this mineral is formed with the higher availability of aluminum for reaction. 

Samples with 20 percent fly a& produced stionger peaks for the mineral 

ettringite. This is again particularly mie for the samples with smaller guantity of 

added aluminum. The pH of the samples with the addition of fly ash were higher 

(around 12) and showed less variations. This is the result of the high calcium 

content of the fly ash type C. However. addition of higher arnount of aluminum 

(350 and 500 ppm). has resulted in the pH range of 9.5 to 1 O S .  This pH range is 

below the optimum condition for ettringite formation, and it is the result of added 

alurninurn reactivity with the rest of the waste ma&. Since other cations can 

replaced the central AI" in the structure of emingite (Mohamed et. al., 1995). the 

high content of other cations in the waste matenals. panicularly iron, provided the 

necessary conditions required for the minera1 ettringite to fom with the addition of 

minimum alurninum. Therefon. more mineral ettringite has f o d  with the 

addition of 1 IO and 225 ppm of aluminurn than when 350 and 500 ppm of aluniinun 

were added. The added aluminurn and its mactivity with the waste materials requin 

more lime in order to elevate the pH of the matnx to the required level (above the 

pH of 12). Moreover, it is postulated that the presence of cations in the waste 

requireâ the lesser amount of aluminum than its stochiometnc level for ettringite 

formation. As it was expected, the higher formation of ettringite bas also resuited in 

a decline in the amount of gypsurn f o d .  Addition of 110 and 225 ppm of 



aluminum to the tailings samples reduced rhe gypsum formation significantly as less 

sulphate were remauied in the sample for its formation. While the lesser amount of 

e h g i t e  fomed with the addition of 350 and 500 ppm of aluminum c a w d  very 

little change in the amount of gypsum fomed in the sample without any added fly 

ash. These conclusions can further be seen fiom Figure 5.5 (a & b). 

Although it was expected that some ettringite to form while no fly ash was 

added to the systern with 4% lime and 225 ppm of aluminum, no fomed mineral 

was observed. This was attributed to low pH of the system which did not reached 

the required level to allow the ettringite to fom. However, under the similar 

condition in the previous experiments. the pH was reached the required level. 

Therefore. the method of mixing could be a determining factor in the formation of 

mineral ettringite; while in order to ensure the stability of the pH range addition of 

4% lime is not enough and slightly more calcium hydroxide shodd be added to the 

sy stem. 

53.4 Opîimum Fly Asb Content 

Sundance fly ash type C which contained 13% by weight of calcium in the 

form of calcium oxide, 53% by weight of silicon and 23% duminum oxide was used 

as one of the admixtures in conjunctions with othei additives in this experiment. 

The high calcium content of fly a h  class C as weil as its fine particles will enhance 



the optimization process for the mineral ettringite formation in the treated sulphide 

rich tailings sample, reduce the moistwe content and create a higher compressive 

strength in the admixture. 

Fly ash class C was added to the mixturrJ after the initial curing, which was 

the result of adding 225 ppm of alurninum in the form of aluminum nitrite, and 4% 

lime by dry weight of the tailings. In order to determine the maximum effectiveness 

of the added fly ash. the cured samples were mixed with 0% and 20% fly ash by 

weight of the dry tailings. The peak intensities for the formation of emingite were 

monitored using XRD analysis and the results are presented in Figure 5.6. 
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FIGURE 5.6. THE EFFECT OF FLY ASH COIYTEm ON ETI'iüNCtl'E FORMA~ON 



While some small amount of ettringite werc formed in samples without any 

addition of fly ash, they were completely disintegrated afhr thne weeks of curing. 

Ettringite peaks were observed with much stmnger intensities in samples treatcd 

with 20% of fly ash which could be attributed to the high calcium, and aluminum 

content of the added fly ash. Moreover, the Msual examination of these samples 

revealed that the treatment of samples with fly ash nsults in faster drying and better 

workability of the samples. 

However, in the previous experiments, it was determined that 4% lime, 

which is the threshold of lime optimization for the sample under investigation, 

cannot elevate and maintain the required pH level for ettrhgite formation. The drop 

in the pH was attributed to the reactivity of additives such as fly ash and aluminum 

nitrite wi th the tailings. and formation of other compounds such as tnfalcium silicate 

in the sarnple. Therefore. fly ash optimization experiment was repeated using 5% 

lime by dry weight of tailings. Under the new conditions, the pH was stabilized 

around I 2 and remained as such throughout the length of the experiment. 

Figure 5.7 represents the peak intcnsities at d space of 0.972 nm for the 

ettringite formed under the new condition. These samples were monitored for 28 

days until a definitive pattern in the growth of ettringite were established. Samples 

were made without the addition of any fly ash, with lû?! and with 20% fly ash 

Figure 5.7 shows that the peak intensities of the etthgite became strongest with the 

addition of 10.h fly ash. At the same tirne, the visual inspection of the trcaîed 

samples indicate that those which were mixed with 1û% fly ash were dried faster and 



had better workability conditions than those which werc mixed with lesser or higher 

arnounts of fly ash. The higher fly ash content has lead to the formation of other 

compounds such as calcium silicate hydrates in the samples. Therefore, h m  the 

results of this experiment, it was decided to use IO0/. fly ash as the optimum fly ash 

required to fonn the mined ettringite in the tailings sarnple undei investigation. 
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53.5 Optimum Water Content 

The effect of water content and its relation to the degree of the rractivity of 

the additives in terms of the magnitude of the ettringite formation in the treated 

sarnples were monitod by using XRD analysis. Watcr to solid ratio of 0.4, 0.5,0.7 



and 0.9 were added to the samples. Figure 5.8 shows the extent of etiringite 

formation in samples treated with 4% lime and 225 ppm of alUrninum. The resdts 

of th is  experiment indicates that as the water content increases, more reaction has 

taken place and more ettringite has formed in the wastc rnaeix. However, the major 

draw back of increasing the water content bcyond 50% is the formation of a slinry 

which has an extremely difficult workability characterktics. Addition of water 

content of 70% and 90% caused increase in the peak intensities of ettrkgite. But the 

resultant slurry had no workability chatacteristics and r a i d  some concem about the 

ability to compact the treated waste materials. 
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nierefore it was decided to choose 50% water content as the optimum condition to 

achieve the desued reactivity fiom the a d m k t m s  as well as creating a paste which 

upon its hardening could be compacted. 

5.4 Optimization Based on Experimental Results 

The thermodynarnic modeling previously conductcd by Mohamed et. al., 

( 1 993, indicates that in the system containhg 10' moVL Ai(OH);, 1 v2 moVL Ca2' 

and 10" mol/L S02',. calcium and aluminum solubilities would allow ettringite 

(CaAl2(SO4),(OH),,*26H,O) to form at pHs larger than 11.6. Formation of 

ettringite in a lime-remediated sulphate rich mine tailings can reduce the heavy 

metals mobility from the tailings area to the sunoundhg environment. This could 

be achieve through isomorphous substitution of the heavy metals in the crystal 

structure of ettringite; by precipitation of heavy metals in high pH environment of 

ettringite formation. and by adsorption of positively charged heavy metais to its 

negatively charged surfaces. Therefore. formation of ettringite in a sulphate rich 

mine tailings could serve as a physical and chernical stabilization agent. 

The previous experiments were based on optimizing the pH of the mine 

tailings by the application of 4% lime in the fonn of quick lime. However, the 

reactivity of other additives such as fly ash and aluminum with the mine taüings, 

caused a &op in the pH fkom the optimized level to around 10.5. The low pH 



condition caused fewer or complete disintegration of f o d  ettringite in the treated 

samples. Therefore, a complete set of new cxperimcnts werc designed with the 

addition of 5% lime (instead of 4%), to the tailings sample under investigation. 

Under the new conditions, the pH was stabilivd around 12 and remained as such 

throughout the length of the experiment. The water content of the new mixes were 

set up based on the previous water content optimization to 50%. Also, the new 

experiments were designed with the application of 100h fly ash to achieve the 

maximum reactivity as well as to improve the workability of the treated material. 

Moreover. in order to conclusively determine the threshold of the alurninum needed 

to fom and precipitate ettringite in such a system new experiments with different 

arnount of added aluminum were set up. The aluminum was added in the fom of 

aluminum nitrite in the designated amount to provide 1 10 and 225 ppm of soluble 

aluminwn in the mixes. The aluminurn was fm rnixed with the required water 

content (50% by weight) which was then added to the dry tailings. The resultant 

slurry was allowed to mellow and stabilize for 24 hours. Then, quick lime and fly 

ash type "C" were added to the sluny and the final mixes were cured at 20°C and 

9S0/0 relative humidity. The following graphs were devised based on the variability 

of fly ash and aluminum content. The formation, growth and disintegration of 

ettringite were monitored with respect to formation of gypsum in the samples. The 

high sulphate content and availability of calcium in such a systcm could lead to the 

formation of gypsum which will effect the stability of ettringite in that system. The 



d-spacing, 0.763 am and 0.972 nm w m  wd for following the development of 

gypsum and emingite. 

No ettrbgite was formed within the first 7 days of curing in the system 

which contains 5% lime and zero or 110 ppm of duminum. and no fly ash (Figure 

5.9a). Increasing the aluminum content to 225 ppm, led to the formation of ettringite 

within the first 3 days of curing. Afier 7 days of curing, ettringite peaks could be 

detected on al1 three samples. However, the peaks were weak for the samples 

containing O or 1 10 pprn of aluminurn. The gypsurn were formed in ail the three 

samples within the first 3 days of curing (Figure 5.9 b), and its peaks became 

stronger. regardless of aluminurn content, as the age of the samples increaseà. 

Continues pyrite oxidation in the samples has lad to the generation of more sulphate 

ions and subsequent formation of gypsum in the samples. The rate of ettringite 

formation in the sample made with 1 10 pprn of airmiinum increased as the length of 

curing time was increased. Continues supply of sulphate in an alkaline environment 

rich in calcium and aluminum and other trivalent cations has resulted in delayed 

ettringite formation. 

Addition of 10% fly ash type C to the tailings resulted in formation of 

ettringite in samples containing 1 10 and 225 ppm of aluminum; while e-gite 

peaks were completely undetected for samples without the addition of aiuminum 

(Figures 5.10 a & b). The peak intensities of the fonned ettringite in these samples 

were much monger when compared with previous samples without any addeci fly 

ash. The formation of gypsum in al1 thme samples were slightly rcduccd. This 



reduction in gypsum formation for samples which contained aluminurn might be the 

result of increased formation of ettringite in the same samples; as sdphatc content of 

the tailings sample were used for mineral ettringite to be fonned. 
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XRD analysis of samples which were ma& with 20% fly ash showed that 

emingite has formed in al1 three samples containing O, 1 10 or 225 ppm of aluminum 

(Figure 5.1 1 a & b). The peak intensities for ettringite formed with the addition of 

110 and 225 ppm of aluminum were almost the same while the magnitude of 

gypsum formed in the samples has drastically rcduccd. Thc lowest amount of 

gypsum was recorded in the sample containing 225 pprn of aluminum which was 

almost reduced to 1/5 of the amount fomed in the samples with 10% fly ash. The 

amount of gypsum formed in samples which contained O and 110 ppm of durninum 

were also reduced to half. The sulphate ions in the samples have been incorporated 

into the structure of ettnngite and thus are unavailable for reaction to form gypsum. 

Another reason for the reduction in the magnitude of gypsum could be the formation 

of tricalcium silicate in these samples. The excess amount of silicate in the aâàed fly 

ash and availability of calcium leads to the formation of tricalcium silicate in these 

samples. According to the snidies done by Fu et. al., (1994) and Odler (1980), 

sulphate could be bound into the calcium silicate hydrate (C-S-H) gel structure and 

released at later ages. Secondary enringite formation in hydrated portiand cernent 

has been reponed in the past (Mehta et. AL. 1979). The absorbeci sulphate into the 

C-S-H gel will be released and provide the conditions needed for delayeâ ettringite 

formation in hydrated portland cernent. Addition of fly ash with its high silicate 

content to the lime remediated sulphidic tailings, leads to the formation of C-S-H gel 

in the mixture. The calcium silicate hydrate gel woiks as a resmioir which sulphatc 

and aluminate could sink into it (Taylor, 1993). 



Ahiminum Content 
Lime Content Ph 

Fh. Ash Wh 
*Al  Oppm 

W ater to Solid Rntio = O S  A' l0 ppm 
4 A l 2 2 5 p p m  

Aluminum Content 

Lime Content 5% +Al Oppm 
Fly Ash 2Vh +Al 11Oppm 

Water to Solid = OS - Al 22J ppm 

F~GURE 5.1 1 (a&b). OP~IMIWTION OF AL COMENT FOR E m u ~ ~ r n  FORMATION; LIME 
C0rirrEN-r 5% 



Therefore, addition of 5% lime, 10% fly ash class "C", with the application of at 

least 110 ppm of alumlnum are the necessary elements in our systcm for the 

formation of ettringite. 

5.5 CONCLUSIONS 

Tailings sample with high sulphate content were treated with the application 

of lime and aluminurn nitrate and the possibility of forming ettrlligite were studied. 

From the preliminary experiments regarding the optimum lime content it was 

concluded that about 4% lime is required to elevate the pH of the waste slurry to the 

pH of saturated lime water: the optimum pH condition to form and precipitate 

ettringite. This was the minimum lime needed to elevate the pH to desired plateau. 

However. the application of other admixtures such as alurninum nitrate, which is 

essential for the formation of ettringite. M e r  reduces the pH of the slurry, and 

therefore. more lime is needed to elevate the pH to the required level. Further 

experiments has shown that 5 percent lime is suficient to provide the adequate 

conditions for the formation and precipitation of the minerai emingite. 

Optimum water content experiments were performed baseci on the magnitude 

of water required to cause the maximum reactivity of the admixnires as well as 

providing the possibility of compacting the nsultant slurry. The experiments show 



that as the water content increases, the magnitude of the formed emingite is 

increased. However, water content more than 50 percent by weight of the dry waste 

creates a slurry which is very difficult to compact. Therefore, since one of our 

objectives has been the possibility of compacting the resultant slurry. it was 

concluded that water to dry waste ratio of 0.5 to be used for achieving the required 

reactivity fiom the admixtures as well as creating a slurry which is easily 

compactable. Moreover, high calcium content fly ash was added to the samples to 

facilitate its compaction. The experimental results indicetcd that more ettringite was 

formed with the addition of 10% fly ash to the samples. At the same time. samples 

were dried faster and showed bener workability characteristics with the addition of 

20% fly ash. 

The XRD analysis of the samples indicate that the formation of mineral 

ettringite is optimized when up to 225 ppm of aluminum has been added to the 

tailings sarnple under investigation. However, because of high cation content of the 

tailings itself as well as the addition of fly ash. the aluminum content was reduced to 

1 1 0 pprn and still a substantial amount of emingite was observed in the resultant 

mixtures. Formation of emingite with lower aluminum content than its 

stochiomeaic requkment (235 ppm). is the result of other cations replacement for 

the aluminurn in the structure of ettringite. 



Chapter 6 

Lcacbability Analysis of the Treated Samplc 

6.1 Introduction 

Gemmtion of acidic efnucntr h m  suiphide rich taihgs hm ban one of the 

major enviromenta1 concems unong the Cuildirn bse mctlJs, p h o u s  m d s  and 

uranium mining industry. When sulphide muiailr, putiailrrly pyrite and pyrrhotite 

art a<posed to oxygen and wata, they b@ to rmct Jmost immcdiately. TIiU 

m i o n  yields dphuric acid and sucer the ltlching of hcivy metals, in 

concentrations toxic to quatic Wt. Thdore, pfcv- d o r  retrowg the 

aisting acid pducing taüingr sites is r chgayle hQns the Cuudiui mining 

industry. Muwg compuUes an anphasking on hproving mine waste 

chamctddon and disposai technology in orda to mcet b & @ y  d m  

environmtntrl s t a n h b  in r cost effdctive muina. 



the environment will k protccted. Howmr, tben uc savarl disposal pneticcr diit 

an cumntly ôcing innstigatcd for the long-tam coatliiniait of t a i b p  and otha 

maaiveminewastes. n K k e y t o p r e v e n t . c i d a i i a e ~ e i p p e ~ t o k t h e  

prevcnfion of oxygen fiom coming h o  contact with iQd produchg m a t d s .  

Amon* the technologies that ue cunently invtai&ited one can nunc watu cover, 

dry cova, vegctrtioq compost and acid naitnüution which involves rising the pH 

of the pan waters by irrroducing a d c  aga& mch u üme to the system. This 

wili result in changhg the pH to a level w h m  the solubüity of most d s  is at its 

lowest. 

Lime naitnlintion process is the mob conunon tnitmait rvaüable of acid 

gcncrathg taihgs. Lime or hydrated lime, (Ca0 or Ca(O&), is the most commonly 

used nt l ld izh8 rgmt for matins rcid mine drainage, bceue of th& high 

reactivity, availability, and relatively low mit. In Mme casu, other rlkaline chemicrl 

rcagents such as N& NaOH or Caca cm be d. The mixture of metal hydroxide 

ptacipitates and gypm (CaS04) is cailed "skdgea ud is d o w d  to Kttle in ponds 

or in a soiidfliquid (Sn) xpauation device (e.g. chüia/thicka#). The settied 

sludge is then dirpod of in rpcnficaüydesigd rtorqe poads. Hydroxide dudges 

uc d y  vohuninous due to th& gelitinow texaue uid, u r consequeam, 

sotid/liquid sepamion is difacuit (Kuyucak et d ,  1995; K u y u d ,  1995). The mwl 

volume of dudge production by the Cuudiui aiiaml industry U d m a t d  at 

140,000 dry t o ~ d y e a r  (Fyson et d ,  1995). 



a new tcchnology. Lime bascd stab' ion of wuter hw ben widely qptieû to 

horgank wustcs in the pad. Empioyhs hm basd s t a b i i o n  technique hm 

tmnl dvurtagcs ova other comrnaagY avulabk sirbüizaion wents which 

malces this type of tnatment the method of choice for mining rad mineml indusiry. 

These advantagcs can k aunmuized as follows: 

0 The additives such as fiy rdi and sîag are gawrrlly vuy inacpensive and widely 

avaiiable, 

The equipmmt rcquired for prOctSJing h uaully simple to opuate, 

a The chaiisq of the poaolanic reactiom are relrtivdy known. 

Howmr, the main disadvantage usoQued with this technique of wrcte 

imrnobilization is the incrase in the weight anâ kiUc of the waste siudge (Thompsoa 

et id., 1979). SubstiMing or combinins some indureirl -es or by-pducts with 

selfkemcnting andlor pozzolullc propertim, aich as ûy ub ud 4% with lime not 

only enhance the sîruchurl i n t e t y  of the rrailtua adid, but iIro rulucc the ast of 

mument. Addition of pure lime to the wastc smam d a r  not h m  r solid murix. It 

w i U h o w m r , N C 1 & p H r a d h d p t o p n c i p ~ m i n y o f t h e ~ o f w a c a n f r o m  

thesolution. Atthesrmetimc,ifl imeirmixedwithaomciroadrhimintm~ 

niiiids, such u fîy a&, it wül fom a d e  h n  of cement. Thaefwe, addition of 



fly ash d o r  slag to lime, ciatc r mixturr wbich can roct with the trüings in i 

manna analo%a~ to portland canart. 

T h e W f l y u h ~ p r o b a b l y h c b œ a ~ m o s t e X t C I W i v d y i n t h c  

United States, in tmu of toul volume of wutc tnitd (Mans et uf., 1995, Conna, 

1990). The hydra!ion rcaction of the additives witb the wuta pmvide the ncccssuy 

means to inCrcase soluble ionic conccntntions. Whar time uid 0th additives ionite 

in water, the dissolvd concentrations of d Q u m  ud byhxide ions are imrrucd 

because calcium hydroxide is  releued &om the added lime. The inamse in 

hydroxide ions produced by hydntion Jso Uiaerrer the pH of the solution and lead 

to the precipitation of metais fiom the solution (Mcrnft et d., 1992). Howeva, the 

main hydntion prduct of LimJfiy rrh ud W s l a g  mlrdurr ir the fomubion of 

caicium silicate hydtate gel. Roviâing that the wmc mrtaUl of conam contrini 

sulphate, calcium duminate sulphatc hydnte, ahgite, wiii dm fonn within the 

ponolanic d o n s .  Both of these minds are hown to have the capabilities of 

Unorponting aivaicnt and divalait caîiom ud anions into th& aysiil structure. 

Emingite rar u r host to r number of wrrte ions throuç c q d  chemid 

substitution both in the column anci chiuinel sections of iu maure. A summary of 

thex substitutions is provideci in Table 6.1. SemiaystJline CilQum siiiute hydnte 

gd isolates ions and dts of the waste specim tûrough r variety of rdmhm, 

including rorption, rdmPOng of otha phser. rnd substitution rt intalrya situ 

(Gougar, et J., 19%). 



In acid mine dmhge rystans, pyrite oxidrtion pmduccr important amounts 

of suiphte. Providing tht lime basecl s t r b ' i o n  of thme taiiings cm provide 

rluminm, the system bu ùi the rrquirrmait to form ud precipitate crlcium 

tridphoaluminate hydrates. F o d o n  of e t t h @  m lime based stabilizmion of 

acid gmcrating taiiings CM Id to: O incorpontjon of ions of wacan into its 

crystal structure, ci) rcplrcanrt of OH and H20 p p s  in the crystJ Mce of 

*tringite, Ci) adsorption on negatively cluuged nirnces of emingite and (iv) 

precipitation as insoluble metaiacides and hydroxides beuuse of rlkrüne nature of 

the composite mtcture. In addition, formation of dcium süicate hydnte nom the 

poaolanic raidions with the fly ash in nich r systan wül provide strength. A wide 

range of nw materiais, including induserul wutes by-products, can be employed for 

the formulation of ettringitc-bascd a r b i o n  systanr. Mitairlr aich u c d  fiy 

a& blast ainiace slag and bauxite waster can k d in addition to c o m m d  lime, 

limestone and dumùia. 

In orda to evaluate the effiiiveness of the proposeci emingitc~based stabhtion of 

lime rmediatd mine trilin& s c v d  sunples wae prepucd uui leached with 

dinkrcnt solvcnts. The leaching test is the primrry and most widcly d indicatot of 



chernical stabiiity ad thaeby the potcntial cmironznaul of the trcaîed wute. 

Reduction in the short Md long tum lcachab'i of the wrrte ir one of the ky 

panmetas for evdurting the eff"vcllcss of i putiahr strbihîion promu- 

Lcaching un k d&ed as the proces by whkh r componmt of wrdc U funoved 

mtchanically or chcaiicrlly h o  solution âom the roîidified mitria by the passage of 

the solvent aich rr wita (Emiroment Canada, 1990 ind Pwn, 1989). In gaKIiI. r 

leaching test involves conticting r watt  m a t 4  with r iiquid to dctainiae whkh 

wmpowntr in the wute dissolve in the üquid. Tb liquid, prior to contact with the 

wastc, h d e d  theleacbmt, i f t ac~mrq  it U d d  tbeleicbitc(Figurc6.1). 



6.2 Overview of Leaching Mechanisms and Leach Test 

In the field, leaching of hazardous oonstituen& &om stabilizcd/soüdified 

wastcs is a fùnction of both the Lnringc propcrtiu of the widc  form and the 

hydrologic ud gcochanical propcrties of thc site (U.S. EPA, 1989). Ahhough 

labontory physical and chanid  tests can k urcd to d e h e  the waste fonds niainl 

properiies, the cowiolied conditions of the labontory aiwonment rn u s d y  not 

equivaiait to changing field conditions. At kat, ibntory leaching data un 

simulate the behavior of waste forms under " i d d  or worstcrsc fieid conditions, 

The main leaching mechanias can k siainriritcd as fbilows: 



Hydrui(ic gradient raou the wutc. 

The cknisüy of the wute and the Iuching solution defines the type d 

stabiiized/ sol idi f id waste. Reactions that can m o b b  CO- adsorbed or 

precipitated within the waste fonn include dissolution and desorption. Unda 

nonequilibnum conditions, these d o n s  compte whh demobhhg d o n s  such 

as prhpitation and adsorption. Nonequili%num condition8 gemdy d d o p  when 8 

stabWsolid'cd waste is contacted by a lcaching solution and a n  rrailt in i net 

uaiufi, or lcaching, of contaminMts into the lachin8 solution (US. EPA, 1989). 

The physid and aigincehg propcrties of the waste materid, and the 

hydrautic gradient determine how a luchhg solution contacts the m e  matcriais. 

The hydraulic gndiait, togetha with CfftCtive poroshies rnd pamerb'ilitia, govanr 

the velocity anci qumtity of the leachin8 sdution migrah8 througb the wute fom. 

Dcpaidiq on the physical ud chanid proputier of the wute ud Itachhg 

wlution, the kinetics of c o e t  mnsport in a porous medium are controlled by 

advective or dirparive mechanias. MvtCtive rrfas to the hydrurüc flow duo to 

hydraulic gndiust. Dispersion den to thc transport of contrniinuns via mcchuucai 

rnixing in the pore solution uid m o l d u  difbion ( Y o q  ai d.. 1992, U.S. EPA, 

1989). hie  to the low pumeabiies of most strbilized/solidified wutes, the me of 

contuiiùirat t~sport  for droikd or cheni idy boaded constjtuenîs is gcaailly 



6.3 Leaching Tests 

Numerous labontory laching produres h v e  beai developed to uscss 

waste leachabiity. For the purpose of disniacoq lmchbg tests WU be ~ p y U C d  hto 

two broad categorics on the basis whdha or not the luchant is rrncwed: 

(i) Extraction tuts (no leichant r e n d ) ;  

(ü) Dynunic tests (ieachant r e n d ) .  

63.1 Extraction Tesfs 

Extraction (or batch exiradon) tests rrfa to 8 lachin8 test that gaKnlly 

invoivca w o n  of pdvuizcd waste forms in i 1cu:hiq solution. In thest tcsts 

s p d c  ~ w n t  of lerchuit is contrcted with r Ipccific rmount of wute for r cariin 

la@ of time, without luchant remuai. The lmching solution may k rcidic or 

namJ. Extnction tests may invoîve o a a h  or a p I e   ona a. The 

undalymg amanpion U t h  a stcrdy-strte condition t r c h i d  by tbe d of 

umction test (i-e., the collccnfnfions of wnStituw m the Iacba!e b m e  



constant by the md of the test). -ore, cardon tertr are genarlly uied to 

detesmine the maximum, or jriitwataî, lwchnc C O ~ O I U  undcl r givai ra of 

test conditions. 

Nonagita~ed amction tedts ut rbo pcdoimcd to study the phy9cai 

mechariisms that in rate lunithg in leshine. The undelyin8 rrumption behind a 

nonagitatecl a<tnaion tests is thu the physicai integrity of the waste mrrrix aEécts 

the amount of contaminuits that are leached durhg the test. Thdore, the 

normgitatcd tesu CM be perfonneâ on g r o d  or monolithic m e .  The 

disadvantage of ruMing a no~gitated test is that a much longer contact timc is 

requid to mach the stdy-state conditions tht ir in rn agbted test. 'ïht 

nonrcnewaiity of the kichnt in adnaion tests resuits in maximum lachate 

concentrations (Environment CM;ids 19943, U.S. EPA, 1989). 

In dynamic lcach tests, the leaching solution U paiodidy repîaccd with nm 

solution; thdon ,  thU test simuiatu the lachhg of r monolithic wute fonn unda 

noncquilibrium conditions in which maximum mudon îimits are not obtrined ud 



Dynamic lcach tacts provide i d o d o n  rbout the W a  of contaminant 

mobiliution. Monnition is genaiteà as r W o n  of Dime. MCI maaptr ue o h  

made to prcscNe the waste fonds smichinl i n t e .  Rcsultr of dynunic lclch tests 

are gcncrally ap& in tmns of r flux or mur tnnsfu pIvunetct (i.e.. 1- 

rate), whcrerc data h m  d o n  ttstr are exprrrrcd m tamr of lachaîe 

concentmion or cumulative M o n  of total mw Ierched. Another important 

difference b a n  extraction tests and dynunic tests U that cxtfaction tests are 

short-term tests lashg from hours to days, w h a u  lerch tests gaieraüy take from 

weeks to yern. Due to the crushed nature of the wrste d the b e r  unount of 

d a c c  uea avaiiable for leaching, mraction tests (Jthough short tenn) are used to 

simulate ''worst-case'' sceMnos for leishing conditions. The nonqitatcd monolithic 

leach tests an ofkn uscd to simulate lcaching unda "wd-managed", short-tam 

scmarios in which the waste fonn is intact (Environment Canada, 1990, U.S. EPA, 

1989). 

The column leach test is motha type of dyiumic labontory kichhg test. 

This test involves plrcing pulvaized waste in r column, where it continuously 

contacts with a kiching solution at a s@ed me. The laching solution is 

gencrally pwnped through the waste in an upflow column setup. Column tests are 

considued to be more nprescntatjve of field ieaching conditions thrn batch 

adnetion tesu kcruse of the continuos flux of the 1- s01ution thtough the 

wute. This test is not oftai uscd, however, k a u s e  of proôluns with the 

nproduciiiiity of t& test rrailts. These @lm iaclude cbmdhq e f s i  



nonunilorni packhg of the wastes, biologid growtb, and dogghg of the column 

(Cote and Constable, 1982). 

6.4 Controlling Facton for Leachhg Tests 

There are severai fmors which can si@cMtly cffèct the leschhg behavior of 

a sarnplc. These mon can be summarizcd as foilows: 

Simple prcparation; 

Leachant composition; 

Method of contact; 

Liquid to solid ratio; 

Contact time; 

T m i ~ e ;  

Lachate sepamion. 

Compacthg the sample, particle size rcduction for maximum surfw ara 

aposure, curing and liquicUsoiid sepdon arc mong the fâctors relateû to sample 

prepamion. At the same t h e  the rcleue of conuminimc &om r waste in any 

lcaching test can k mon& influenceci by tk lawh4nt composition, espeQgy at 

high liquid-to-rolid ratios, or with the use of an aggmdve solution. Cbemial 



propcrtits of the leachant that influence coiisPmmint m o b i i o n  are given in Tabk 

6.2. 

I Ionic strength 

1 Chdatins and a m p l d g  agents 

- -  -- 

Ionie exchaBn c of marris, speciation chemimy, and 

mlubility produas 

Since a leaching test i s  primMly a systcm to study the W e r  of 

contarninants from a waste to a tiquid, thcrefore, method of contact between the 

waste and the luchant becornes an important fktor in leachin8 ôehavior of a ssmple. 

Liquid-to-solid ratio cc, amount of lcachant in contact with the waste to the amount 

of waste king leached) dqends on the objective of the leachiq test, the rolubility of 

@es of interest, and the d y t i c a l  CO&. Contact time which is the t d  

amount of Ume that a i e r c h  is in contact with a a ~ e  mmpk More the iariamnt 

of stcady-suîc conditions wüi infiuence the amant of commmnintr nid. In 



actraaion tests, the contact timc is equivaient to tbe duration of the test; whaess in 

dywnic tests, it is a hct ion  of the flow rote, or the munkr of elutions, in addition 

to the test duration. Temperature Md the mthod of ltrehate sepadon ut otha 

fâcton that greatly inauencc the rate of Ieaching h m  a waste sunpk. Amount of 

available d à c e  ara and the rate of *on of m d s  through the leachant are also 

important fâctors controlling the lepchhg of the solidified waste. LeacIiing is a 

proas in which the contaminants in the soiid pbase are transferred to üquid p h  Li 

contact with it. nierdore, the uea of the 9i tcdh bctwccn the soiid and the liquid 

in the pores is very important. A more detailcd explaiuitiou o f  the above mentionai 

factors are givcn in a publication by Environment Canada, report nurnber EPS 

3 / W  (Environment Canada, 1990). 

Sample porosity and pore size distribution is another important -or in 

determining the degrcc of leaching thu win ocau in a sotidifid waste. The 

pozzolanic r d o n s  create a calcium-silicate-hydrate (C-S-H) gel that hardnis into 

th, dmsely packed, silicate fibrils which grow and intedace. As the watcr in the niOc 

reac*, with the lime and fly uh, d pores, offen of q ü i a r y  sizc, are LeR behinâ. 

The amount and s k e  disviution of thme porcs U dependent on nich fâcton u the 

water/cemcnt ratio (excess water w i l  producc a highcr porosity) and tbe nte of 

rcaction. 



6.5 Laching Test Procedure 

Cher the yean many di&rau tesu have b e n  dmloped to usess and to 

evpiuate the pertonnanct of various stabilitationlsolidihtion mahods. The 

mvironmaital acccptability of a hazardow wute for land disposd in the United 

States and in CM& is now Iargtly bascd on the results obtaincd fiom running the 

U. S. Environmental Protection Agency Toxici~ Characteristic Leaching Procedure 

(TCLP) test. In the TCLP test, the test is contactcd with a lcachant whidi U 

detemiincd by the type of the waste king tested for 18 to 24 hours, der which the 

icachate is analyred for specific metais and o@cs whkh may have leached (US.  

E P 4  Method 13 1 1.1990). In TCLP test which is a single sep batch exmaion test, 

waste samples are prepared by cnishing the wastes to pass through a 9.5-mm sacen, 

and liquids are separated fkom the soüd phase by filtration through a 0.6 to 0.8 )un 

borosihcate giass fiber filta. Two choiccs of bu&ed tcidic leaching soiutions are 

offisecl under TCLP, depending on the alkalinity and the bflering capacity of the 

wastes. Both are acetate b u f k  solutions. Solution No. 1 hu a pH of about 5; 

solution No. 2 has a pH of about 3. The lcaching solution U ddcd to the wastc with 

the liquid to rotid ratio of 20: 1, and the smple is agitatecl for 18 houn. îhe  leaching 

solution is thm filtercd and analpâ.  The poilutant conc«rtrations in the 

lachate arc used by the U.S. EPA as the currcnt r@atory benchmark to determine 

the hazardous potential of a waste for lud dispod -ses. 

TCLP test and the modifieci TCLP test with M i  lerchuit solutions were 

used to evaluate the d t C t i v ~  of the proposcd tdmo10gy. ïhc  huvy mctll 



leachability in th tmud sunples wu cvaiuated using TCLP I d h g  p r d m  with 

b U n d  rcctic acid solutions, sdphuric ici4 IQd nin hulated and pudwater  

simuiated solutions as extract. It is M d  thit a p u r e  of the mndated ~mples 

to the h h  and rggressive conditions of the TCLP test and iu m d d  fonn can 

provide a good undemding of thc long tam cflièctiveness of the treatmcnt 

technology. The meclmisms responsibk for the heryr metai mobiüty rtduction w m  

also investigated using severel supplanentary expimental twh, kluding x-my 

dinraction, and scanning electron microscapy wiîh encrgy dispersive x n y .  

6.6 Erperimental Procedures 

Tn orda to cvaiuate the effèctivenesz, of lime fly ash trtatment of acid 

producing taihgs, and study the role of acringite formation in Unmobiiization of 

maais of concan, Iaboratory lahing program b d  on the principai of toxitity 

characteristics leaching procedure (TCLP) w a t  set up. The TCLP tat  is a singit 

step batch extraction test since during the acpaimat r suspension consistïng of 

WC acid solution and pulverized solid is mixd in r container. The poiiutant 

concaitrations in the finai leachatc (aana) are d by the U.S. EPA d 

Environment Canada as the currcnt regdatory kncfnnuk to determine the harardous 

potentiai of a waste for iand disposai purposes. 



A sample of acid producing tailings fiom a northexn Quebec mine were 

treated with diiacnt perctntagm of lime and high dcium fly ash (clw C) in order 

to nise the pH and provide the co~~ditions naded to form and precipitate ettriirgitt. 

The treated rynples were leached with the buffered acdc acid solution based on the 

principal of T m .  The specimen preparaîion iiwolved dry miimig of PU constituenu 

in designated perccntages, foliowed by aâdition of wata md auhg under standard 

condition (25 degrce Celsius temperature, and 95% humidity). The amount of water 

dded to the soüd mixes w«e such that as to obtain the minimum amount of moisture 

that would saturate the waste completely (accordhg to ASTM C-128) plus wltr to 

binder ratio of 0.3 by weight for the pozzolanic mctions to procecd. By the tem 

"binder" it is meant the sum of the weights of limc and fiy ash added to the dry waste. 

Water to binder ratio w u  chosai b d  on principla of canait hydrology and 

pozzolanic nadons (Shi and Day, 1995; Mehta and MontQlo, 1993; Aksali and 

Maîhotra, 1991). 

Prior to any treatmmt of the specimens, acid digestion of the ta;lings sample 

was perfbnned according to the US. EPA method 3050 (1986). The ekmental 

analysis of acid digestai trilingr sample is given in Table 6.3. Sulphstc content was 

determincd by ion cbomatognphy and the optimum lime content w u  determincd 

b d  on method proposai by &les and Grim (1966). The optimum lime content is 

d & d  as the minimum pa'ccntage of ümc. Caû, tha! n d e d  to rise the pH of the 

specimen to 12. A wmplcte description of the test procedures and wvtc 

charactcnzation is provided in C&pter 3. 



Sina the pH subity field for the 

formation of atringite is uound 12. the 

Vider ratio wu designeà mch thpt the 

minimum amount of lime rquircd to nach 

such pH, wodd be the uppa M t  of lime 

addition. Thdore, one sunple would 

have this amount of lime without addition 

of any otha bindu (Le., fly ash), as the 

dded lime wouM be enough to obtah the 

rquircd pH. Another set of specimens 

would teceive Limc in an amount that is 1% 

les than the optimum lime content of the 

waste. This decreasc in lime content wouid 

be wmpemated by the addition of 0, 10, 15 

and 20?4 by weight (reiative to wute) of 

fly uh type C. The third set of speMKas 

r d v e d  limc in M amount 2% l a s  than the optimum limc content in ordu to rrcich 

the pH of 12, and again the deficiency in üme was compensitcd by the addition o f  O, 

10, 15 and 2W by weight of 4< uh The same d o g y  wrs followed for the 

subsequait 



specimau and one sample d v e d  no additives at JI to be wd as the contro1 

specimen. 

The samples wen initirlly dry mixcd and the ttquircd wsta content to 

surface saturate the simples w m  added and thai the resubnt low pH slunies were 

aiiowed to mellow in closed plastic containers for 24 houn a 25°C and 95% rdative 

humidity. Subsequently, binders in the fonn of lime and fly uh type C in designated 

percentages plus wota to binder ratio of 0.3 wcre added to the sunples and resuitant 

pastc were thoroughly mixecl and d o w d  to cure at 2S°C and 95% dative humidity. 

The cured sampleo were leached using two a d c  acid solutions, ushg TCLP 

leaching procedure. The extraction acpaiment was conductd by adhg 40 ml of 

leafhant to 2 ml of duny and Mxed for 18 h o w  in a screw-cap plastic container 

held on an md-over-end shaker at a spœd of 30 rpm. The d t a n t  durry suspension 

were then filtercd using 0.8 pm borosiiicate glus fik filter and thcn the m*rl 

concentration in the solution wcre determincd uJmg Pcrkin-Ehcr 2100 atomic 

absorption spectroscopy system. AU standards containecl simiiar mtrk to that of the 

anal yte. 

6.7 Resuits and Discussion 



binding mechanism. The first leacbing t a  wasisis of the United States E P 4 

TCLP test. Samples of tmed waste with diffcrc~~t combination of lime and fly a& 

c l w  "C" wae subjectcd to TCLP leacbg procedure. C o d o n  of ciments of 

concem in the TCLP extmct, following diffkmt cuMg time arc g i m  in Figura 6.2 

to 6.7, as a firnction of the amount of üme (% by total wcight of waste) dded in each 

specimen. Concentration of iron, magncsium, coppcr and zinc in TCLP atract were 

monitored for 360 days. Calcium, aluminum and suiphatc concentrations were aiso 

monitored in order to r~sess  the fomution of cttringite in the samples. 

The high pH environment created as a result of lime addition to the samples 

reduced the solubüity of Fe, Mg, Cu and Zn. The solubüity of Jl the dmients were 

the lowest after the addition of 5% lime to the samples. T h  U, 5% is the minimum 

lime content for which auumcnt was moa &&ive in tams of harsh TCLP lcaching 

procedure. This condusion was fiirther evident fiom the r d t s  of long tenn pH 

anaiysis of samples which was d i s a i d  in chapta 5. Sunples which wntained lu 

than 5% lime, had a tendency to lowcr theu pH, and subquently releasing more of 

soluble metJo to the leachant. Addition of fly uh to the sunplg  did not rcduced the 

solubility of elmients significantly. Howeva, in the case of Cu and Zn, fiy a& 

aâdition was more e f f i ve .  Such r d u  un be atpîained if the crie* of üme and 

fly ash content on the pH of the respective mixa ir considerd The pH d u e s  

obtairicd u r result of üme and fly uh addition U plotted as part of Fi- 6.2 

through 6.7. These figures indiute thrt whai 5% or more lime is dded to the 

smpkcs, pH of neu  11 or bigha U ituincd. Mdition of 10, 15 ad 2 W  fly ub hm 



fiirther f t a b ' i  the pH d u e  over the puiod of 360 days. Howeva, the Merence 

in pH value obtained afta the addition of 15% or 2W fiy a& U not w signifiant to 

justiS> the higher consunption of fly ash. ?hU could k attniuted to the solubiity of 

fly ash in the sampk. A f h  the addition of 10.A fly a& to thc samples, tailings mixes 

were saturatesi witb respect to fly ash contait. Iacreasing the fly u h  fiom 1û% to 

15% and 2W has not alterd the characteristics of the mixes si8iiifiantly. 

The pH diagram in Figure 6.2 shows that addition of fly ash to the samples 

containing 4 and 5 percent lime did not change the pH sienificunly. Mer one day of 

curing, samples containing By ash had the same pH u the sarnple without addition of 

fly a&. The nte of pH increase is very s h a q  up to the 4% lime addition to the 

mixes, while the rate of pH change rtabilirts for the samples with 4 and 5 percent 

lime. This trend is the same during the 360 days of curin8. However, d e r  140 days 

of euring, the p H  of all the Mxes were slightly decrcacd (Figure 6.6). This is an 

indication of oxidation process, which is tdaog place in the samples. The oxidation 

procas and the decline in the pH weie nuth= evidcnt der 360 days of euring 

(Figure 6.7). It is intcrcsting to note that in the sunples w m  d at 2S°C and 

95% relative humidity which provides the i d d  &ommnt for the oxidation of the 

reactive tailing. However, it is interesting to note thit samples containing 5% lime 

and fly uh, maintaineci the pH condition of neu 1 1  evai rfta 360 days of &g8 

Thercforc, fly uh addition hu helped to stabiüizc the pH condition and duccd  or 

slowed the oxidation proeess in the sampîcs. 
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The ùon content wu drasticJS reducd &a 360 âays of curing. The 

grcatest rate of hn mlubility was obsemd rffa 35 &y of curing and its solubility 

had reachcd b equilibrium within the 140 &y of curing. bon solubdity wu not 

Cffccted upon the application of 2% ud 3% lime ud its amount in the solution 

remained aîmost constant throughout the 360 âays of mcasmmait. Magntsium 

content, on the otha han4 wu initially inaeued upon the addition of fS ash to the 

m p l e s .  W t  the application of 5% ümc in coajunction with 10 to 2W fly r9h 

reduced the sohibility of magnesiun to one forth of itr origiail concenmtion a f k  

360 days of airing. 

Copper and zinc have behaved very similu throughout the truûment period. 

This is particuWy true with the application of 4 to 5% lim as well aa f fy r9h to the 

siunples. The magnitude of the m d  content in the hnfi TCLP solution wae 

gradurlly reduccd with the highei üme and fly ash content in the dufion ud a stcudy 

state equilibnum had beai ichieved rAer 140 dry of d g .  

In dimssing the solubility of  m d s  from a waste mat& with respect to the 

pH condition, ody one mcchuiism that could bc rrsponsible for immobilinton of 

metals is considercd, that is the precipitation. Howeva, as it it diwd in 

chapter 2, th- are thne distinct mechanians tha! could k rrspoaable for the 

entrapmait of the meul specia in the gtrbibd wrcte maüix F i  the formation of 

Uuoluble m d  wmpounds d w i n ~  Jtrbiîization-mdud hifi pH conditions. The 

second possiik mechnism is incorpontion of the mdiJ wu kto aystû structure 

of the canentitious compoundr aich u cmkgite. The third pormbk z n e c h h  is 



that due to the excessive formation of high auÉice ua cemClEtitious compounds, the 

m d  species am mpped (adsorbai) in a low pameib'i  mitrix. In order to hvtha 

ducidate these posiôiitiea, ud puticddy r a ~ d y  the d e  of ctüingite in 

immobüitation of mails of concun in mine a &rtha attention hr to k given 

to calcium, aluminum and arlphate content (the principal constituents of ettringite) of 

the samples under study. 

As discussed previously, addition of 5% üme partiCulady when it waa 

accompanied by ceruin unounu of fly uh hm provided an Unportant amount of 

calcium in the solution. Although, the calcium pruencc in the so1ution hm d d  

over the period of 360 &YS, its sdubility remahcd high emnigh to provide the 

necessary conditions for *uingite f o d o n .  The dumase in dcium concentration 

couid bc due to the formation of ettNigite or calcite in the ~mplu .  

Aluminum concentration in the samples without uiy dditivu were quite low, 

while its concentration incnued with the addition of fly ash (Figures 6.2 to 6.7). As 

it was expected, the solubiüty of Juminum was highe~t in hi@ pH aiviromnmt as the 

alurninum solubiiity is highest in pH of nepr 12. However, even with the addition of 

fly ash, the rroilability of duminum w u  below the threshold of the aowts naded 

for cttringite formation. The thrcsholds of difftrcnt compods d e d  to form d 

precipitate the enringite  JI the trilings sample unda hvuti@ion wae estrblished in 

chapta 5, d it wrc condudcd that bucd on tbe wahbüity of calcium .ad dphrte, 

much more duminum i i  nœûed to fom the arin&e. This condusion justifies tbe 

use of additives rich m rl- such as fiy rrb as wdl as the p o w i e s  of 



incorporating other waste m a t d s  a d  by-pro du^ ncb in d&um such u bauxite 

to opîimize tbc formation of cttringitt in w sunples. 

Whüe addition of 10, IS ud 2WA fly a& inacwd the availabilhy of soluble 

dwninum in the runples, the highest Mount of duminum WU r~cordcd w&n 4 to 

5% lime wu dm addcd to the samples. As it wu Jtrted euüa, this could k 

attributcd to the high pH environment of those sunplcs. Although the addition of fly 

ah to the siunples providecl up to 5 times mon aluminwn than thm m p l t s  without 

any fly ash, this amount is sti i l  below the thredrold of duminum requirement (as 

established in chapta 5) for Çttringite fondon in the mnptes d u  investigation. 

Morcovcr, &a 14 days of curing, the Jwninum contait of the runplcs d e c m a d  

sisnifimtly. The reduction of duminum content is rttn'buted to the f o d o n  of 

Ctûingite and ettrinate iike mincnls in the treatd samples. 

The nilphate wntmt in the Ieachatc r«nUned vay midi the nm throughout 

the apaiment, while this unount was Iowa than the toul soluble ailphue in the 

sample (1600 ppm, uble 5.2). However, over the @od of 360 &ys, rnd 

partidu1y with the addition of 0y uh to the system, arlphite Ieachabüity wu 

slightly dccrtucd. Such ûehrvior w u  t d v d y  mkiud to the presence of 

*tMgite in the system whkh contained fly ash. As it was disnurtd before, addition 

of fîy ash to such r system not only tend to 3 E i b i  the pH condition to r d d  

plateau (neu 12), but it dm providcd more dumiirum to the systan wliich dependr 

on it for the f o d o n  of emin@te. 



in the prcvious chapta, the optimum concütion for the formation of ettringite 

in tdings samp1u unda investigation wu utablishi. Tbe bigh dpbrte ad ai iow 

aiuminum contcnt of the tylings sampia reqrpucd tht source of dumiraim which 

could dao help to dmte the pH of the mbûum k employai. A suitable additive 

which could Srtisfy both r c q u i r ~  U fly rih clam C. HOWCVU, sina one of the 

major goals in any rcmcûial project is to d u c e  the cost of treatment, the hieh 

consumption of üme and 0y ash U not desirable. mefore, b d  on ucperiments 

condition), as weU as the nsults of lerching studies, it was wncluded that 1W By 

ash can provide the appropriate conditions d d  for s r i b ' i o n  to trke phce and 

cttringite to be f o d  h the sampies. The hi* rppiiution of fty ash (more than 

10%) tends to mnain u unreactive in the solution. 

The m d s  concentration exttactcû usin8 diffhmt pacmtagu of lime with 

lû?! and 200/. fly rrh content are comparai in Filpin 6.8. The pH of d o n  

solution for samples rcceived no LUne wae mund 2.5. Whm 5% lime with 1103C fly 

ash wac added to the mixes the pH of amction d o n  w u  incrrwd to ncu 12 

which is rpprorrimrtely the pH of a ruunted Ca(OH), solution. Thc uicium ud 

duminum content of aanction rdution mn highest wich the ddition of 5% lime 

over the 360 days of tcsting. A doser aonmiition of Fi- 6.8 h w s  ths dl the 

ciments of CO- have mchcd th& dubii cquüibriuni dtw 140 &y of auing 

u d ~ t h e f l y a s h w m m t f r o m  l(r/.toZ(r/.buaotrffdthesdubilityof 

danaits of conceni signincintly. 
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nie e&ct of 1W and 2W flyrrb ud d i f h n t  oflime on Ùon 

contait is shown u part of Figure 6.8. This figure indiates tht the solub'rlity of iron 

hs signifiunsly dccreased rAa the addition of 5% lime. The i r a  content of the 

leachatc w u  aabiüzcd a f k  140 da9 of curing ud hr h w n  r decreasc of about 

99.9?! compare to the totai soluble iron content of untrerted samples. Similar results 

(though with not the same levd of luchabiîity teduction) wae rccotded for 

magnesium, copper and zinc. Application of 5% lime to the simples ha rcsuhed in 

the a p p e ~ n e e  of the highest quuitity of aluminum ancl ulcium in the solution. 

WMe 5% h e  provides the d t i a i t  q d t y  of duuni for calcium hydnte 

reactions to take place in the samples, the quant& of Juminurn rtleased in the 

samples hm not elevated sipificantly. 

The &ecu of 5% lime and l(rh fly a& ddition on the metd leachabiiity of 

the taiiings sample, u dctennined using TCLP mcthod, is shown in Figure 6.9. The 

mults show the decrase in the metai concentdon while the dciwn and dWIIjnwn 

content are elevated and sulphate content is stabüized. ïhis f i p  shows thrt the 

application of 5% lime and lû?! fly uh hm effectjvdy stabibd the elanaas of 

concm over the 360 &ys paiod. Figure 6.9. represmts the b a t  naihs which wae 

obtained fiom the lachability study. 



6.8 X-ray Diffraction Analysb 

In orda to aubüsh whetba the poaoluiic d o n s  have ocnvrrd in the 

lime, d o r  lime phu fty rrh truted mixer. vmplcr amcl for 28 &y were uulysed 

using X-ray diffirction tcchniqua. Figure 6.10 reprrwmr the XRD prttems of the 

lime t r d  as wdl u untrerted runpler. The XRD piaan, indicate this only itta 

the addition 





of 4% lime to the sarnples, etth@& parh in the mixer wac &rand. As the 

u n o u m o f l i w i n t h c m i x a i n a e r r e d . s t m n g a ~ ~ i n d w X R D p r t t a n  

wae deteaed. Addition of 4% lime hm ciuicd the k d o n  of gypsum Li the 

sample. Gypsum hid kca formal as a muît of d o n  bctwccn the uided calcium 

hydroxide and the d à t e  ions in the sample. Ho-, the incriaerrrsc in the amount of 

lime from 4 to 5 and 6% has rdted in decrease in the gypsum content while mon 

etthgite has fonned in the sunpler. As it u h w n  in Figure 6.10, the inaerrC in 

IUm content ud the subsequmt increuc in the ~ o u a t  of calcium added to the 

samples, has resuIted in an increase in the quantity of calcium dicate hydrate, 

ettringite and reduction of gypsum content of the mixes. T h  Ming9 are more 

clearly shown in Figure 6.11, which compares the formition of cttrb@te with 

gypsum and calcium silicate hydrate in the mixes unda the same conditions. 

As the magnitude of the dded lime inaucq the ntMgite and caicium 

silicate hydnte peaks are becorne stronga whiîe the gypsum perb show a Jigdicant 

dccline. nie d t  of the leachaûiity study condrmr these fbdings. Whüe the 

addition of 4% lime causa the incmsc in the calcium content of the runpler, 

gypaim is formai and the elmentai d y s i s  of the simpler (hm lcachabii mdy) 

did not show a sienificant dcaeuc in the ~ount  of iroa, miencgum, copper rnd 

Pnc. Howem, fûrther maeUe in the rmwd of iime, stabüizes the pH of the 

rmiples and fbrms more emhgitc rnd cilcilm diate hydrate, *ch duxasc!l the 

amount of gyp- in the umples. Addition of 5% lime to the mixa au#d r 

rubrtMtirl dccnrrc in the magnitude ofthe ha ,  migncaiun5 coppa rnd zinc, wbicb 
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were leached fiom the mixes. These results can be correlated to the formation of 

ettringite mineral in the mixes. Several other studies by other researchers have 

concluded that the present of metal oxides or hyàroxides such as zinc and iron can 

promote the formation of ettringite in the proper environment (Vempati et ai.. 1995; 

Trussell. S. and Spence. R.D.. 1994; Poon et al., 1986; Tashiro et al., 1979). 

lncreasing the lime content of the mixes fiom 5% to 6% resulted in stronger peak 

intensities for emingite mineral and decline in the intensities of the peaks 

comsponding to gypsum. However, the diRerences between the intensities of the X- 

ray d i h t i o n  patterns of 5% and 6% lime is not as substantial as the différence in 



the prnaM of 4% ancl 5% hm. Thmefore, h is conciudd tha 5% lime is the 

optimum ümt contait to form and precipitate etûhgb in the runpkr. 

As it was anticipatcd, duc to the rich dcium, silicate ud duminum content 

of the fly ash, its addition has d t e d  in the formation of rtronger peak intensitics for 

the ettringite and calcium silicate hydrate, w W  has au& an adverse &ct on the 

gypsum in the sampla. This o b d o n  is c l d y  h w n  in Figure 6.13. 

Ac the fly u h  is bcing dded to the mixes, stronga etfringitt @CS ue 

appeared in the XRD pattern, while r constant d u i o n  in the mapitude of 8ypaim 

is noticcable. The XRD htensities of chamteristics peaks for e#rlligitc which ut 

show in Figure 6.13 indiate thu the rate of growth for &@te is hightf with 100/, 

fly ash addition thui with 2Wh fly uh. The dope of the curvt b m e s  JmoQt flrt as 

the rohibiiity of the fiy uh hu reached itr muQmwn cipoaty with the addition of 

lrr/.flyuh 
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FIGURE 6.13: EFFECT OF FLY ASH ON EmüNGlTE, GYPSUM AND P O R T U N D E  FORMATION 

Once again. the formation of ettringite and calcium silicate hydrate are 

analogous in their growth patterns. The higher availability of calcium and aluminurn 

as a result of fly ash addition resulted in the stability of the pH and higher formation 

of minerals ettringite and calcium silicate hydrate. 

Figure 6.1 4 shows the XRD pattern of the samples treated with 5% lime and 

0. 10 and 20% fly ash. Addition of 5% lime without the application of fly ash has 

led to the formation of gypswn and emingite in the samples. However, the peak 

intensities of gypsum in this case are iower than in the case of 4% lime and no fly 

ash. Lower gypsum in the case 5% lime can be comlated to the formation of 

emingite in the same sarnple. As the excess amount of lime (hm 4% to 5%) has 

stabilized the 





pH of the sample to near 1 1.5, ettrhgite has fomed. As it mis expccted, increase in 

the lime content to 5% and addition of 20% fly ash has d t e d  in a significant 

increase in quantity of calcium silicate hydrate present in the samples. Once more, 

this observation is shown in Figure 6.1 5 .  

1Vh 20% 
Fly Ash Content % 

Figure 6.16 (a, b, and c) represents the XRD patterns of lime treated samples 

for 3. 28, and 75 âays of curing. A sarnple was treated with 4% lime, as th 

pnncipai biading agent, and the XRD pattem of ettringite h m  the onset of its 



complete transformation ('m 75 &y of curing t&) wu followd Addition of 4% 

iUm rfta 3 &ys of auing hr Id to the f o d o n  of gypmm (Fi- 6.16, a). 

R m  6.16 (a) X-MY D I ~ A ~ O N  ANALYSIS OF 4% LIME TREAT~D S c u m ~  ( G = Gvrsv~) 

Mer 28 days of d g ,  the ettringitc palrr wen observdd (Figure 6.16, b), 

while at the same tirne, more gypaun has dso f o d  in the srniples. Fi- 6.16 (c) 

npnsait tk pûtkm of 4% Ü ~ c  -Cd ~ m p k  ifta 7s d 8 y ~  of h g .  
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It is cleuty evident tht rll the tttringitt f o n d  in th rrmple hd compl*ely 

disintegrated. The pH inrlysU ofthe sample dso mded tht the pH of the mple  

wac bdow the rcquired pH condition for ctüingite fomution (above 10.5). The 

higher gypsum formation ifta 28 &ys ud 75 &YS dso aiggcrtr that dl the 

atringitw have W o m e d  or diSint@. nie nlcrcc of du! ulfite ions &om the 

cttringite formation has provided the ncçessuy condition for the hi* f o d o n  of 

Samples tnated with a combination of iimc and fly u th& ôiindllig agents 

arc shown in Figure 6.17. Addition of 4% üme and lû?h fly asb clus "Ca to thwe 

saniples has rtsulted in the formation of ettringite and dcium silicate hydnte a h  3 

days of curing (Figure 6.17, a). Peak Undtics of ettringite and calcium date 

hydrate continue to grow rAa 28 days and 75 &y of curing (T1gm 6.17, b, and c). 

Gypsum formation is dso Mdmt in aU of th- sunplca Aftu 180 diys of curing 

(Figure 6.17, d) enringite and calcium siücate hydnte perks have diminished whilt 

gypsum peaks have i n d .  The pH of the vmples dter 75 &y of curing has 

rtduced. These wac al the indication of mon oxidation in the samplu rad 

disintegration of ettringite which wu continued up to  365 &y of niring (F@e 

6.17, e), whilc mon gypsum had fonned in the sampkr The peik întcnsitiu of 

gypsum r«nained hast constant for the 6rst 180 &ys of aiMg rad klpn to 

inaease betwan 180 &ys and 365 dry of W. This khvior b tcntntiVdy 

atîriied to the disintegmion or tnnrformaîion of d n & e  inîo mono-riilfite rnd 

the dease of _sllfirte ions into the runpler. The rvrilrblt âcc limc in îbc mmpla iad 







the d b i l i t y  of d a t e  ions have cuised the formation of more g y p m  in the 

runples. 



or cttringite wu recordai. This could putly k due to tbe fk t  that the mitror wrr 

over saturatal with the addition of Zû?? fly a& ud most of the ddcd fty di mi@ 

have nWnd unructd. This conclusion wir &rtba reisti,rceâ by the resuît of the 

leachability snidy, as the incfease in the unwnt of fly ub h m  IV!! to 2V? hr not 

sienificsntly r d u d  the mdility of the ions unda study. 

Emingite and ulcium silicite hydrate wcre obstrvcd rAa 3 day~ of airing 

(Figure 6.18, a). Gypsum content mnained the sune u for the simples CO- 

4% h e  and IO?!! fly ash ( F i p  6.18, a). Etth@te ad dcium silicate hydnte 

conthe to ~gow within the 75 diys of curing 6.18, b ud c). Once mm, 

fiirtha aiMg Id to the cornpicte disintegration of atMgite. 
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The pH of the samples wae bdow the thnshold reqUmmanr of eîtrh@te formation 

and the avdabüity of Isilf8tt and calcium causcd tht higher pmmce of gypsum in 

the sunples cured for 180 diys (Filpua 6.18, d). As 0 raaJt of nirtba oxidation ind 

&op in the pH of the samplu, no etthagite wu obsaved in the srmples Iffa 360 

drys of curing (Figure 6.18, e). 

Sincc achieving and mruitaining 8 high pH condition is wceuary for strbiiity 

of cttringite, und u a nsuh of optirnitition expaimm conduad pdousiy,  it was 

decided to elmte the pH of the sampltr by hcmsing the ümie content. New 

amples were made with the addition of 5% lime as the principal binding agent uid 

the XRD pattern for the formation of ettrin@te w u  shidied ovu the period of 360 

days (Figure 6.19, a, b, c, d, and e). Application of 5% lime to these samples has 

tesulted in formation of signifiant unaunt of emingite within the nnt 3 days of 

wing (Fi- 6.1 9, a). The XRD pak intdtim of m e  and calcium ailiate 

hydrate continue to grow up to 75 dayr of aiMg (Figure 6.19, b and c) and tend to 

stabilize aAerwar& (Figure 6.19, d ud e). Howevct, r di@ duaion in the 

magnitude of *tMgite m, obwed &a 360 &y of -8. The gyprwn content 

of the sunples rtmaineâ the same throughout the expriment. Application of 5% 

üme has ais0 caused more gismondine to appear in thest sampler. Monowr, mme 

calcium hydroxide (portluidite) which wae stili u n r ~ c d  in the s ~ p l a  were 

detected in the X-ny diffRaon MJyt is .  







ïbe  optllnimion arPagnents conducteci prcvioUay i d a l  that in ordu to 

maintain the high pH envitonmerit in tliis hnh ud potensially M c  condition, 

appiication of 1W fiy uh is essentiai. Thdore, iunplm wae prrprrai with the 

rddition of 5% Lune rr well as 1VA fiy di (Fipe 6.20, a, b, c, d, ud e) and the 

atMgite formation wu monitored for r puiod of 360 &p. As it wu lllficipated, 

the higb emlligite pcak Uitcnsities w a t  dascad wabin the îïrst 3 &y of CUfjn8 

(Figure 6.20, a). Morcover, ll~~iiCItion of fly a& hu Id to tbe bdon of d9um 



gliute hydrate in these samples. ûnce more, alcium hydroxide as wd u 

gismondine wen ais6 detected in these runpla 

Etthgîte and dcium diate hydrate whicb wae f o d  in these amples 

continued to incrase up to 180 &YS of nving and nmwed My constant betwan 

180 &ys and 360 dayr of curing (Figure 6.20, b, c, d rad e). Continucd g r h  of 

ettringitt ( f o d o n  of stcoaduy et!ringitc) d k u t r i i  to the hi@ pH of the 

mixture u w d  8s to the higha rdabüity of dcbn dhte  hydntc u 8 ru& of 

ash addition As it wu stated in chapta 4, crlcium silicate hydnte (CS-H) hr the 

ab@ to adlurrb and desorbe Sittitc ions &om ind imo the solution. 





CSH 



Such phenommon wu 6rst reportcd by Lacb et d,  (1929) ud Mer wu 

confjrmcd by KJousck ud Adams (1951). Thcae rrrarcba have poaulatad tht 

the suh!c ions could k bound into îhe C-S-H gd structure to fOnn 8 new p h w  

d e d  "phase Xn. Copdiad et al., (1967) reportcd thit nilfite combinecl with C-S-H 

gel to fonn "phase X at d y  aga and thm ailfite ioai wae r e l d  rt kcr aga. 

This phenornenon could cause the formation of semonduy etth@& in the scmiplcs 

under investigation. 

hothcr conclusion dmwn fiom the optUnintion arpaimaas whicb were 

conduad previoudy mded that addition of Juminum h auciil to the formation 

and prccipitation of *tringite as a stable nwarl in the runplc unda mdy. 

Therâore, n m  expaiments were set up to midy thc &kt of aiuminum addition to 

the stabiiity of cttringite in the sunples. It is postulatd that wWi of duminmi 

in the mixtures wi l  clcvate the formation of etûingite whüe teduces the potentiai of 

gypsum f o d o n .  Hace, formaîion of primyr etbiqhe rs wdl as "phue Xa will 

rduce the sulfite ions availability rad therdor, d u c e  the magnitude of gypsum 

fomution in the mples. Reduction in gypsum contan of the vmpk will aate i 

mon chcmidy stable mrtrix which wül resist the change of its pH Stabüity and 

B d  on the optunintion expaimmtr conducteci prniioudy, sunples wat 

p n p u d  with thc addition of 110 ppm of d u b k  rhiminum, 5% lime in the form of 

quick ümc and lW fiy u h  type 'Cm. Aa it wu cxplwicd pmiardy, 110 ppm of 



duminum W hrlf of the stochiomctric ~ounts of rhtoiimim naadad ta fbnn urd 

pascipitate ctttin@tt in the mple imda 1t ir koevsd thit the dcficic~lcy of 

the aluminum n d e d  to form ettir@& will k compeiusta! by the other divairnt and 

trident d o m  pruent in the sample. The tulings suiiplc, lime rnd fly ab wac dry 

mixed whüe duminum wm aâdcd to the wata md thesi dded to the dry mixairr. 

Once more, the watcr to solid ratio wu 0.5, brrcd on the m u b  of comprthensive 

optimization study which w u  Umd out ptcviously. Samples wae mixeci for 10 

minutes by hand and were storecl in plastic contriinen in 2S°C and Wh relative 

hurnidity. By using X-my difhction technolow (YCRD), the formation of ettririgite 

in these smples wen monitord for the paiod of 660 days. S U m a  metai uulysii 

wu ais0 carrieci out 4 t h  a scanning electron rnicroscopy (SEM) coupltd with ui 

energy &persion systcm (SEMIEDS). 

In order to finha d u a t c  the e f f d v a m s  of rr;ieaits on stability 

of a t ~ g i t e  and hs foie h Uiimobiluation of d s  of conam, hbontory lachhg 

program with 4 dinaait lcachpnu b d  on the principals of toxicity cburctaistics 

lahing procedun (TCLP) test wae set up. The aewty mixai samples wae leached 

using simulated ground watcr (pH 5.5). simuirtcd acid nin (pH 4.21, ailniric l a d  

solution (pH 2.5) uid acetic acid solution (pH 2.88). 



6.9 Raulb and Discussion of Optirniution Expcrimenb 

Sampltswhichwcrceutedwith53Climcud l ~ / . f t y u h t y p c C ( b y t h e  

weight of dry wute) rnd addition of 110 ppm al- wae hydrated rt 2S°C ad 

95% relative humidity for 3, 28, 90, 180, 365, and 660 &p. Tberc simpler were 

made with water to solid ratio of 0.5, which was the optimum d u e  to e ~ u c  good 

workability and sufneicnt hydntion. Sampks waa taka rt pmfixed hyddon timcr 

and w m  drid in a Lbontory oven at 40°C, gound rnd thai subjected to X-my 

dinnction analysis. 

The XRD plnan of the sample hydnted for only 3 &y is shown in Fipre 

6.21 (a). Addition of aiuminum to this ample has resultd in f o d o n  of equrl 

amount of ettringite compared to the sample d for 28 &ya and no ihuninim 

addition. Moreovcr, the gypswn content of the runpk mide with the addition of 

duminum has been reduced signitiumty wt#i compued with t& SUIE sdmplc 

without any aluminum additives in its sîruciun. Formation of gypsum ic wt 

hvoribk u hr u the durability of the ampie U concemd. Furthumore, its 

f o d o n  ud lcdr to the reduction of pH which wS dirintcp!e m e .  Calcium 

PlicatchydnternduniacicdiimcuedsodetectrbkinthcXRDpaanprricntcd 

in figure 6.21 (a). 





Simples which mn d for 28 &y hve bigkm e t t h g b  content, dcium 

f i l i ae  hydrate, and lowa duminum orcide content compmd to 3 hys d -le 

(Figure 6.21, b). The gypsum content in these 8mnpla bu dm i ncmd .  

Momova,Gianondllrchve~kcn&ectcdht&serrmpler. h t b e d n g a g e  

of the runples has inaerced, ettringite p a h  have h w n  a steady lpowth whüe 

gypaun's growth has beai hindcred. Pyrite p a b  were ttmaind constant while &a 

365 days of curing, wae slightly rcâuccd. This i~ u t n i t a l  to the oxiâation pmcms 

of pyrite. The surate r c l d  u a nsuh of pyrite oxiâation has b e n  mostiy 

consumai by ettringite, gypsum and " p h  Xm of the dcium silicate hydrate f o n d  

in these samples. Anotha intaestin8 observation U rdaîd to dirrppeuuicc of üme 

as weU as MY trace of the aluminum oxide in these sunples. AU uKst obSGNatjons 

M Shown in Fiwre 6.21 (c, d, and c). 

In orda to further d u a t e  the stability of the m e  in these samples, 

some of the columns t r d  with these reagents were a d  up to 660 dap. Figure 

6.21 (f) reprcscnt the XRD pattern of this sunple. The ettringite peak intetlsity 

remaind constant cornparcd to the samples cureû for 360 &YS. Gypswn, and pyrite 

peJu have shown nduaion in th& intensity which L rttn'buted to dow rate of 

reaction in the runples. AB the M o n  m e  bu kai dowed down, kit not bJteQ 

las ud lesr ailtile is prrrem for d o n .  Howeva, slow rate of d o n  continues 

to supply d h t t  wbich pmmts the comp1ete convdon of ettringite to 

rnonoailnte. Fonnaîion uid stabüity of cmingite in 8 qs&m iicb in i n t d  cource 







rminix. It is postdatai tht the sance of ailtite d d  k the nailt of pyrite 

oxidation u wdl as dcsorption of suthte h m  the Mncc of dcium silica!e hydrate 

gel (phase X). Moreova, the avrilibility of gismondine (dcium aluminate silicate 

oxide) in the samples &a 660 &YS of hyQItion is another indication of chanical 

stabity of the tnated motrix. 

Tftated simples with 5% hm, 110 ppm of rluminura and 1% fiy rdi type 

"Ca were abjectcd to diffaent lachin8 tests, e a ~ h  test fdow TCLP 1- 

proCCdure. The leachants for this part of the atpaiments wae simulated 

groundwrter (GW), rcid min (AR), sa~hric rcid solution (ModiM TCLP), and O. 1 

molu d c  rQd wlution (TCLP). The pH of the pmdwater wu d j d  

between 5.3 and 5.5 using sodium hydmxide solution or iiitric acid solution. Thc 

solution wu do@ with 500 ppm ofukitq imq nitfide rnd myaerium, Th rid 

Nn solution iud the pH of 4.5 usine mhric rQd mhition. Tht aJftric uid  solution 

hd 8 pH of 2.5 uid icetic rcid sdution wu ad- to pH of 2.88 accordkg to 

TCLP testing ptocok. Smples wac pidai, rnd pihraual to aposc the h.gcrt 



airtaa ana d were mixed with the lcacbant in polydhylam bottles. Extnction 

wu anied out rt 20: 1 liquid to sotid mîio ova 18 houn of vigorow shalcing. The 

leachate 501utiom wae uulyccd by Atomic Absorption S p e c b o ~ p y  for the mctil 

wnccnttltions. 

I t U g a v n O y u s u m c d t h t t h c d l ~ ~ r i t e r w o u l d i n c n r r e ~ p o r t i c l e  

Ure d c c n u e  duc to rn incrame in avaüable avhce uea for lcachin~. As it wu 

d i d  d e r ,  m d s  binding mechaniun couid k locked in the pons of ma@& 

adsorbecl OMO the pore wds, or chemicaîly compltxed with paste constitutes. Since 

one of the binding mechanians for metais of concm U the mrpbon, inaaK sur fh  

sna which is the characteristics of malier particle aust mer sorption and thus 

lowaing the maai lerching concentration. On the otha hand, iarger puticles cin 

rcsist the variation of the pH since d e r  wfh uer is uqoscd for iIlcrlinity to 

leach out. However, grinding and pulvmidon uc arposîng the West sukt ucr 

which is bchcved to k the more dominant mode in dfédng the l d n q  

characteristics of the samplts. Haice, the rrailtr obtahd couid be intctpreted as tbe 

wont use sanuio for leaching in simulated conditions. 

The m h r  of the leaching arpaimenu show tht the mîidified and s t a b i i  

matrices have runaincd insoluble whtn wac leachecl with grwndwater ad acid min 

wata, rc shown in Figures 6.22 and 6.23 respdvdy. Wh& lerr  th^ 1.5 ppm of 

ùon wu lached out of the sunplu, di otber metda of concan sucb as coppm, 

nqpsimi, rnd Pnc mwncd ixwiubk within the rdididied rnd strbîîhcû matrices. 

It i5 t h d i  envVonmentrUy mwkable tha! the miicimmi uwunt of iion 



The pH of the sunples nmwed rbwc 10 during tbe 660 chys of airEg for 

both leachants whilc it was siightîy d u a d  in the case of acid min. The quvmty of 

calcium ad suiMc lcachd out of the sampk wae rcairii#d low rnd wac 



comparable for ôoth groundwater and acid min lcachts. The w h t e  content wu 

slightly ttduced while ulcium content mnrwd constant throughait the curing rnd 

testhg paiodr. M o r e ,  in the case of 1cu:hing with lpounmvaa ud icid Mn. 

which an k considered u the most probible case scawrio for deporised triüngs in 

sopped the rcleue of m d s  completely. 



The resdts of leiehllig of the samplcr with ulniric a d  (Moditied TCLP) and 

-te acid are shown in Figures 6.24 ud 6.25 repdheiy. By ushg both of these 

lamchuns. much more dwninum wu leached out of the sunples within the drst &y 

of hydration. Howeva, the aiucnbm content drusiully d u d  as the hydration 

continued. Considaing the r d t s  of X-ray m o n  done on the sune samples, 

(Figures 6.21 a, and b), disappearancc of rluminum wu accornpanied by the 

formotion of cttringite and ettringite We mmnlr in the sample. Mer 90 &ys of 

hydration, the leachabüity of rll the e1amts of concem have lcachcd th& 

cquilibrium and rcmained as such throughout the 660 days of criring and tcsting 

pcriod. Cornparison bctweai groundwaîa d d nin Ieachabii with modified 

and unrnoditicd TCLP leiching show that mypKgwn is more mccpûible to pH 

chan& as the lower pH leachants have uruc more nmpesium to leach out of the 

trcatcd rnatrixes. 

As it ans apected, lcachin8 with ailfuric rcid MCLP)  rad d c  acid 

(TCLP) uucd tht the runples pH drop to 5 d 4 rrspeaivdy. Sucb low pH 

avironment has coiwquaitly Id to release of more calcium ud ions into the 

solution. Thc excess amount of dc ium ud dfhtt  might hve corne fmm partiai 

disuitegmtion of dcium dumitute ailfra ampou&, aich u cmingh in the 

solution. 
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Fi- 6.26 repracnta the d d  bdiivior imdu d i f f m  leachiq 

medium. Beause of th ddition of Juminum to the -pl- 1- witb ailnuic 

and acetic acids has causal some considerabft puuitity of dunrinim (up to 120 ppm) 

to lcach out of the samples within the fint &y of ûydntion mgtue 6.26. a). 

Howeva, as the hydntion time maeued, aîwninum wrc totaiiy c o d  ôy the 

formation of otha aiuminum bearing minerais, such as e t thgb  and gismondine, and 

its availabiiity d c c r d  sigdcantiy. 

The lcachability of coppa with diffbrcnt lc~chuits ir h u m  in Fi- 6.26 (b). 

Trcatmmt of the simple with the aâdd aiuminum haa l d  to formation of more 

cttruigitc and ettringite N e  minds in the srmplc, which musc reduction in the 

solubility of copper. Morwva, the hacase in hydration time ha aot effected the 

lcachability of coppa and it has rcmaind inso1uôIt. On the otha h d ,  for the 

samples trcated without any duminum addition, longer hydntion h d  Id to deue of 

more copper in the solution. ~ c s i u m  and zinc lerhbüity have iIso followed the 

sune m d  as the copper regardmg th& 1cachabÜity behavior. Tratmcnt of the 

sampla witb cornbition of lime, fly ash and aiwninum hm led to hi* insotubüiiy 

in the samples as less of elemcnu ue lerched out. Sunpla tht wae treated with 

lime and fiy uh donc and without any dumicnun have d d  more of deinam 

when lcached with aciâ, partiniluty in 10- auing paiod. Continuad 

airing of the simple, up to 660 &ys canal wm oxidrtion to d e  plice m the 

sunples wit)iout rhiminum ddition. This is evideat h m  ch ItiEbllig of morr iron 



1 AI Content 



created more stable environment with Iowa I u c b a b i i  nte for danents of concan 

and lower oxidaion rate in the samplt (Fipe 6.26, c, cl, q 5 ind g). 

The pH of the simples trca!d with combination of lime, fly ub ud rhumnmi 

h r c t c m a j n e d r b o v e 1 O w h a i I ~ M w i t h ~ ~ u r n d ~ d R U I w i U m i t h e 6 6 0  

âays of cwing paiod. Exposing these samples to ailhiric acid or accute .Cid has 

causai reduction in th& pH which consequatiy Id to r&asc of more metais nom 

their structure. On the other han4 the ailnta content of the aamples tanUncd 

constant with respect to leachant throughout the hydntion paiod @ v e  6.26 h). 

This is despite of the fm that oxidation of pyritic rrmples should producc more 

sulfate ions, howevcr, formation of calcium sulfhte ad calcium duminite subte 

wmpounds consumes the acess s u b  genented in the treateû samples. Moreova, 

the application of lime and fly rsh reûucea the pamerb'i  rad voids Rtio of the 

samples, which couid have a ncgativt dEkt on oidation of thcse sunplm. 

O v d ,  as alrcaây manioncd, the lawhability mdts show thaî application of 

lime, fly ash and aiuminum has beai sucauhl to cmte a chemically stable mmix 

which has rrsisted the lcachabiity of elemcnts of conara h m  its stnicture. The R 

ray d i i o n  analysir of the same wmples m d e d  tht such trrrm#n p d w c  

bru ld to formation of &@te and eaMgite like mmmls in the sunples. The high 

pH &onment c o m b i i  with the formaion of a l c h  rhaiinite ulhte 

compouadr hiM led to the dimidon or dnaic reduaion of bewy metah 

Icichabüity h m  thae otherwist hi- rcidic d m c h  tahgs. M o r e ,  tbe 



be rstniuted to dl three separate but intanlrtcd mechurisnu of immob' ion:  

Cwhg T h  (Days) 1 

Rovri~ 6.26. (c, d) Iam AND îbhtmmm LEkCHABarrY 







sorption to nqatively c h g e d  wEccc of dcium durninite sulfrtt minerais, 

precipiution of the d r  u hydroxides in the hi& pH mviroament u wtli u the 

inclusion through isomorphou aibaitution of &rvy mails into the d o n  

produas (aich 8s emingite). 

û v d l ,  the extnction txpuiment confirmecl thU theary t h  upon 

availability of aiuminum, emingite and ctühgik like minerils couid k formed in 

sulfidic dl ings  as a stable minaal which could p ~ ~ e n t  the mobilintion of htrvy 

m a s  fiom o t h d s e  these highly d v e  tailingr. The m d t s  dm sugsert tht 

the TCLP test (using aicetate acîd as ltachant) will g e n d l y  ovaclmate the 

leachability characteristics of huvy m d s  fiom tnrted tailings. This is due to the 

fact that pH of the TCLP equilibrium solution is usuaily much Iowa than whit 

tailings experience in nrtunl environmenu uid thy &n no o w c  compounds. 

6.10 Scanning Electroa Microscopy (SEM) 

In orda to fd ie r  investigrte the formition of dtringitt in runpler unda 

mdy, S m  Elearon Mictoscopy (SEM) ~oupled with O Trreor Northun 

Encrgy-Dispersive X-ray Spectromuer for dementai m i s  (EDS) wae crvried 

out on lime ud fly uh trcatai mples .  The aiincc of the d amples wac 

cortecl with p l d  ud examinai using J O W A  Scrnning El-n Miaoooopy. 



u h  type "Ca are &en in F i p  6.27. (a,b,c and d) for 3, 28, 90, and 180 &y of 

hydntion rrspectively. Curing the samples for 3 days bas m l t d  in fomution of 

needle like atringite which are about 5 pm long rnd 0.5 p n  wide (Figure 6.27, a). 

At the sune tirne, the gypsum m i n d  which appeucd in the fonn of rods are dro 

clearly visible in the SEM micrognph. 

The EDS d y s i s  of the samples ue show in Figures 6.28 and 6.29. Th clemenul 

anaiysis of the d l e  s h p c  minerais indiaîe diit they bave f o n d  with 

combination of duminum. sulfur, rnd calcium (arhgite). 



FIGURE 6.27. @) SEM M I C R ~ ~ R A P H  OFTHE 4% uurre. 10% F A  fwRo SAMPU 
(28 D m )  

Rmm6.27. (c) S E M ~ ~ O F ~ E ~ % U ~ ~ ,  1 0 s c F A T l u ' ~ ~ W  
(90 DAW) 



FIGURE 6.27. (d) SEM MCRWRIVH OF THE 4% UME, 10SC FA. TREATED SIUlPLE 

(1 80 DAYI) 

This anaiysis is shown in Figure 6.28. The EDS wlysia of rod rhpe minml 

indiutes that it has f o d  mainly fiom cilcium rnd ailair (gypsum). This 

observation ir shown in Figure 6.29. 



FIGURE 6.28. THE EDS ANALYSIS OF THE 3 DAYS CURED SAMPUS (NEEXLE TYIE LAM) 



Continuecl wing of the smpler to 28 &y8 r d t e d  in c o ~ a  grains 

aviiigite Lthr which wae 7 to 8 p long rnd 1 to 2 prn wide. Air0 they wan 

randomiy oriented plues fonning a f&ly denre moriic tadurr (Figure 6.27, b). At 

90 days, tk cmingite l a h  wae cousa (6 pm long ud 2 pm wide) and leu 

abundana. Continuai hydntion to 180 days nnihcd in disrppeuincc of eüringite 

laths and (ndle  uid platy forms) rppaurncc of gypaim roda which doMnated the 

stmctun. The microstructures of 90, uid 180 &y hydmtd runpl« uc shown in 

Figures 6.27, c and d respeaively. 

The microstructure of the amples made wich 5% lime and 10% fly rsh type 

"Cm are gimi in Figure 6.3û(a, b, c, d and e). The nccdle type atringite crystals are 

clearly visible in hydntd sampics for the whole niring pcrid. îhe emingite ia!hs 

are 10 pm long and 0.5 to 1 pm wide betwan 3 days to 180 day of  hydration 

(Figures 6.30, 4 b, c). The laths arc randomiy oricnted but fonn a fürly tight 

SUU-. Figure 6.30, d shows the mictosttucture of the 180 &y nind runple. 

The *aingite M s  have nduced in size white gypum rod lanices ut clarly 

visible. 



FIGURE 6.30. (a) SEM MICR~WH OP THE 5% LM& 10% FA. 'X~EARD SAWU 
(3D AYS) 

FI~WRE 63. (b) S€MMK!ROOCU)H OF= 3% LIME, 1WF.A TIBAm hwu 
(2û DAUS) 





6.30. (e) SEM M I C R ~ R A P H  OFTHE 5% UME, 1û% F A  TIU?ATED SAMPIE 

(360 DAYS) 

In Figures 6.30, e and f the Maosbuaute of the trutcd runple for 360 &YS 

is givcn. The ettringite lrstu have reducsd in siLe to &out 4pn long ud lpm wide 

and an aui8ed in 8 aibpuilîel fuhion ovcf gypmm rodr. These figures arc the 

indication of excessive oxidation in the runple which hm Id to deteriontion of 

h n g i t e  ud fomution of gypsum in long tum hydntion. 



Based on the results of the optirnidon study, samplcs which wae d e  

with the addition of aiuminum and wcic tnited with combination of lime a d  fly u h  

type "Cm were anaiyred with the s d n g  electron miaoscopy. The miaostrucnin 

of the trcated samples are show in Figures 6.31 (4 b, c, â, ud f). The ettringite 

Iaths arc visible der 3 &ys of hydntion (Figure 6.31, a). They uc g d l y  6 to 7 

pm long and about 0.5 wide. The ettringitc has formai ui open lrnice structure 

and gypsum rods are dso prrsun in the h y W  sampics. Whm the m p l e  is 

hydratai for 28 âays, the microstructure is d d y  diffaent as cm be seen in 

Figure 6.31, b. The dtringite iaths are vay coine at 10 pan long ud 1 pn wide. 

"f'he emingite fibat rppcu to have f o d  1 mrf which ia vay dense. Similrr 

structures are o b d  rftu 90 and 180 &YS of hydmtion. Mommm, in 180 &y, 



hydnted mmples, the ettringitt iaths dao rppemd in the form of nadom 

plates. 

F i ~ ~ 6 . 3 1 .  (a) SEMSECIIOQRA))~ OFTHE 5% UE, 1096F.A. 110 ?PM ALIZIBAIDD 

SAMPU (3 PAYS) 

orient 



'mm 6.3 1. (c) SEM MICROQR~VH OF THE 5% UUE, 10% FA, 1 10 mu AL TneAlre~ 

Smu (90  DA^) 

9OUItE6.31. (d) S E M M I ~ ~ ~ ~ ~ H O F ~ ~ E S % U L ( E ,  1mF.L ~ ~ O P ? M ~ , ~ T E D  

Smu (lûû DAY~) 



rrtE 6.3 1. (c) SEM MCROO~UIH OP THE 5% W& 10H P.A. 1 10 !'fh( & T R ~ ~ ~ T E D  
SMLE (360 DAYS) 

~ ~ ~ 6 . 3 1 .  (f) S E M M X C R O O ~ U I H O F ~ S % ~  lWF.A., ~ ~ O ~ A L T I E A T E D  

SAIDU (640 DAYS) 



'Ine microstructure of the hydnted ymple for 360 diyr ippm the same as 

the sample hydratecl for 180 &YS. However, mme gypsum mdr bave dm rn 

visible in the miaostnichm (Figure 6.3 1, e). 

The m i ~ f ~ s t n i ~ t ~ ~  of the sunple hydntcd for 660 dryc L givcn in Figure 

6.3 1, E Ettringitt crystits have appeared in d e  type lrthr rr well rs hexagod 

fonn. Enringite lahr have rduceû in s i ze  (about 7 to 8 )un long) while some 

gypsum crystals are also present in the miaostnictwt. The atringitc Iaths arc 

oriented randomly and art densely packcd in an open nctwork, 

6.1 1 Conclusion 

Samples of the tailings undcr rtudy wae tnitd with combination of lime 

and fly ash type "Ca. The succers of the trertmeat was d u a i c d  basuJ on d t s  of 

lerchability combinai with x-ny di-ion uid s c m i n g  elecüon miaoocopy. The 

preliminary investigation showed tht 5% lime u well u 1P!h fly u h  is the 

heshold of the matment agerm neaial to p m a d  oxiddon ud fonn atnngite as r 

stabilization technique in uiese amples. bwcver, long taia hydntion multed in 

lowering the pH of the sampla and c o n q u d y ,  d d o n  ud deterioration of 

the tttrineitt formai in the runples ud relcue of the stabilized metais of the 

conceni into the solution. 



Inordatofki l i tateudaihncethefbfmtfi ioaof~~ r r a  meansof 

strbiliution agent in the tailings unda invdptioc~, rhuainum in lcrr t h  i ts 

stoehiometric quantity wu aâdd to the umpla, and formation of ettingitc wu 

monitoral o v a  r pdod of 66û dap. Aa in the previour e x p i m a i g  the succas of 

the tnimient techniques was enlurted by the mrynl of Iaciubility, x-ny 

d i m i o n  teduiology combined with s d n g  electron microropy. The results of 

the a<paiments indicate that upon availability of duminwn for maaion, emingite 

and emingite like minds could k fonnd and prscipiîatc u a stable m i n d  in 

these sunples. Mofdover, the high pH environment of th cunplcr u a m h  of 

lime and fly uh addition combined with the stabiliution &cd of earîngite d u d  

the solubility of the m d s  of concem sipifiCUII1y. 

The X-ny dif ict ion analysis r, well u the mimsûu~bn figures obtained 

by using scaming electmn miancopy pmwd tht cmringite remainecl u a stable 

mind in these samplcs within the 660 &ys hydntion paiod. 

Bued on the obuined mltt it un be cancMed tht thc proposcd lime-fly 

uh and aluminum bascd a a m c n t  technique ir effactjvc in significmîiy duc ing  

heivy m d  leachability for the wutc form tcsted. In addition, the rrarlts pmented 

h a c  f o n d  the buis  for thc development of an expairnenui ptotocol to bc used for 

testing the effcaiveness of r givai nmcdirtiw tecbnology or bt the prdiminrry 

design of a Mn nmediation tcchnology. 'The rpporch is deveiopeâ fbt tbc theme- 

f i y u h b u e d c o d d a c d i n t h c p t e w n t s a i b / , k d a a k c 4 i l y ~ t o r w i &  

arny of in-situ rrmcdiation schanes. 



Chapter 7 

Geotecbnical Analysis 

7.1 Introduction 

Nurnerous investigaton have performed research in the area of Acid Mine 

Drainage (AMD) and heavy metal stabilization (Kuyucak et al., 1995; Heâh, and 

Watziaf, 1994; Kepler. and McCleary, 1994; Hossein, 1991) by means of chemical 

aàmixnires. but the bulk of the studies perfonned seem to be concentrating on the 

use of lime as the chemical additives. Moreover. previous research does not 

consider the reuse potential of the stabilized tailings, as it concentrates more on the 

reduced leachability of heavy metals as a result of treatment. Therefore, 

development of a treatment procedure capable of reducing the leachability of heavy 

metal and other environmental concems as well as prducing an inert material with 

reuse potential is of great interea to the mining industry. 

In the context of the present study. it is proposed to use lime, fly ash as well 

as aluminum in the presence of sulphate compounds to enhance and promote the 

formation of mineral ettringite as means of solidification/~bilization of other wise 

reactive tailings. However, ettringite is generaily believed to k expansive with 



deteriorathg consequences, which could cause physical and chernical instability. 

Occurrence of expansion in ettringite not only could result in structurai iastability, 

but it could also lead to release of absorbed andlot adsorbed metals h m  its 

structure. Moreover, disintegration of emingite could result in release of excess 

sulphate ions into the surrounding environment and lowcring of the pH. In a low pH 

condition, the solubility of heavy metals, which were othewise precipitated, will 

increase with potentially harmhl effect to the sunoundhg environment. Therefore, 

study the factors that could induce or prevent ettringite expansion is crucial to 

success of the present study. 

The phenornenon of expansion in cementitious mortars is known as sulphate 

atuck in concrete industry. Expansion and loss of structural integrity cm take place 

in two foms; expansion due to the formation of eaiingite, ancilor loss of strength 

through soflening that has been attributcd to gypsum formation. Depending on 

sulphate concentration, the corrosive mechanism of concrete is divided into two 

parts (Cohen and Mather 1991). At low concentrations, (approximately 830 mg& of 

S 0 3  - this limit changes with the change in aluminurn availabiiity in the sarnple) 

mechanism causing change is controlled by ettringite formation. When So3 

concentration attains a highcr value. the mechanism is dominated by gypsum 

formation. 

Gypsum formation is noi generaily believed to cause expansion, but 

sofiening and mushiness in the sarnple, while expansion and subsequent 

micmcracking are generally amibuted to ettringite formation. However, it has been 

suggested that not ail types of ettringite are expansive (Mehta, 1983). The large 



lath-like crystals of ettringite (about 10 p), which fom in the lower pH range of 

ettringite (around 10.5 to 11.5) and under conditions of low hydroxyl ions 

concentration, are not expansive. On the other hand, the small rod-like crystais of 

ettringite. typically 1 -2 pm long, which foms under condition of higher pH (usually 

around 12 and higher) and high hydroxyl ions concentration, are expansive. 

Moreover, addition of n a d  pozzolans such as fly ash can M e r  stabilize the 

physical and mechanical structure of the treated moriars. 

According to Mehta (1986 a), the technical significance of the use of fly ash 

is derived mainly fiom h e e  featms of the poaolanic reaction. F b t ,  the reaction 

is slow; second. the reaction is lime consuming instead of lime producing; and third, 

the reaction products are very efficient in filling up large capillary space. The 

second and third features of pouolans are responsible for the capacity of fly ash to 

improve the sulphate attack resistance of mortan. Addition of fly ash to cernent in 

the case of intemal sulphate attack was adâressed in another study by Ouyang et al. 

( 1988). Mer  conducting nsearch on expansion and subsequent loss of strength due 

to ettringite formation in the cement mortar. the authors concluded that substitution 

of cernent with fly ash greatly reduces expansion. Mehta (1986 b), considemi both 

the chemistry and mineralogy of fly ash to explain the effcct of fly ash to sdphate 

resistance of cernent paste. He attributed the sulphate resistance of the class "CM fiy 

ashkement mixture to their tendency to form ettringite prior to excess sulphatc 

exposure; ettringite remains stable in presence of additional sulphate ions. 

In the event of reusing the stabilizeâ tailings, the strcngth of compactcd 

treated specimens is an important property to asscss its recycling potrntid. Special 



emphasis should also be given on controlling possible material deterioration due to 

fmzing/thawing or wettinghying processes on a seasonable basis. This 

deterioration results in loss of specimen's smictural integrity or visual cracking due 

io existence of high swelling potential. Furthemore, penneability of the treated 

samples is also measured to examine the effect of proposed treatment procedure on 

porosity of the specimens. 

7.2 Experimental Procedure 

'1.2.1 Unconfined Compmsioa Strength Test 

Addition of lime. and fly ash ripe "Cm to sulfide content tailings is expected 

to enhance its cohesive propenies. and thus increase its compressive strength. The 

developrnent and maintenance of high strength and stiffhess is achieved by 

elimination of large pores. by bonding particles and aggregates together, by 

maintenance of flocculent particle arrangements, and by prevention of swelling. 

Moreover, upon addition of aluminum, ettringite will fom in the treated tailings 

which will M e r  enhance the strength prophes of the treated simple. Based on 



this analogy, the unconfhed compression test was uscd to masure the change in the 

treated tailings strength and to assess its reusability. 

Unconfined compressive strength (UCS) test refers to the sarnple's resistance 

to compression with increasing strain, measured under unconsoliàated, undrained 

condition. In this study, the unconfmed compression tests were p e r f o d  in 

accordance with the ASTM D2 166 procedure, test method for unconfined 

compressive strength of cohesive =il. For ASTM D2166, the U.S. EPA generally 

considers a stabilized material as satisfactory if it has a UCS of at least 50 psi; 

however, the minimum required strength should be determined from the design 

loads to which the material may be subjected. Also. the UCS for cohesive soil is 

defined as the load per unit area at which an unconfined prismatic or cylindrical 

specimen of soil will fail in a simple compression test. 

In order to measure the compressive strength of the treated samples, 

cylindrical specimens (with a diarneter of 30 mm and a height of 60 mm; Figum 7.1 

and 7.2) were prepared at solid to water ratio of 0.5. Samples were dry mixed and 

water was added and allowed to mellow and cure for 24 hows at 90% relative 

hurnidity and 25 OC temperature be fore be ing compacted in specificall y designed 





molds. The compacted samples were wrapped in plastic sheet and subsequently 

were stored in hurnid room until the testing xhedules. Samples w m  tested &er 1 

day, 28 days, 140 âays and 360 days of curing. The loading rate was 0.5-1.5 

mm/rnin., so that the maximum loading time did not exceed IS minutes. The 

resulting stress and strain were then measured. For each applied load, an axial unit 

strain (E) was computed by dividing the specimen's change in length AL, by its 

initial length LO, according to the equation: 

The value of AL is given by the deformation dial reading, the cross-sectional area 

will inciease slightly from the initial area (AO) to (A) which can be computed by 

equation 

Each applied axial load P was detemined by multiplying the proving ring dia1 

reading by the proving ring calibration factor. The compressive stress (ac) was 

computed using the following equation: 

The experiments were conducted in triplkate to ensure the reliability of the 

test results. 



722 Pcrmabiiity (hydmuk condurtMty) Tut 

The pemability of a stabilized waste is an important factor, as it indicates 

the ability of a material to permit the passage of water and to limit the loss of 

contaminant fiom the stabilized waste to the enviionment. Addition of lime and fiy 

ash to fme grained soil type material will irnprove its plasticity, workability, and 

volume change charactenstics. Furthemore, most of these materials will also 

exhibit improved strength, stress-strain, and fatigue characteristics, and develop 

lower values of hydraulic conductivity. The reduction in pmneability and the value 

of hydraulic conductivity is achieved through modification of pore size and pore size 

distribution as a result of powlanic activity. 

There are two types of laboratory tests for measurement of soil permeability: 

Constant Head and Falling Head Methods. The constant head method is used for 

soils of high permeability (such as sands). while the falling head method is used for 

soils of intermediate and low permeability (such clays and silts). The falling head 

test. whether carried out in a standard pemeameter ce11 or in a sarnple tube, can be 

perfomed either on an undisturôed or recompacted material. The constant head 

permeametet on the other hand can be canied out only on recompacted soil, but it is 

possible to apply a known constant axial stress to the sarnple during the test, if 

necessary. (Head, 1992). However. it is important to note that the laboatory 

permeability measunment and acnial or field permeability value could be one to two 

order of magnitudes different fiom each other, since the initial and boundary 

conditions in the laboratory are not generally similar to those surrounding the field 



problem being studied. Therefore, labontory mUlSUtement of pamerbility is only 

an indication of the penneability that is acpccted in the field. 

There are several factors that can infiuence the vdue of penneability 

m e a d  in the Iaboratory, such as: sample puticle s k ,  void ratio, the geommy of 

the Row channels, compaction method, degrce of satudon, sample hydraulic 

gradient, and the viscosity and the density of the petmant (Yong et ai., 1992). 

Samples were premixed with water and wae dlowed to mellow for 24 hours 

before be compacted into the modified permeamcter cell with a diameta of 30 mm 

and a length of 60 mm (Figure 7.3). 



The treated samples were c d  in the humidity m m  at 90% relative 

humidity and 25OC temperature for 28 days before being tested for their 

permeability using falling head test method. nior to the test, the permeameter was 

placed in a sink in which the water was about 2 Uiches above the cover of the 

permeameter while the outlet was opened so that the water could back up through 

the specimen. This procedure was done to insure the saturation of the sample and 

elimination of entrapped air. When the water in the plastic idet tube on the top of 

the mold reached equilibrium with the water in the sink (allowing for capillary nse 

in the tube), the sample was asswned to be saturated. 

The coefficient of permeability was computed using the equation: 

where k = 

a = 

A = 

L = 

hl = 

h2 = 

t = 

coefficient of permeability, cm/s 

area of standpipe. cm2 

a m  of the specimen, cm2 

length of the specimen. cm 

hydraulic head at ôeginning of the test, cm 

hydraulic head at end of the test, cm 

total time for water in the standpipe to drop h m  hl. 



The pexmeability was corrected by multiplying the computed value by the 

ratio of viscosity of water at the test temperature to the water at 20 OC. The 

expriment was conducted in duplicate to increase the reliability of the test results. 

7.2.3 Freeze and Thaw Test 

The durability of a treated sample is usuaily evaiuated by its resistance to 

repeated freezelthaw cycles. lt is suggested that freezing and thawing breaks d o m  

the n a d  bonds of the hydration products by pore-ice formation (Leroueil et al. 

1991). Laboratory investigations have also shown that fmze-thaw can increase the 

hydraulic conductivity of compacted fine-grained soils by one or two orders of 

magnitude (Othman 1992: Chamberlain er al. 1990). These studies have show that 

ice lenses formed during freeze-thaw mult in a network of cracks. When the soil 

temperature drops below O°C. ice crystals nucleate in the center of large pores. 

When water changes to ice. its volume increases about 9Dh due to the opening of the 

lanice of its hexagonal crystal structure. As the ice crystals grow, they interfere with 

each other and soi1 particles. Thus. ice exerts pressure on the surrounding soil and 

causes it to move, rearrange. and consolidate (Alkire and Morrison 1982). 

Moreover. the cyclic freezing and thawing by the ice crystal formation causes 

mechanical stresses, which results in the fomtion of planes of weakness in the 

aggregates and as a consequence. damage to the structural integrity of the treated 

samples may result. However. addition of fly ash type "CM to the tailings is expected 



to improve tailings pldcity, and volume change characteristics. Furthermore, 

addition of fly ash will improve the fiocculation of tailings particles' anangement 

and it will reduces its penneability and porosity. Therefore, the overall mults of the 

proposed treatment procedure are to lower values of hyhulic conductivity and 

prevent or reduce the penetration of moishue into the treated mom. 

In order to perform the fieeze and thaw tests on the treated tailings samples, 

eight compacted and 28 days cured specimens were subjected to repeated fmze and 

thaw conditions. Each cycle induces 24 h o m  fieeze at -lO°C and 24 hours thaw at 

X ° C .  Samples were thawed in a constant temperature and relative humidity room. 

Overall, 4 specimens were subjected to 6 sets of fkeze/thaw cycles and the other 4 

to 12 set of fieezehaw cycles before the wunples king  tested for their unconfned 

compressive strength as well as permeability measurement according to the 

procedures described previously. 

7.3 Results and Discussion 

73.1 Uoconfineâ Compressive Strength Test Results 

The mngth of compacted specimens is an important property for assesshg 

the success of sîabilization and solidification and potentiaî reusabiîity of the treated 

tai ling S. Improvement in ph y sical and mechanical characteristics of the -cd 

tailings will enhance its hanâiing and disposai capabilities in tailings pond or as 



aggregates in related applications. Development of sufficient strength in treated 

tailings will allow its use (as an inert material) for embankments, retaining walls, or 

other applications which require a certain level of shear strength. 

A total number of 57 cylinders were made and tested to determine the 

unconfined compressive strength of the samples and to establish a general trend for 

the gain in strength with different treatment additives. The specimen preparation for 

the unconfined compressive strength experiments involved mixing of all constituents 

in designated percentages, followed by the addition of water with the water to solid 

ratio of 0.5, mellowing and compaction in modified molds. The molds for this 

experiment were designed as 30 mrn in diameter and 60 rnm in length. 

In order to examine the gain andfor loss of strength in these samples, control 

cylinders were made and compacted without addition of any treatment agent. 

Moreover. 12 cylinders were compacted with the addition of 5% lime as the 

treatment agent. Fdermore.  in order to examine the effect of fly ash to the 

strength of the samples, 12 cylinden were compacted with the addition of 5% lime 

plus 10% fly ash type "C". Finally, based on the results of the optimization 

experiments conducted previously. 21 cylinders were made with the addition of 5% 

lime plus 10% fly ash type "C" as well as 1 10 ppm of aluminum. The aluminum 

was added in an attempt to promote the formation of ettringite in the samples and 

study its effect on the strength of the treated specimens. Most of the specimens were 

tested for curing periods of 1. 7. 14. and 28 days. However, in order to study the 

long-term effect of ettringite on the strength of the rrtated samples, the aluminum 





treated specimens were M e r  cured and tested afler 90 days, 140 days and 360 

&ys of hydration. 

The results for the unconfined compressive strength test performed on dl the 

samples up to 28 days of curing are shown in Figure 7.5. The control sample, which 

was made without any additives, failed to gain any strength during the hydration 

period. Addition of 5% lime to the tailings sarnple, which is the threshold of lime 

needed to stabilize the pH of the sample to near 11, resulted in gain of moderate 

strength aftcr 7 days of hydration. These sarnples reached an unconfined 

compressive sacngth of 137 kPa between 7 days and 14 days of hycûation. 

However. M e r  cwing led to disintegration and loss of stnngth in these sarnples. 

The result of X-ray difiction anaiysis performed on 28 days cured lime 

treated sample (Figure 7.6) showed the pmence of gypsum crystals in these 

samples. Therefore. it is postulaied that addition of lime alone could not instigate 

enough pozzolanic activities to generate a substantial arnount of strength in the 

samples. 

Application of 5% lime plus 10Y0 fly ash type "C" has generated higher 

strength in the sarnples than those which were treated with lime alone (Figure 7.5). 

Within the first day of trcatment. 90 kPa of strength was measuml in these samplcs. 

Generation of high early strength in thex samples is amibuted to activation of lime's 

pozzolanic properties in the presence of fly ash type "Cm. 



Ci = Gypsu 
E=Etbngiic 

FIGURE 7.6 ~ - R A Y  DIFFRAC~ON ANALYSE OF SYO LIME TREATED ~AMPLE 



The sangth of these samples increased to 300 kPa after 7 days of hydration and 

almost remained the same until28 days of curing. The X-ray andysis of 

lime and fly ash treated sample is shown in Figure 7.7. Upon application of fly ash 

type "Cu to lime treated samples, stronger peak intemitics for etûingite is observed. 

Moreover, there is an slight reduction in the peak intensities of gypsum for sarnples 

treated with the combination of lime and fly ash as compared with those treated with 

lime alone. 

G = Gypsum 

E = Ettringiic 

FIGURE 7.7. THE X-RAY DIFFRACTION ANALYSIS OF LIME, AND FLY ASH CM "C" TREATED 
SAMPLE. 



However, the higher uncodmed compressive strcngth of thtsc samples is not 

only attributed to the formation of ettriagite and reduction of gypsum, but also to the 

higher pomlanic properties of lime and fly ash combination. As it was stated 

before, application of lime and fly ash type "Cm have resulted in elimination of large 

pores, creation of bonding between particles and aggregates, and maintenance of 

flocculent particle arrangements, which contributes to the higher swngth of the 

samples. Moreover, high silicon content of the fly ash results in the formation of 

calcium silicate hydrate. which also contributes to generation of high strength in 

these samples. 

Samples treated with the application of aluminum as well as lime and fly ash 

have gained more than 700 kPa afier 28 days of hydration (Figure 7.5). This amount 

of strength is recommended by U.S. EPA (1989), as the minimum strength requkd 

for reusability of treated waste matenal. Since aluminum has a retardation effect on 

the lime and fiy ash popolanic reactions, samples treated with alurninum did not 

gain any significant strength until 7 days of hydration. However, a f k  7 days of 

curing. about 460 kPa of strength were generated in these samples and they 

continued to gain stmgth up to 28 àays of hydration. X-ray d i h t i o n  analysis of 

28 days cwed sample. shown in Figure 7.8, indicates strong formation of ettringite 

in the sample. 

Addition of aluminum has rrsulted in formation of primarily cttringite in the 

samples. Therefott, the high strcngth generatcd is mainly attributed to the formation 

of enringite as well as other pozzolanic products, such as calcium silicate hydrate, in 

the sample. 



Figure 7.9 shows the long-terni unconfined compressive analysis of the 

aluminum, lime, and fly ash treated sample. The m g t h  in the sample reached 

nearly 1000 kPa afler 90 days of hydration and it continued to gain strength until 

140 days of curing. The rate of strength gain in the samples became almost flat afier 

90 days of hydration as more than 90% of the samples strength was reached within 

the first 90 &y s of hydration. 

Composition: Lime 5%. FA 10%. Al 110 ppm 

FIGURE 7.8. THE X-RAY D~FFRACT~ON ANALYSIS OF ALUMWUM. UME, AND FLY ASH CWSS "Ca 
TREATED SAMPLE. 



FIGURE 7.9 UNCONFINED COMPRESSIVE STRENG~H OF THE ALUMWUM, LIME, AND FLY ASH 
TREATED SAMPLE 

The strength of the sample remained more than 1000 Wa d e r  360 days of 

hydration. Application o f  fly ash is responsible for the generation of latent strength 

and slow pozzolanic reactions in these simples. Moreover, formation of ettringite as 

a stable minera1 prevents the acidification of the specirnen - as a result of excess 6ret 

sulphate availability - and provides high strength in the sample. Maintainhg such a 

high mength is good indication of physical stability and success of the proposed 

treaunent techniques. 



Moreover, owing to this high strength, treated tailings can potentially used in 

a variety of mine structural fil1 application. The formation of a monolithic solid also 

results in a significant reduction of the contact ana ktween the solid and any 

leachant, and therefore. reduces the inherent leachability of the stabilized tailings. 

Furthemore, the treated tailings c m  be potentially used in landfill liner or top cover 

applications due to its low permeability. 

73.2 Permeability Analysis Test Rcsults 

î h e  pemeability of a solidified and stabilized waste (tailings) to leaching 

fluid encounter in a disposal facility is one of the most important properties of the 

solidified matenal in a goveming two intenelated piopenies, namely, durability and 

leachability. Durability. addresses the long-terni stabiiity of the treated material and 

leachability refers to the amount of pollutant released over time. 

Permeability (ofien refened to as h y d d i c  conductivity) has b e n  defined as 

the measure of fluids passing through the tortuous pore structure of the waste or the 

treated waste (Means et al.. 1995). As it was stated bcfore, the permeability of a 

stabilized waste is an important factor. as it indicates the ability of a material to 

permit the passage of water and to limit the loss of contamination fkom the stabilizeâ 

waste to the environment. Pemeability is examinai in conjunction with leach test 

results to evaiuate the potential of the stabilized waste to nlease contaminants into 

the environment. 



The relevance of permeability measurements cm be understood by 

comparing them with n a d  materials. Sand, a highiy permeable material, has a 

hydraulic conductivity on the order of 10" cmls. Clay, a matmal that is used to iine 

lagoons and surface impoundrnents, can have hydrauiic conductivity on the order of 

10" cmls or less and is considered relatively impermeable. Thus, stabilized tailings 

with a permeability similar to clay is desirable because it will not permit the fm 

passage of water through the stabilized tailings. By slowing the contact of fluid with 

the tailings, it reduces the possible transport of contaminants out of the stabilized 

tailings. Typical hydraulic conductivities for stabilized waste range fiom 1 O+ cmfs 

to c d s .  Hydraulic conductivities of less than 10'' c d s  are recommended for 

stabilized waste destined for land disposal by United State environmental protection 

agency (U.S. EPA 1989). Reduction of permeability of the aluminum, lime, and fly 

ash treated tailings to IO-' cmls is considered the success cnteria for the proposed 

treatment procedure. 

Falling head permeability tests have been conducted on the aluminurn, lime. 

and fly ash treated tailings. Water with the water to solid ratio of 0.5 was aàded to 

the treated specimens and then were allowed to mellow for 24 hom in 95% relative 

humidity and 2S°C temperature. The 24 houn cured samples were compacted in the 

modified mol& (30 mm in diarneter and 60 mm in length; Figure 7.3) and were 

cured in control hurnidity and temperature condition for 28 days before k subjccted 

to permeability analysis. Prior to conducting the expriment, samples were M y  

saturated by back-suction technique. Experiments were coaducted in duplicatc to 

ensure the reliability of the test results. 



The results of the permeability test as depicted in Figure 7.10 point to several 

changes conceming the hydraulic conductivity of the treated specimens. In gened, 

the untreated sample has a magnitude of hydiauiic conductivity of 3 . 5 ~ 1 0 ~  cm/s 

after 28 days of cwhg in hurnid roorn and in constant temperature (2S°C). Addition 

of 5% lime to this sarnple has resulted in lowering the permeability to 2 . 5 ~ 1 0 ~  c d s  

after 28 days of curing. Therefore. the permeability of the lime treated sample is 

still more than the minimum permeability of 10,' cm/s recomended for the success 

of the treatment procedure. 

--- - 

Pemabihty Resulrs br 28 Cured S a q k  



Application of 1W fly ash type "C" in conjunction with 5% lime have 

reduced the penneability of the treated specimens to 3.2~10.' cm/s after 28 days of 

curing. Such a low pemeability is the result of modification of pore size and pore 

size distribution of the samples, which are the characteristics of the fly ash rnated 

tailings. Moreover. addition of lime and fly ash to the tailings sample have resulted 

in elimination of large pores. increasing the bonding particles and the maintenance 

of the particles arrangements. 

Addition of aluminum to lime and fly ash treated samples has resulted in 

formation of ettringite and M e r  reduction of the pemeability in the samples. The 

hydraulic conductivity of the aluminum treated specimens was reduced to 1 . 9 6 ~ 1 0 ~  

cm/s after 28 days of cuing. Therefore, in addition to the beneficiai properties of 

lime and fly ash type "C" treatment of the tailings, formation of ettringite in these 

samples has helped to produce an inen material with much lower value of hydrauiic 

conductivity. Hence. it is postulated that ettringite crystals have f o n d  and filled 

the capillary pores of the cylindncal specimens and have m e r  reduced their 

permeability. According to the United States environmental protection agency, the 

permeability of stabilized/oolidified materials should bc two orders of magnitude 

below that of the sumounding materials (U.S. EPA, 1989). Therefore, nom the 

results of the permeability study. the aluminum, lime and fly ash treated tailings 

have reached an acceptable permeability value range for safé disposal in the 

envi ronrnent . 

In order to ktter undentand and delineatc the relationship between 

penneability and other physical properties of the sample, a relationship was 



developed between the strength of the material and the cotfesponding permeability 

as shown in Figure 7.1 1.  

FIGURE 7.1 1 &LATION BETWEM SAMPLES STRENGTH AND 175 PERMEABILIN 

In Figure 7.1 1. the smngth of the material and the corresponding 

pemeability are ploned on a semilogarithmic chart. As the strength of the material 

is increasing, its pemeability value has decreased. Therefore, formation of ettringite 

in the alurninum, lime. and fly ash m t e d  samples not ody increased its unconfincd 

compressive strength propertics, but by achievhg it so, it bas also reduced its value 

of hydraulic conductivity . 



73 J Frceze and Thaw ExpcrimeoW Tcst Rtsulb 

In cold climates. repeated cycles of nming and thawing can c a w  physical 

deterioration of an exposed solidified waste product, thercby incicaskg contact with 

groundwater. According to United Statcs envin,nmental protection agency (U.S. 

EPA, 1989), durability testing evaluates the resistance of a stabiliPdls01idifiec-î 

waste mixture to degradation due to extemai environmental stresses. The test are 

designed to mimic nanual conditions by stressing the sample through 

fieezing/thawing, and wetting/drying. The stabilized/sulidified specimens undergo 

repeated cycling during testing. Uncodined compressive strength, pemeability, or 

other performance based tests may be conducted on the solidified/stabilized sarnples 

after each cycle to detemine how the physical properties of the solidified/stabilized 

waste change as a result of simulated climatic stresses. The number of cycles a 

material can withstand without failing can be used to judge the mechanical integrity 

of the material. 

Eight stabilized and solidified sarnples, treated witb combination of lime, fly 

ash. and aluminum as well as four untreated samples to be used as controls, were 

subjected to repeated cycling of freeze and thaw in orn laboratory. Samples were 

cured for 28 day in 95% hurnidity and 25OC temperature before king subjected to 

fmrc and thaw cycling. Six sarnples were wbjected to 6 cycles of fiecze and thaw 

and the other 6 to 12 cycles before king tested for unconfined compressive strength 

as well as permeability measuremcnt The resuits of the experiments are shown in 

Figures 7.12 and 7.13. 
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FIGURE 7-12 COMPRESSIVE STRENGTH OF FREEZE AND THAW SAMPLES 

The 28 Days cured and treated sarnple hyârated under normal condition 

reached a magnitude of 730 kPa without king subjected to the harsh and 

detenorating effect of 6 e e z  and thaw cycling. As shown in Figure 7.12, subjecting 

the samples to 6 cycles of k z e  and thawing resdted in negligibk loss of strcngth 

in the treated specimens. Samples did not show any visual sign of deterioration and 

no vertical expansion was measured in these specimms. In another words, the 

marnent procedure used to solidify and stabilirsd the tailiags sarnple was capable 



of stabilizing the specimens and resist any physicaî and mechanical disintegration 

after 6 sets of £i=eeze/thaw cycles. However, the untrcated specimens showed 

signifiant deterioration a h r  the second sets of frrczelthaw cycles and finally 

disintegrated. 

Samples which were subjected to 12 cycles of h z h g  and thawing showed 

almoa 30% reduction in the magnitude of theu unconfincd compressive strength, 

while they maintained their structural integrity during the repeated fkeze/thaw 

cycles. The reduction in the svength of these samples is attribut4 to high tailings 

moistue suction developed in the fieezing zone. This will cause an uicrease in the 

effective stress in the region imrnediately below the freezing fiont and the formation 

of segregated ice lenses. Such behavior could result in shnnkage of the tailings 

structure. formation of cracks. and a change in the pore size characteristics of the 

unfiozen section immediately below the ice lenses. 

The results of pemeability studies conducted on these samples are shown in 

Figure 7.13. It was expected that fmnng and thawing cycles would have resulted 

in increase in pemeability of samples by particle reorientation, and reduction of 

particle spacing due to thinning of water films around the tailings particles. 

However. the results of the pemeability tests, as depicted in Figure 7.13, indicate 

that samples survived the 12 cycles of fretzing and thawing and generally p c i f o d  

very well. The low pemeability change in the sarnples, even after 12 sets of 

fmdthaw cycles, is mainiy anributed to the ponolanic properties of lime and fly 

ash which have resulted in the particles arrangement, and lowcr void ratio in the 

samplcs. Monover, formation of etuingite as a resuit of aluminum addition, has 



resulted in reduction of capillary spaces in the samples. The fine, needk shape 

eteingite crystals 

FIGURE 7.13 PERMEABILITY RESULTS OF FREEZE AND THAW SAMPLES 

prevent the penetration of water in the capillary mnes which could otherwise, 

become fiozen and increase in volume. and cause interna1 stress during fkezing. 

Based on Figures 7.12 and 7.13. the durability of the trcatcd samples, proved 

that the proposed treatment procedure is  an effective method to maintain the 

phy sical intcgrity of the stabilized tailings under extmm environmental fluctuations. 



Therefore, it is anticipated that fkeze/thaw cycles will cause slight deterioration in 

the upper few inches of the surface of the treateù tailings. 

7.4 Conclusion 

Application of lime, fly ash type "C", and aluminiwn to hi@ sulfide content 

tailings have resulted in formation of a solid monolith capable of producing mon 

than 1000 kPa unconfined compressive strength in the samples. The treated 

monolith was exposed to 12 sets of fieeze and thaw cycles and it preserved its 

structural integnty . Development and maintenance of high stnngth and stifiess in 

these simples are attributed to pozzolanic properties of lime and fly ash specifically 

in an environment rich in aluminium and sulfide compounds. 

Application of lime and fly ash type "C" to high sulfide content tailings have 

improved its plasticity. workabiiity, and volume stability. Moreover, upon addition 

of aluminium to lime and fly ash in a sulfide rich environment, e h g i t e ,  calcium 

sulfo-aluminate hydrate, has also fonned in these samples. Formation of ettringite 

has M e r  contributed to high strength and stiffiess of the treated tailings. 

Furthemore, the needle type ettringite crystai formed as a nsult of excess 

aluminium addition to samplrs blocked the capillary spaces of the tailings, and 

therefore, reduced the permeability of the treated samples. Application of 5% lime, 

10% fly ash type "CH in combination with 110 ppm aluminium, designated 



percentages of treatment agents based on optimisation expaiments conducted 

previously for tailings samples under investigation, reduced tailings permcability to 

1.968-06 cm/s. According to publishod report by Unitcd States environmental 

protection agency, 1 .OE-05 cm/s is the maximum permeability allowed to render a 

waste stabilised and impenneable. The penneability of the treated tailings samples 

remained below the recommended penneability even &er exposing the treated 

samples to 12 sets of fieeze and thaw cycles. 

Overall. based on the results of the geotechnical analysis, treatment of high 

sulfide content tailings with lime and fly ash, combined with availability of 

alurninum for reactions. is a successful method of solidiQing these highly reactive 
1 

tailings. The pozzolanic propenies of lime and fly ash coupled with the possibilities 

of etuingite formation in the samples will lead to generation of a solidify monolith 

capable of withstanding harsh environmental fluctuations. 



Chapter 8 

Application of Proposed Treatment Technology To 
Aaother Tailings Sample 

Ettringitc, calcium suiphdumirute hydrrte, which cin k formecl in üma 

ramdiated sulndic mine tailings, un be used as a stab'~onlsoiidification 

technology Ui acid minc drainage systans. UtMgitc which formc in limited unountr 

in poitland ment putes in the initial stage of hydrrtion, U rlro rrrponrible for 

rctarding the hydmtion of oicrlcium dumitutes ud b ' i  m e s  in CIYU in 

cements and concme (Mchta ud Montciro, 1993). Howeva, ettir@ structure is 

a v q  Yoqiving' one. It un withcund modest d d o n  in iti composition witbout r 

chan~e in structure. This compositionai change occurs on the ayrcil chemid kvd 

in the fonn of ionic substitution. The ions d i b l e  for substitution in the eW@c 

structure arc Ca", ~ 1 ' ~ .  soi2 and OH. Fondon of ettringite may iIro k 

accornpuried by the W o n  of W o u s  oxyuiions nich u b c ,  baron, 

chromium, molybdenum, se le ni^ uid VUUdium. S u n p k  of substituted ettrMgîtc 

c o n t a h h g d c , b o r o q c h n , m i u m , d e n i ~ u d v r a i d i u m h v e h ~  



in labontory studies (Hucen et al., 1989). A k ,  the z e ~  p o t d  of cttrineiy 

whicb is d&ed as the elecüic p o t d  in the double lrya at the intafice bawan r 

particle that moves in an el& field and the mmudhg üquid, hr ka, xnusmeâ 

rt the pH of 10.7 and givm a value of [-11.7 mVKChen and Mdar, 1982). Tbir 

rnakcs ettringite r good adsorbent for positivdy cbugad metû spcics. Monom. 

formation of cttringitt is llssociated with a hi@ pH condition, wbich will tiirther lead 

to the precipitation of heavy metais fkom the solution. 

In order to Mer d u t e  the succeas of thc proposd tmtment tcchnology 

to oubiiize and soiidify the acid produchg tadbgs by m e ~ ~  of ettrhgite b d o n ,  

another tailin@ sunple 6rom r min in the province of Queôec wu subjected to 

treatman and subscquent evaluation. Tailin@ sunpk w u  initialiy aibjeacd to 

physical and chernid uralysis and the optiniucd condition for the f o d o n  ud 

precipitation of ettringite within the mnple wrr e t a b W .  The opdimized sample 

was subsequcntiy subjected to chanid, mulcnlogid md physicd uulysis to 

evaluate the subility of the mument p d u f t .  

nieinitiriphysialrndchtmicaichurctaioSiuofthencw~iimple 

wcre d u t e c i  through cunbrd lrbontoy investigation. The Phypcd 

chancteristics of tbe tailings runplt were establisbad by the use of ASTM slrnbrd 



PH 

M o i m e  Content (96) 

Spaciac Gravity 

cation ExChan# capclty (md9(100g) 

Specific Surnict Arta (mug) 

Liquid Limit C/r) 

Piasiic Limit (%) 

2.55 

9.20 

2.91 

12.26 

11.2s 

19.06 

cbœ to L.L. 

ïhis sample has slightly higher pH and lowu d o x  potentlll thn p & d y  

tcstd and treated sample (Sample rY 1; pH of 2.49 md d o x  potcntiJ of 410 mV, 

compare to ment  sample # 2; pH of 3.26 d d o x  value of 255 mV). It a n  be 

seen thaî higher pH of mpk 112 r d t s  in lower d o x  p t d  which is an 

indication of ratio of lctivity b œ n  odizing rnd reâucing agentr. Tbc pH ud 

redox wue ma& u h g  the electricd prok and ô a d  on ASTM itinbrd 

D4972-89. Its moishm content was detumhcd to k uound 9.296 by foUowkg tbe 

ASTM mcthod 02216-89. DetennuutKm 
. . of spaàîic gnvity wrr dont bMaJ on 

ASTM mahod D854-83. nie VJue of thc ipcQBc gmnty WU recordecl u 2.94, 



which w u  in the expccted range aven that the -le uoda imdgation is trilinm. 

Thc liquid limit was daumined by ushg One-Peneûometer mahod (British 

Stanâard BS 1377: Put 2: 1990: 49)  r9ia the ASTM W18-84 imrolving the use of 

the casapande rppontuc provd to k r dif6aih one givcn tbe d t y  nmin of the 

tulings sample undu investigation. ïhe  spedc aUna MI wrr detctmined by 

using Ethylcne Glycol Monoethy1 Ether (EûME) reagent. The watcr retention 

capacity and achangde cations have ôeen rhown to k Iiighly corrtlaîed with the 

d k c e  area. fhe temi "speafic sur f i "  r d i  to a m  pa unit wtight of soü or 

sample a d  is osually e x p r d  in square meten per gnm (HQlmus et d., 1965). 

The d o n  exchange capacity of r ample is denntd u the achuigt of dons  in 

solution for cations adsoibed to the negatively chargai airfice of the puticle. The 

cation exchange capacity is the totai of positive chargui particles thit r soii cm 

adsorbed at a givai pH (Grim. 1968). The d o n  uchange capacity was mawred 

by using a silvcr-thiounr solution. Ail the methoâologies md proper standards d 

to d a d e  these p u u ~ t e n  uc given in chpter 3. 

Moreciva, Since the su- of the proposai tnrtmcnt produre will k 

assessecl mainiy on the muIt of the leichrbity wdysis to detamint whethu the 

meirls of eoncan have ben insoluble or not, acid digestion of llllffeafed tdhp 

simple wu p a f o d  rccording to the U.S. EPA mcthod 3050 (1986). Sulfae 

content was detumined ushg r DIONEX DX-100 Ion Cbrollutogmph mid9na. 

The rrailtr of thc i a d  digestion md ion chromrt08nphy adysh me givcn in Table 



Upon completion of dcmental d y s î s  and physidc&micd chuacttrizition 

of untreated m p k ,  the tailings wrc subjected to the mtmera p d w e  ksrd on 

the rcsult of optimization eqmimnts conâud prtviouriy. The p d u m  for 

thcsc acpaiments have been explrinecl in chrptcr 5. The opthbation acpaimcDtr 

reveakd that 4% lime is the optimum iime U nquind to rire the pH of the punple to 

12 and maintainîng it in iht I d .  Moreovtr, lû?A fiy uh type 'Ca as wdl rs 110 

ppm of rluniinum is nccded to pmvide nccarvy conditions fbr the hrrmJion ud 

prccipita!ion of ettringite in the mmpk unda investigation. Sucb quintity of tk 

additives is c o n s i d d  the minimum nquÜemeat in orda to mahain the i d d  

conditions for cttrinj$te formation as r Mble nimaiJ. M the arpa9ncmi wac 



paformcd bascd on optimuuion d c c c r i  in chipa 5. The wrta to 

solid ratio of the mple ns 0.5. AU Qtpaimatr wae Qiplicatcd to ciiain the 

reliabiiity of test muits. 

The samples wae Uiitidy dry mixd rnd the qui rd wata content *ch 

containcd 110 pprn of duminum w u  added whüe the d t a n t  low pH dumes wae 

alloweâ to meiiow in closcd plastic containers for 24 houn at 25% and 95% dative 

humidity. Subsequentiy, binders in the fom of 4% lime and 1% fly asb type "Ca 

were addeâ to the mples and the rcsultant paste. were thoroughly mixai and 

ailowed to cure unda the prwioudy describecl condition. Sorne mp1es wae 

compacteci in modificd molds designeci for t b  projcct (as d e s a i  in chapter 7) for 

wiwdined compressive strength as well as pancrbility ud h ud thw  

enperiments. 

The aircd samples were s u b j d  to Ieachin8 test reeordkg to TCLP 

leaching procedure (explahcd in chapter 6) using 4 difkat lc#chants. The 

extnction expaimcnt wu conducted by adding 40 ml of lachant to 2 ml of durry 

and mixe. for 18 howr in a scfew-cap pirdic wntWia held on an adowi-end 

shaker at a speed of 30 rpm. The d t a n t  slmy 3urpeasions were then filtmd using 

0.8pm borosiiicate glus fiber fiha ad then the meW concaitntion in the =lution 

were daaniined uOag Pcrkllr-Elmer 2100 rtomic rbmtption ~ 1 c 0 p y  rybcni. 

AU standards contrined similsu mrtrix to that of the mdyk. Put of sicb trarted rnd 

wcd sample wu dso usai for npncnlo@d rnJyPI uPnp powda difhction 

d y r i s  with r Rigako 2400 X-ny cMhtorne!er. 



The criteria to users the sucœss of the proposcd mitmem tdmology U 

maidybrwdon!herrarhoflachrbüityinrspI. Thughl~ i l i ty trr trrr ihr  

caipledwidiX-ny~onrarlyr irwcandaaminci f t&c#rins i tehubecn 

f o d  in the ample and if the fibrmrton of emiagitt bu contn'buted to 

immobüintion of heivy metais h m  the tr#teâ mmp1e. Momver, geotechnicrl 

d y s i s  such as unwnfjried compressive stmgth, permenbihty as wall as frren d 

thaw wiîl k paformed to assess the msabüity of the treated sample. 

8.3 X-ray Diffraction Aarlysis 

In orda to cstablish whether the pozmluDc rcactions h v e  octumd in the 

treated samples and monitor the p w t h  of *ain@te in the spcchms unda 

invd@on, the airrd simples were subjcad to powda X-my difnictioa rnJypI. 

Smples, which w m  n i r d  for 3 dam 28 &YS, 90 &YS, 360 &y and nnJly 660 

days, were analyscd for thQI mineralogid wnstitucnts. The X-ny uiriyos of 

untreated as wdl as trrued sunpler in shown m Figure 8.1 and 8.2 (a, b, c, d, ud 

el- 

ThcXRDprnanoftmted s ~ p l a t r d i ~ ~ t t t & ~ b u k e n f o r m e d  

withintk nrSt 3 âays ofhydntion (Figure 8.2, a), ud iu pakhtaukiu ooaomKd 

to grow up to 90 days of auiq 8.2, b, c). In Xily difl6irction railyé, of 3 









d t e d  in complete consumption or deteriontion of ijme as wdl u calcium Olicaîe 

hydrate and ulcium aluminate hydnte. This o b d o n  L dogues to the gtowth 

of cttringite u well u gypsum and formation of gismandine in the sunple rfta 90 

days of hydmîion. Addition of lime, fly uh type "Ca, ~d Juniiium d e d  in 

appeuuice of these pozzolanic rCICtions in the sunple whüe continued anhg has Id 

to thtir destruction ud formation of more stable nmiml rPcb u embghe rnd 



etttingite, whidi could not bc c l d y  * .  . from the X-my m o n  pattern 

of ettringite. Long tam hydntion of the sarnples uada ideJ conditions (Le., trcated 

with 4% lime, lû?! fly a&, and 110 ppm of ihmiimmi and aucd in 25.C .ad 95% 

relative humidity) are shown in Figures 8.2 (4 e). Emin@ mirid, gypsum, ud 

gismondine are stül visible a f k  ta &y of hydntion. It is important to notc that 

gypsum peak iradties have not gown within the 660 days of hydration which could 

have otheawise darimatai effect on sucass of the matment p d u r e .  Pyrite peak 

intensitits have ais0 remainui almost constant throughout the 660 days of hydration, 

which could be the r& of slow nte of &on in the sample rr a conaequam of 

pozzolanic reactions. 

8.4 Leachability Andysis 

Treatcd sampla with 4% the, 10% By rrh type 'Ca anâ 110 ppm of 

Juminurn were subjcctd to differcnt leaching tests, aeb test foUow TCLP l d u n g  

procedure. The 1cacham for this part of the atpallnait war the wt u the 

lachants usai previously and were descn'bed in clupter 6. section 6.9.2. The 

leachants were simullted pundwata (GW) with 8 pH of 5.5; r i d  min (AR) with 8 

pH of 4.5 which conuined rulfurc acid; r ul&ric acid dution with r pH of 2.5 

(Modifieci TCLP); and lcctic iQd solution ("ïCLP) with pH of 2.88. Sunplu were 



gin4 and puiverizcd and then wac mixed with the lerdirnt in poiyethylene botties. 

Extraction was cmied out at 20:l liquid to cdid d o  ova 18 hours of vigomus 

shalcing. The leachate was cxtnded rnd a d p u !  ushg rtornic rbsorption 

spectroscopy for metal cuncaimtion. 

The ieaihs of the leaching acpaiment wac rimiilu to those of m p 1 t  1 

analyzed previousiy in chapta 6. The laching of the sampk with gioundwata is 

shown in Figure 8.3. Ail of the elemaiu of ConCa have bœn successtuly 

imrnobüized within the soiidified matrix. The pH has mnained mund 11 even rfta 

660 days of hydntion. 



The content hm rcmrined constant which is an indiclition of dow 

oxidizing maaiors moa pmbably as i nruh of pozmlinic ictMty of lime ud By d 

addition to the ample. Iton content hu incmd m the mmpk i&i 90 &ys of 

hybition (bclow 1 ppm) but b waiiaôiiiity wu dnstidy reâuced by fiutba 

hydntion. Such phenornenon is potmtiiuy mri ied  to haîion of iron within the 

smicture of *tringite M n d .  

T h t r r a i l t o f l ~ h a ô i i u u l y s i s ~ r c i d  n i n s i m u b d l ~ i s  sbown 

in Figure 8.4. Within the 6 n l 3  âays ofhydntion, rbad 18.5 ppan ofüuniinmiwat 



leachcd out of the solution H o w w ,  continueci hydntion of the ruaplcr M to totJ 

disappcarancc of aiuminum trom the leiched soiution. It U poaulrted thu formation 

of stronga cttringite, which wu dctected in X n y  difhdon prttaa, ir respomi1e 

for the disappearana of aluminum h m  the soiution. Ail the otha dements 

remained insoluble withlli the solidified mmix. pH of the amples mnùncd ibow 10 

after 660 days of hydration. The d a t e  content measurd throughout the arpamient 

remallied constant d u ~ g  the hydration paiod and wu comparable with the quantity 

leached out with the groundwater as the lachnt. The lon~er hydntion paiod in the 

case of acid rab as the lachant has resulted in ro1ub.i of 1.8 ppm of iron in the 

sample. However, comparing this quantity with total iron in the sunple (1800 ppm), 

one can consider this result as total succesa in te- of ùon immobiliution. 

The results of leachrbility with sulfuric acid solution (Modined TCLP) and 

acetic acid solution are shown in Figures 8.5 and 8.6. Using these two hush and 

strong leachts  have resulted in highcr leaching of duminum within the fint 3 days 

of hydration. Howcvcr, continues hyhtion of the m p l a  and f o d o n  of 

atringite hu resulted in disappcarance of durninum h m  thc solution. M otha 

elements have rcmaineâ with vcry low r o l u b i  in the stabüitcd matrices. Thc pH of 

the ~mples have âroppeâ significantly d e n  tbay in arposed to these lachum 

while the 1eichrb.i of JI the metais of concan hve muinaî constant during the 

660 &YS of hydration. 





Theeiemcntrluuiysisofthesamplerut~inFiguc8.7 (bb, c, ci, e, rad 

t). nie aluminum leachaôiüty is h i w  aftu 3 &YS of bydmtion whca Icicbed with 

d c  acid solution ( F p e  8.7, a). Howsva, its quUitity d u c m  ud d b h i s b  

with fiuther hydration of the sample and formation ofemingite. 

ROURE 8.7 (a) AWMIWM LUC- 

In the case of copper, (Figure 8.7, b), hydntion of the sunple without uiy 

tnitmcat lus Id to duction of pH (Figure 8.7, g), ud Uiaue in ooppa 

solubi. Howevei, m e n t  of the sunpk with 4% üme, IV!% fly a& ub 1 10 ppm 

of duminum h u  aiccusfMy UNllObüiECd the c~pper in the solution. Thc riw mnd 

is repcatd for the lmchabiity of hn, MypKsium, ud zinc (F@pre 8.7, c, â, rad e). 

While the unhuted s ~ p k  have oxidirrvl rnd hd i siMant chop in th& pH 

value, meuh have b m c  wlubk ud th& d u e  bu Nen in the l ~ i  



[Cu Content 

FIGURE 8.7 (b) COPPER LEACHABW 

OGW .AR O MTCLP .TCLP . TCLP (NO AI) 

Fe Consent 

rneasumnmt. The trrrtmem of the amples, on the otha hanci, hm succeddy 

i m m o b i i  the ions ud staôitited the sunpies. 





Howcva, longer wing of the samplcs bu Id to wnaunptjon of calcium in 

pozdanic mctions and to buair the pH of the mirdurr to uound 10. The 

leachabiiity of calcium md samples pH nhiu h m  b w n  in Figue 8.7 (5 and 8). 

The nilfue c o n t a  of the trcated sampla brve &O rcrarineû hirty wnrtuit 

FIOURE 8.7 (f) Ccurnriu LEACIUBWW 



throughout of the hydration pcriod as the oxidrtion ntc hm kai d o 4  

considerably, WMC the untrea!ed s ~ p k s  hve oxidhed and produccd sigdcant 

quantity of suifàte during the hydntion paid 8.7, h). 

8.5 Geotechnical Studies 

SoiidifiCItiodstab~on is r procar involving c&inid ~ O J U  d 

rcsults in notable chariga in the phyPul ud dwimd propatim of the -ad 

samples. As such catain propcrties whereby the succerc or hihirr of the p n  h 

evaiuattd arc of gnit interest. in the previous d o n ,  tbe Ierchbw of the tnrtcd 



sunples was cvaluated. Morcover, physid stability md dunbity of the fnrtd 

sunplcs n a d  to be d u a t e d  to detaniinc tbe muibüity potartiJ of the treatd 

specimens. Thdore,  ~coteehnica) mrlysis sudi u merwcn#i1 of ullconfined 

comprrSgvt stmgth, pameability, and h z e  ud t h w  wae pdormcd on the Limt, 

fly ash and aiumjllum mted sunples. DetCRNllllfjon of physid stabiiity and 

integrity of a trament systern which relier on ettfingjtc formation for its d c a q  is 

very important, pasticularly since ntringitc b hiown to be expansive with 

deteriorathg consequaices unda catain conditions. Physid instabiüty of the 

treated samples wuld lead to reluse of &SOM W o r  dsorbed m a l s  fiom its 

structure. 

In this study, the unconfincd compressive expdncnt wu perfonned 

in accordance with the ASTM D2166 proccdm. Sampk prqmmtion, cornpiaion 

and curing produre were otactly the sune as proccdure followed for sivapk 

number 1, desaibed in chapter 7. Treatcd sunples wen compactcd in cytindrical 

molds (with a diameter of 30 mm and r haght of 60 mm, shown in Figures 7.1 and 

7.2). Samples were dry mixeci and wata conuining the required d&m content 

for the formation of ettringitc were rddcd to the runples with the wrta to solid ratio 

of 0.5. The cornpacteci molds w m  aircd in 25°C ud 95% relative humidi. 

Sunples wac testcd &cr 1 &y, 28 days, 90 &ys, 140 âays and 360 dry of 

hydration. M the apaimemc w a t  conducted in triplica!c to inacrsc the rcaincy 

of the test d t s .  Mormver, the c o m p d  rrmpla wen arbjectd to tüiifir bcd 

p a m a b i  uuh/sir rAtr 28 &ys of hydniion. Prior to conddng the pamability 



Arnongst the diffkrcnt acpaimeati to u ~ s r  the phyricd inteenty of the 

treated spechen, fieeze and thaw adysb is of 8 gat hpottuicc &!ce h simuhte 

the long tenn behrnor of the Speamc~w uada niauJ eiiviromed conditions. 

Sample's m g t h  and permeability an greatiy ôe &ccted der fcpeated acposure of 

the spccimcn to fieezing and thawing cycles. The cycling frtcrzllig Md thawing 

w s e s  mechanical stresses by the ice crynil formation in the samplu. This could 

rcrult in the formation of planer of weakness in the -es and as a consequence, 

damages the structurai int@ty of the trrued specimens. 

In o r d a  to pdom the h z e  and h w  utpuimans on the treatcd tailings 

runples, the 28 days compactcd and aid spccimcm wida pnvioudy d e s a i  

conditions wae subjected to two  se^ of h z h g  rad th*. The ni31 ret consisted 

of 6 cycles and the second set of 12 cycles of tepcated tiare ud t h w  conditions. 

Each cyde induccs 24 houn fheze at -10.C ud 24 houn thaw rt 25.C. Sampler 

were h w e d  in a constant tcmpenihin and relative hwnidity raom. The ullconfined 

comprcsh strength anâ penneabilify uirlyrer were wnducted on riunples &a 

completion of 6 .ad 12 fi- ud thaw cycles. 



1.5.1 UnconTuid Comprruiw Strtngtâ Aadysim 

The mlts of the unconfinecl comprrssive stm@ fbr the b.cucd u well rc 

untrated sunpla art shown in Fi- 8.8. Sunplei which were comp~cted widiout 

addiion of trament agent M e d  to gct uy stnngth dur@ the 28 &ys hydntion 

period. While application of 4% üme, 1W fly ub rnd 110 ppm of duminum to this 

m p l e  has resulted in d d e n b l e  gain of süength withh the nnt 28 days of 

hydration. Curing the simple for 28 &yr hm geriented more t h  800 kPa of 

strcngth in the saxnple. The X-ray a d y s i s  of this s ~ p l e  ( F i p e  8.2, b) showcd that 

mringite and calcium dicote hydntc hm ben formed in thU wnple. Both of these 

minerals dong 4th otha poaoîanic propeities of üme and fly ash d d  have 

contibuted to the strength of the specimen. 



In orda to asscss the long tam stnngtb of the ample wda imrdption, 

srmples which w m  cured for 28 &YS, 90 dam 140 diy ud 360 dtys w a e  

subjectcd to u n c o ~ e d  compressive stnngth d y s i s  (Figure 8.9). 

Application of the proposcd aeument procedure has led to genartion of 

more t h  1200 kPa of strcngth &er 90 days of hydntion. nie stmigth of the 

treated opccimen rrmriaed constant up to 360 days of anthait uiy sip of 

deterioration. ïhe strength of the spu5men is codatcd to the prrscnce of cttMgitt 

in this smplt. The X-my M o n  uulyPI of the mue smpler @gwe 8.2) 

rhowed the prcstnct of atringite in the qmimen Achieving rad mmtammg . . t  such 8 



strength in a sample which is potentiriiy iQd produQag witb detrimaail phy9clrl and 

chaiiicrl cotlsc~uericu is i ranarlclrble succem. 

Reduction of penneability is an important tidor to the succas of 

stab'üization and solidification for a treated wwte sunple. Reduction of permeabüity 

duces and ümits the contact of 0uid with the taiiings sunple and the possible 

transport of contamhmts out of stabiiized mitiix. The pmiiour trilings sample 

under hvestigatiion, reached a pemicabüity vaiuc of lo4 c d s  da the application of 

t r eam~m procedure. Based on regdations of Environment Cuudr rad U.S. EPA. 

nduction of permeability for r stabüized waste typicaiiy nnge fiom lo4 to 104 a n l s  

and hydraulic conduaivities of I # s  than 10'' a d s  are rrcommended for ~~ 
wastc destimd for land disposai (U.S. €PA, 1989). Thedore. for the al- 

lime, and fly ash treated trilings, penneability value of 1@ a d s  9 considacd the 

nicccss d e r i a  for the proposai treabncnt proCCdure. 

The r& of the pcrmeability uirlysis is shown in Figure 8.10. The untreated 

sample has pamtab'ity d u e  of 3.6E4 di. Application of tmtment binda to 

this tailings sample has d u c e  its pam#biiity to 1.16E-6 anlr. Achicvhg aich r 

low pamerbihy is utn'butcd to the  don of pore riIa rnd pore size 

distribution of the samples, which are the chancteristia of tbe limc rnd fiy a& 



PemraWty (Treated and U m  sliipk) 

The mdts  of îhe pamerb'ity uutyPI ahow tbt applicition of the propomû 

trcabncnt procedure hr reduced the pamsrbiiity of the stabiüized wutc by 2 orda 

of magnitude. Such a low permeabüity is an indication fw ute dUposJ of tiüing, 



Accordhg to U.S. EPA (1989). d W i  tcstiq evjurtm the of 8 

stabiiizecUsotidificd w u t a  to d-on mie to atanil ~ ~ ~ v i r o n r n d  stressa. 

This test is important sina it mimics the nminl conditions ôy stmshg the samplu 

through fi&g/thawing. Unconfincd w m p ~ v e  strength, petmcabüity and otha 

performance bascâ tests may be conducted on the stabiisolidified waste suiipler 

in order to determine how the physicai propaiies of the treated waste has changecl as 

a resuh of simulrted clhatic stresses. The nimber of cycIes 8 materid cui withswd 

without füling can bc used to judge the mechanid integrity ofthe materiel. 

ï he  treated and 28 days aired srmples mn subjected to 2 sets of freze and 

thaw cycles. The fint set consisted of 6 cycles and the second set consisied of  12 

cycles of r-ed â d g  and thawing rccording to the p d u r e  dtscnkd 

prtviously (chapter 7). Sampla der completion of tach set were subjected to 

unconfined compressive mength and pameab'ity uulyois. The resub of the 

ucperiments art show in Fiwrts 8.1 1 ud 8.12. 

Nond hydration of saxnples and th& trtrmicnt 4 t h  lime, fly ash ud 

aluminum g~erated 855 kPa of anngth rfta 28 days of &g. Samples which 

were subjcctcd to 6 sets of fiezc and thaw, rfta th& initial 28 &YS hydration, 

gentlatai 674 kPa saength, while 543 kPa of wmprusive m g t h  wu recordai for 

the sample which wu subjccted to 12 sets of heze d t h w  cyda. However, the 

umnstd sample wu toully disintegrad ifta one set of h z e  ud thaw cyciing. 



U.C.S. S U A 1  1OF10 

The rcduction of straigth in the mitcd smp1es is itiriitcd to hi@ trilings 

moisturc suaion which bas been d d o p e d  in the h c m g  tona. Thir could have 

causcd an incruse in the effkctive stress in the rqion immadiatdy bdow the h a i n 8  

fiont and the formation of segregatd ice Icnres. Such bduvior could d in 

shrinkage of the tailings suucturc, formation of cracks, and r change in the porc sire 

characteristics of the unfiozen section imrnrdiateiy bdow the ia leasg. However, 

no visiie sign of stress or crackin8 wem d e t d  m the t r d  amples. It u 

posnilated uut pozu)lanic propaties of iime rad tly uh d avri l rb ' i  of etthghe 

a y n i l s  have prcvcnted orcusive Ahkqe  of the matcd tdhgs rimpla. 



The resuits of pamerbility conducted on ümq fty uh md duminum 

treated runples ire shown in Figure 8.12. Aa the Wuvior of otha trsitcd 

sample unda the simiiar conditions showd, the m g  uid thswing of the 

specimau did nnct deteriorate th& structural intcenty ancl the rcduction of the 

permcrbility men d e r  12 cycks of W rnd thw wu not so siflernt. The low 

pameabiiity incrase in the ample rfta 12 sets of fircac uid thw cyckes is mUnly 

attributed to the pozzolanic propatits of lime and By Ji which have rdtd in the 

particle mangeman, and lower void ratio in the amples. h it wrr sutcd suüa, it 

is postulatcd that ettringite mineral could have blockd the capilluy sp- in L J ! ~  

samples and have resultcd in signifjcant rdu*ioa in th& &tude. The fme needle 

ohape emingite crynals prmnt  the petration of water in the cipillyr zoner which 

could have othenvir, becorne fiozen and Urrrue in voImc, and thdore, uwe 

intemil stress during ficezing. 

Based on the results of durability uialysir, the proposcd treatrnent procedure 

is an effe*ive mahod to &tain the phypul inte& of the rtibilind tdhgs ud 

can prcvmt deterioration of the tnateâ sample even unda extrane C i I v V o ~ n d  

fluctuation. This is an important wnsidctlfjon given the hrsh and rrpid c l W c  

changes in Canaâian wather systan. 



8.6 Conclusion 

Resuits of the o p h i d o n  npaiment showcd that applicstion of 4% lime, 

l(r/. 0y ash type 'Ca, ud 110 ppm of du^ is neastyr to fonn emhgite as r 

means of rolidificatîon/staôiion foi the taiüngs samp1es wda investigation. 

rppüation of treamaa proccdure. The phypcrl Pisegrity of the ruiiples wac 
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fiuther evaiuated by conductmg unconhed camprasin strqh, pemtabiiiity ud 

hezc und thaw atpcrimnits. nie X-rry M o n  uiJyu o f t k  ~ ~ n p l a  drowtd 

that *nagite minefal has ken fonned as r Raih of pozz~luiic nictions betwem 

üme, By a& and wrta in the samplu. Formation of hm bem accompanied 

by rduction of m d s  leachab'ility and pemerb'üity of the simples. Baseâ on the 

r c d  of X-ny difiirction anaiysis, emMgite b the most dominant minerai formed in 

this mple as a result of ponolanic reactions. niadore, the physical and chcmicai 

stability of the tnated sampk is mainly attributcd to atringite formation und iu 

capacity to immobilize other cations and anions in the sample. More ova, formation 

of *truigite has beai accampMied by hi* strcngth and nduction of pore 9zc 

distribution in the ample. Dunbiiity anaiysis of the tmted m p l m  r d e d  tht 

extreme environmental fluctuation wuld not rha the physicrl i n t e  of the tnud 

sample. F i  n d l e  type crystds of cmingite vc b w n  to contribute to the strength 

of cernent mortars as weU as behg able to block the apülary sprees in the sampk, 

and thcreforc, pment the water penantion into the capüluy zone. Such 

phaiornenon could be mponsible for increaae in d h i l i t y  of the t r d  motrices. 



Chapter 9 

Summary and Conclusion 

Acid mine dninage is a ~lllt\lral phenornenon cuutd by tbe oxidaion of d l i c  

sulphides. The sulphides of primary concern m pyrite ud pynhotite rs they are 

among the most comrnon mincrals found in mining and minail processing waste. 

Underground metol sulphides, in theù natunl uydline fonn, are relrrtivtly stable 

but when mined and milled, they becorne exposai to oxyem and waters d n g  the 

m i n d  to oxidize. In the absence of calcarcous mrtaiils, the oxidrtion of sulphide 

minerals produces sulphunc acid and libentes havy metùs. Such phenornenon has 

the potential for raiour environmed degraddon which cwld a h  k cxtrcmely 

expensive to r d i a t c d  for the rni~ng industry. 

Lime troatmcnt of sulphidic tailinp is the mon ammon method of matment 

for acid producing tailings in Cuudi. Application of lime will bacue tbe pH of 

the slurry which will cause the precipitrtion of the soluble metaia. Mormver, itr 

application to fine grainai tailings ample will impw pluticity, worlbiiity, rnd 

volume change charactcristics of the mixture. Sua@ of the lime tratai tiilinp 



sample is expected to improve due to the  on of amentitiou hydrates, 

bonding iggrcgated and purticles togcther, and maintenance of fiocailent particle 

arrangements. Fuunhermore, the pameability of lime t r d  tailings sunple is 

apcaed to be reduceâ due to modification of pore site anâ pore size distribution 

within the sample structure. In conjunction with the appliaîion of lime, fly uh 

type "C', which is rich in dcium, wu added to the tailings runple. Applicition of 

fly ash to the mixtures will providc a source of dcium, iilicoq d duminum to the 

tailing sample. Mormver, its application will enhnce the workrbility and ciuse 

reduction in swell, shrinicage, and plasticity characteristics of the trilingr samplu as 

well as reduce the rnoistufe content and m i t e  r higher compressive strength in the 

mixture. 

In limaremediated mine tailings, whereby duminum can k released and the 

pH is elevated, the system could have dl the requuements nadcd to pmcipitate 

calcium sulphoduminate hydrates. One of these m i n d q  cmingite, bu the 

capacity to uptake rome of the m d s  of concm into k structure. Momover, its 

surfâce is negatively charged which makes it a good dsorbent for positively c k g e d  

maal species. Formation of *uingite is aiso urociated with i high pH condition in 

the solution, which will furfhu l d  to the precipitrtion of h v y  metal3 h m  the 

solution. 

This -ch work investigated the f-ility of using cmingite bucd 

stabilizatiodsolidification tcchnology to prevent the acid mine dninyic gcllcntion 

fkom otha wise higbly mctivc-ailphidic mine triiingr. S i a  gtllcntion of iadic 



effluent CM pose r raious thrrit to the Mhce ud grouad wrta, specid emphasir 

on environmentai impacts wocirtrd with its qplidon in tiilingr wu undertrlrm. 

The environmentai mdy focused on leichability potastiai of the m d s  of concan 

to the swrounding environment. Mortover, the metils retention churaastics d 

their immobilization technology wae invcstigated. Fwthenaore, the g~ofechnicrl 

aspects of the stabilized tailings wac  investi@ to usess the rauibility of the 

trcsted dlings materiala. 

The requiied physical and chernical d y s i s  was rttrined by an extensive 

labontory testing program. In addition, a theoreticai d y s i s  w u  pafonncd to 

evaiuate the stability field of ettringite and atringite like m i n d s  in lime nmediatd 

sulphidic mine tailingo. Observations and conclusions of this study are pruented in 

the next section, followd by sugptions for nirtha stuâics, ud contribution to 

knowledp. 

9.1 Summr y rad Concludiag Remarks 

Two acîd producing trilings sarnples wac oôtahî h m  two diffbcnt nine 

Utes in Quch, CMidi, and were subjected to differtll~ npaimmts to ddamiae 



their chernical and physid  characteristicr. niese tailings runpler wae d y ,  silty 

in naturc with high concentrations of pyrite, coppa rad zinc. 

In orda to evaluatc the b i b i l i t y  of tOlming emingite, u thc dominant 

method of stabilization/soIidifi~(~tion, in sulphidic mine triliags sys&m~, the optimal 

geochernicai parameters n d e d  to precipiutc this m i n d  as stable fonn was 

devised using a thmnodynamic model. The model pndicts thuî an optimal stlbility 

field for ettringite in mine tailings samples containing 10' moüL of SOI'. 1@ 

moüL of AI(OH)Iw rquues at least 1 u2 moVL of Cd2 ud r pH ~ u a d  1 1 .S. The 

model predict that ettringite is stable ovcr u wide range of composition and pH. 

Howcvcr, the suiphate contait of the tailings sunples could limit the prccipitation of 

atringite and monooulphate could be the end-precipiute. 

Based on the conciusions of the theoretid study, Iiborrtoy experimentd 

program was undertaken to determine the threhld of lime, fly rsh type 'C', ud an 

iluminum nitrate wmpound necded to promote the formition of ewingite ad 

eztringite like m i n d s  u the dominant method of subilintion for the Eiilings 

sample under investigation. Attaining and maintaining r high pH environment is 

crucial for h n g i t e  bucd stabilization rystcm Moraovcr, the apairnentd 

prognm showcd that the high mctailic content of the tailingr sunpler could pimiilly 

replice the rcquircd trident iluminum fiom the ettringitc structure and duce the 

rrquirrd stochiomeaic umwints of aluminum d e d  to fbm ettringite. 

Optimum wata content atpaiments w a t  patormed based on the mgnitude 

o f w u a r r p u i n d t o a u r e t h t N x i m u m m a m t y o f d w ~ u ~ u  



providing the pouibility of comprcting tbc rrailPnt rluery. The apdments rbow 

that u the water contait i n c m  the mgnitde of the fwwd efbingitt is 

i n d .  Howwer, wata content more thui JO percent by weight of the dry w u t e  

creates slurry which is  very difficuh to compact. Thdore, since one of the 

objectives hs ban the possibility of compiaing the nailtrnt sluny for k 

rmsability, it was concluded that wrta to dry wute ratio of 0.5 to be usai for 

rchieving the rcquired reactivity fiom the d m h u m  rc well as &ng slurry 

which is casily compactable. 

The leachability analysis conduaed on lime, fly ash, and lhuninum treatcd 

amples showed that dl the metais of concm have ken successftlly immobilized. 

n i e  succeu of the proposed trcatment methodology wu evaluated with leachability 

analysiq using four diffmat lerchants. The rarults of the arpaiments indiclte tht 

upon availability of ikiminum for d o n s ,  ctltin@te and esringite Iike rninds 

wuld be formed and prccipitatc u r rtrblc m i n d  in lime nmdiatcd nilphidic 

îailingr. Moreover, the high pH environment of the sunples u a nsuh of lime and 

fly u h  addition combined with the stabiliutton effeet of cüringite d u c d  the 

rolubility of the d s  of concm signif idy.  Hcnce. h m  the rcsuits of dl the 

laching tests Camecl out, it appein tht the mitrix unâa investigation owcr itr 



stabilizing properties not only to physid &ors, kit rlro to chcmid ones. In this 

mpect, the fonnrtion of partiaily substituted dtringite h pliyed an important role. 

The X-ny diffraction analysis u well as the microsüucture figures obtiined 

by using scanning electron Mcroscopy confirmed the formation of d-ngite in the 

trcated samples. Etcnngite peak intauities were d t o d  ova a long paiod of 

time in the treated samples. It was concluded that emingite formation ir the renaît of 

the porzolanic reactions betwem lime, fly isb, md duminum -cd amples. 

Formation of arringite was rccornpanied by the reduction in the mrgnitude of the 

gypsum in the samples. In lime-remediated tiiîings, formation of gypsum is not 

favorable as far as the chemicd fixation and the dunbility of the sunples me 

concan. Morwver, the results of the chernid uulysir muid tht the trtnitd 

samples' oxidation rate has b e n  slowed down U g n i f i d y .  nie surface chemiul 

composition and X-ny diffnction patterns of the treated sampler suggested tht 

ettringite is the only stable minml fonncd u r nailt of the pozmlanic rcactions. 

Therefore, it w u  concluded that formation of tttrin@te wu partly ltsponsible for 

the immobilization of mctals âom the m t e d  tailingr samples. 

Based on the obtained rcsults it can k conchdd that the proposal lime-fly 

ash and duminum based traûment technique is effcctivt in r i g n i f i d y  reducing 

hcavy m d  leachability for the waste fonn testd. In aâdition, the m b  p m a t d  

h e n  formed the basis for the dcvelopment of m atpaimentaî protocol to be uscd for 

testing the effectiveness of r given mncdiation tccbnology or for the pdiminuy 

design of a g i m  d i o t i a n  tcchnology. Tbc rpprwch i s  d d o p e d  fbr the lime- 



fly uh based cunsidmd in the present study, kit CM k asily extendcd to a wide 

u n y  of in-situ mncdiation schemu. 

9 . 1  Ccotcchniul Aspects 

The unwnfined compressive strcngth test naib nvdd i signifiant 

increase in the strength @onnuice of the testecl tnr;ted tailings samples. 

Application of lime, fly uh type "Cn, and duminium to hi@ sulphide content 

tailings has nsuhed in formation of a solid monolith upible of producing more than 

1 0  kPa unconfined compressive straigth in the sunples. The -cd monolith 

was exposai to 12 sets of ficue and thaw cycles and it pmewed its stnicîural 

intcgrity. Development and maintenance of high 3tmigth ud stiffuess in these 

samples ue attributcd to formation of ettringitc u a renilt of the poaoLnic 

proputics of lime and fly u h  specifidly in an environment rich in duminium rad 

nilphide compounds. Therefore. formation of cmlligite l c d s  to d o n  of a more 

railient and stronga tailings sunple. 

Penmrbility of the truted tailings wae m d  ud comparai to thoic for 

untreated samples. Application of the ocabnent agcatr to du taiüngs sunple 

d u a s  its pennrbility to amund 1 . W M 6  a d s .  Aocoding U, publishd report by 

Unitcd Smes Environmental Protection Ageacy, 1.WE-ûS cmls is the maximum 

penneability d l o w d  to d u  r wute strb'iistd d ÙnpmnabL The 



pamability of the treated tailings ~ m p l u  mnaincd klow the re~dmmcaded 

pamcability even lfta arposing the trrned riaiples to 12 ias of beze iad thw 

cycles. Low psmeability of the traitcd s ~ p l e s  wio ais0 an indication of non- 

expansively of the ettringite crystals in the matal umples. 

ûvcrall bucd on the d u  of the g d m n m e n t a l  rmlysis, treatment of 

high sulphide content tailings with lime and fly ash, combinai with anilability of 

aluminum for reactions, is a succtssftl method of soüdifying these highly r d v e  

tailings. The pozzolanic propcrties of lime d fly uh «nipled witb the possibilitier 

of mnngite formation in the samples will lud to grnaision of r solidify monolith 

capable of withstanding hanh environmental fluctuations. 

9.2 Economics Impact Evalua tion 

Today's environmenul canstnints d e d  thai i &vive tailingr ôasin k 

designeci with consideraiion of the long tum as thc cost of ibrndonmcnt and 

redmaîion is a major portion of the life cycle cost of uiy wute ncility (Knipp, R, 

and Welch, D., 1991). Tratment of acidic effluent, dudge management ud close- 

out CUSU can ôe much grrita than the initial connniction rnd operatin% COS!S Eot r 

waste management fkility. Thctcfote, consideration must be wdcrtr)rcn d u i q  the 

active life of the mine as to the propa procrdurr mquid f a  mine cloaut. 



Very linle is hown rbout the tccbniul or ecummic efSdCtivenesa of 

managing acid-producing wute at mines as the procedm b n n l y  ôeen ittanptd 

on a large d e .  The cost of doing so is very hi@ ud 8 long time paiod ir rrqumd 

to meawm the effcctiveness. Although the pmMcmr involvecl uc the fonir of 

wnsidaible rr~earch, then do not appear to k my simple sdution. 

The cost of stabilizing teactive tailings is  highiy site specific, and thus will 

vary greatly tiom site to site. Acid neutnlizition capacity of the hosi rock 

topography and morphology of the disposal ara,  annilrbility of the trocbnerit a p i t s  

can al1 have signifiant effect on overail coa ud liibilitier of the mining operatiom. 

Mormver, for ptecious m d  rock pila, more stringcnt containment nquiremtnts, 

which involvc the introduction of liner systms w d d  dnmrtiully i n c i e w  the 

waste management oosts. Thete is an order-of-magnitude spmd betwem the lowcst 

uid the highest mm impact the finuicial of rrcuni of the mining project. Cosî 

increasa may, in frct be as large as 1 rcasonable profit e n  (Hutchison, II . ,  ud 

Ellison, RD., 1992). 

Ettringite fornation in nilfidic mine tailings is r viable solution for 

nrbilizationlsolidification of teactive tailings. ïhis artment mcthod un k ipplicd 

to an ongoing tdings disposal facility or an k d to fbcm ui inat cappi4 agent 

to prcvent the oxidrtion of dcpositcd tailings and wrrte rodL. The opmahg cost of 

b i s  beitment technology is mostly devisai of the pria fot the binda d to fbm 

ud precipittte dbingitt. ïhe binda uc a wura of Juminum u wdl u an rlhline 

agent rich in caiciurn such u limc. iimestonc, mû fly ub type Ta. Tbc rauree of 



treatment agents as well is th& rvailaôility it the tma!mmt rite cm gnitty 

idhence the wst of this stibilùation/solidificrtion technoloey. In the labontory 

optimintion shidy, calcium d a î  to form ud precipitrse emin@c wm providal 

through thc application of hydnted lime. Fîy uh type .Cm u sauce for dcium, 

duminum. a d  siliate w u  dm dded to the tailingr to reduce the requrrd quatity 

of calcium and duminum n d e d  as well u to enhance the treated samplcr 

workability, plasticity, md rduce theit pamerbility. Addionai aluminum wu 

provided through the application of durninum nitntt to the samples. nie requirad 

aiuminum to fonn emingite can k provideci h m  diffaent sources such u ninuil 

dry, bauxite, other waste byproduct which oontdn duminum or h m  r chernicd 

source. Depending on the source of iluminum and its availability it the site, the coot 

of this trcatmcnt technology can k idluencecl. 

Under the applied laboritory conditions, the cort of thir trrPmem technology 

b s  been estimateci to be kMm $16 to $17 pa mnric ton of uilings. This is b d  

on the pr ia  for hydratai lime, and fly u h  r, well as lrbontory gnde of rhuainum, 

which was addd to the saanples unda investiption. However, it is i m p d v e  to 

note that in orda to d e  8 more pcbcise economic d y s h  of this mrmnnt 

technology, its application to 8 nib d e  mode1 is necessrry. It h onîy then that 8 

more auxrate estimate regardhg the type ud quintity of the tmtmmt agents for 

this stabilitatiodsolidificuion teciuaology cm k mde. 

Considering the cost impact of thU milingr dicpoorl mctbod on 8 minhg 

projeei, we have to look optimistidly upon the hure to make etrringite &mation 



for staûiIizatiod5olidification of reactive tailings ecommidly ud cwimnrnentr)ly 

-le. Soon, u n i v d  standards in mining ~~~vironmentrl protection d l  be 

inevhble and will crcate an cquilibrium in disposai CO- for mining companies .II 

over the world. It will then k inordable to in- in thia projtct. 

9.3 Suggestions for Further Studies 

Future hidies should investigate: 

The e f f m  of tailings puticle size on the formation of emingite and its 

sttbiliîy ; 

Measurcment of ettringitc expansivcly in the pruence of Iowa rlkrline 

agent; 

The pamtiai of wing duminum contaid wrcte m r t d s  such as 

bauxite in formaîion of ettringite in sulpôidic mine uilings; 

Thr poteritid of using nrtunl clry as r source of duminum in formation 

of atnngite in lime-rcmediitcd ailphidie trilingl; 

To investi8ate the applicrbility of the proposrd ticrtwnt procedm in r 

sub-rule mode1 for field application. 



9.4 Contribution to Knowleàge 

This study ftprtsents the following contriions towud a pradicd rpprorch in 

the m e n t  of acid mine chinage: - 

1) The concept of bngite formation u r meam of stabilizing and 

rolidi Qing the poteritid1 y rcid ptoducing tdings; 

2) Evaiuation of charaaaistics and propatiu of lime, fly u h  type "Ca, and 

duminum trcated dphide rich tailings, which include: 

a. Geo-cheMcol, and g c o l c ~ ~ v i r o n m d  pdiorrnance; 

b. Imcmtions and bonding mcchnisms; 

3) Use of thennodynamic modeling in pndiction of lime remediated, 

duminum and sulphide mine tailinp. 

Although this study was conduad on a limited nwnba of tailings sunples, 

the results may ôtar well signifiant implications for otha sulphidt rich tailingr 

samples. In iddiion, the m h s  presentai hem fomd the b u i s  for the dmlopment 

of M atpenmental protocol to be useci for teaing the dktiveness of r given 

remediation technology or for the preiimimry d&p of r given remeûiation 

technology. The ipprach ir developed fbr the b f l y  ub b u d  cowidaod in tbe 

pment snidy, but cm be tuily extcndd to r wide i m y  of baitu mmlhion 

schemes. 
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Appendix 1 

Mass Action Equation 



Fe" +OH- O FeUH' 

~ e "  + 20H- O Fe(0H)z 

~ e "  + WH- O Fe(0H)C 

FC*' + 40H- O F~(oH).-' 



a Cr" + OH- O C M +  10.1 

C f 3  + WH- O Cr(OH), 17.3 

+ WH- O Cr(0H)a- 32.6 

CI*' +WH- O cr4(0H)r4 47.5 1 

Cr*' + 60H- O c~,(oH)(" 73.59 

Cr+' + s0L2 O MOI-'  2.6 

CrOHSO,+H + o CrSO4' + H ,O 4.56 

Min" +OH- O MnûW 3.4 

Mn" + W H -  O M~(oH)~- '  7.7 

W n "  +OH- O Mn,OH" 3.4 

+ X)H- O Mn,(OH)i' 18.1 

~ n "  + sol-' O M&OI 2.26 

Cr" + HSOI-O MnHSO4' 1.8 

~ b + ~  +OH' O P U Y +  

Pb" + WH- O Pb(0Hh 
Pb" + XIH- O Pb(0H)I- 
W2 +OH- O Pb,0H4' 

3pb+' + WHw O P~,(oH)~" 

4 ~ b ' ~  + 4ûH-  O P~,(oH)~* 
6Pb*' +WH' O P~~(oH)(+' 

pb+' + 2c0i-'o P~(co,)~" 

Pb" + s0i2o PbSO, 

PbJ + 2 ~ 0 1 ~ ~  O P&(so,)I-' 



a SOLUBILITY PRODUCfS @ C o r 3  .Sm) 
(1. Reardon, 1993: 2. B m  and Mesmer, 1976; 3. Stumm and Morgan, 198 1) 

CaC03(s) es + cchJ 
CoSO,. Wns) a Ca+' + SOI-' +WP 
C4OH)Js) O Ca" + 2ûH- 

Fe(OH),(s) O ~ e + '  + WH- 

FeCO,(s) O Fe+' + clhJ 

Cu(OH),(s) O CU+' + WH- 

Ms(OH),(s) O Mg" + 2ûH- 
Zn(OH),(s) 0 zn+' + WH- 

Ci(OH),(s) O Cr+' + XIH- 

PbO(s) a Pb" + 2HP 



Appendix 2 

Thermodynamic Modeling Program 



PROGRAM COEXP (cl) 
EXERNAL FCN 
REAL- ATOF 
REAL WH 
CHARACTER? Y(25) 
CHARACTER'ilO cl  
COMMON XPH 
COMMON G1 ,G2,G3,6J,G5,66 
DIMENSION X(8û),F(8O),PAR(1),WK(20000) 
c l  (20:20)=char (O) 
print0,cl 
WRITE(7.40) 

40 FORMAT (lM,'PROORAM junk - CALCULATES SPEClES MSTRIBüTIûN 
1 ' I ,  18X,'Cd-OH-CI-Na ~ y s t m ' )  

99 CONTINUE 
)IPI)=ut of (cl) 
NSIG=S 
ITMAx=160 
PAR(4)oO.O 
FNORM=O.O 
N-74 
rrER=O 
XLAST=O.O 
A10.5092 
B0.3283 
X(1)W.O 
X(2)=-3 22 
X(3)=11 .S 
X(4)=3.5 
X(S)4.36 
X(6)4.8 
X(T)=-l7.O 
X(8)=-28.6 
X(Q)=-21.1 
X(10)--26.5 
X(t i)-27.a 
X(l+Z7.4 
X(l3)W 2.0 
X(14)=5.@5 
X(1 S)=S.Ol 
X(l6)W.% 
X(l w3.S 
X(l Q 4 . 2  
X(18)tO.OS 
w m 4 - 4  
X(21 p-21 .a 









XISfRIXISfR"0.S 
G l  =AWSTRI(1 .0+(5.0'8*XIStR))+O)+O~ST)C--L 
G2=4.0%1 
G3=9.0"01 
G4=16.o.G1 
G5+25.PG1 
G6r36.0%1 
XTEST-ABS(G1-XLAST) 
tF(XTEST.LT.O.OO1)GO 10 151 

150 C U  ~POW(FCN,NSIG~NvITMAX,PARXFNORM~WK,IER) 
XLAStrG1 
GO TO 7 

151 WRlTE~v20û)XPH,G1 ,G2,G3.G4,GS,Oo 
200 FORMAT(SX.4Flt .4) 

wRiTE(y W) (X(l), W.74) 
1 00 FORMAT(F8.4) 
999 END 

SUBROUTINE FCN(X,F,N,PAR) 
COMMON XPH 
COMMON G1 ,GZ,G3,GI,GS,G6 
DIMENSION X(8O) ,F (8O),PAR(1),WK(20000) 
F(l)=-l4.û-XPH-X(l )-G1 
F(2)=-1 .ûû+X(3 ) -X (2 ) -~2  
F@~l.3+X(S)-X(l ).X(4)-G1-GZ 
F(4)r-2.31 +X(e)-X(I~X@)-TGÎ 
F(S)=-0.0 1 +X(8 jX(7)=X(l)+G2-G3-G 1 
Fm)-- 1 8.7+X(9)-X(7)-2.07C(l)+Gl -GS2.VGl 
F(7)~27.O+X(i O)-X(7)-3.O%(l )-G3.3.O0G1 
F (8)~33.O+X(ll)-XO4.O1X(l)+GlGM.PGl 
F(Q)WO.3+X(l2)-2.O%(7)-2.O'X(l)+~2.O'GS2.O'G1 
F(i 0)=3.8O+X(13)-X(7)-X(2)+Gl G%G2 
F(11)&1 O"'3.ll)+ 1 O"X(Z)+1 O"X(3)+l O"X(d)+l 01<(13) 
F(12)r-1 O"(-3.W)+l O"X(4)+l 07(5)+101yd)+l O"X(1I) 
1+10"x(18) 
F(l3)=l O"(4.65) 

1 +1 O"XCI)+l O"X(8)+1 O"X(0)+1O"X(1 O) 
1+10"X(11) 
1 + T l  O'*X(12)+10"%(13) 
F(14)-&34+XPH+X(t S)..X(l4)+Gl 
F(15)-1 0.34+XPH+X(16)-X(l S)+G142 
F(l6)--l0"(~.@7)+lO"X(14)+l O"X(1 S)+lO"X(t@) 

1 +10"X(l7)+lO"X(18) 
F(1-3.1 S+X(l7)=X(4)-X(l 
F(18)W .û+X(l8)IX(4)-X(l5)+Gi-G%Gl 

C MANGANESE SPEClATlON (REDüCU)) 
F (1 O)r-3.4+X@O~X(lQ)-X(l )+G14241 
F@ûp7.t+X(2l )-X(l Q)J'X(l )+GZ-G%%l 
F(21 )L.2.28+X(22)1X(l O)-X(2)-G242 
F(22)W.8+XCn)-X(iQ jX(3)+Gl-G2-G1 
F(n)=1~4.14+1~~10)+1O"X~1O"XQl)+T1O"X(2Z) 

1 + 2 P l  O"X(23) 



IRON SPECIATION (REDUCED) 
F(24)~.S+X(îs)-X(24)-X(1)+Gl-G2-G1 
F(2~7.4+X@U)-X@4)-2%(1 )-G2-TG1 
F ( 2 8 ) ~ l  O.O+X(n)-X(24)-33((l)+Gi a - 3 - 1  
F(2T)-Q.6+X(28pX(24)II'X(l)+=e.O1 
Fm)-1 O"-S.U+l01(@4)+lO7C@S)+l P%(26)+l O"X(27) 

1 +1 PX(Z8) 
COPPER SPEClATlON (2+) 

F(29)4.3+X(30)-X@û )-X(l)+Gt-G2-G1 
F(3Opl3.û+X@l )-X(20)-27C(1)102-T01 
F(31)~13.7+X(32)IX@B)-33((1)+Gl -GZ-VGl 
F(32)&16.4+X(~~)-X(2Q)J'X(l)+G2-G2+Gl 
F(33)=2.36+X(34)-X(ZOpX(2)-G2-G2 
F(34)4.57+X(3S)-X(2s)-X(16)-G2-GZ 
F(3S)r-1 O--9.5+ 1 O"X@Q)+l û"X(30)+1 PX(3l)+ l  m(32) 

1 +1 O-(33)+1 O"X(3S) 
POTASSIUM SPEClATlON 

F(3û)=O.S+X(3ï)-X(36)-X(i)-G 1 4 1  
F(3i)=-O.8S+X(38)-X(36)-X(2)+Gl-Gl-G2 
F ( 3 8 ) ~ l  O"(-3.81)+1 O"X(36)+1 O"X(W)+l O"X(38) 

MAGNESIUM SPECIATION 

ZINC SPEClATlON 
F(U)=S.O+X(45~X(U~X(1)+G142-G1 
F(45)~10.2+X(40)-X(44)-~(1 )=G2-2*G1 
F(M)=l3.O+ X(47)-X(U )-33((1)+G1 -û2-3%l 
F(41)r-1 Sd+X(48)-X(U)4.X(1)+G21624'0 1 
F(48)&2.38+X(4QFX(U)-X(2)IGZ-GZ 
F ( 4 9 ) ~ 1 . 7 3 + X ( S O ) - X ( U ~ ~ ~ + G 2 ~ - T ~  
F(SO)rl.7+X(51 )-X(U)-3%(2)+GCGZ-3'G2 
F(51)--1.7+X(52)-X(U)4*(2)+G&G2-4'G2 
F(s2p1 .S+X(S3)-X(44)-X(1 S)+Gl=G2-G1 
F(53)&1 O"(-5.8)+ 1 O"X(U)+1 O"X(4S)+lO7C(48)+1 O"X(47) 

1 +1 O'*X(46)+lO"X(4Q)+lO"X(5O)+l O"X(S1) 
1+1 O"X(S2)+10"X(53) 

CHROMIUM SPECIATION (3+) 
F(S4)=10.07+X(SS)-X(54)-X(1)+GZ-G3-G1 
F(55)tl7.3+X(56)-X(S4)-2%(1)+G143-2%1 
F(sa)L32.63+X(57)-X(54)-37C(1).653'6i 
F(SI)=2.d+X(S)-X(S)-X(2)+Gl-G342 
F(S~.65+X(S)IXPWX(SO)+Gl 
F(SQ)--10"(15.ô2)+107C(54)+1 O'TC(SS)+l OWX(58)+l O"X(57) 

1 +1 O"X(58)+1 O"x(S9) 
LEAû SPECUTION 

F@û~.3+X(6l jX(8û)-X(l)+G142-G1 
F ( 6 l p l  O.Q+X(62)-X~)4'X(1).GZ-T01 






