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Heavy metals like cadmium, lead and zinc pose a significant threat to human health and 

environment. Several factors such as pH, EH, organic matter and clay content of the soil 

affect the bioavailability of such heavy metals in the environment. The presence of 

several naturally occurring minerals such as calcite (calcium carbonate, CaCO3) and 

calcium oxalate (CaC2O4.) in the environment significantly influence the fate and 

transport of some of the heavy metal cations. Sequestration of heavy metals such as 

cadmium (Cd) and zinc (Zn) from solution by calcite has been clearly demonstrated in 

the literature. However, studies on heavy metal sequestration by calcite and calcium 

oxalate from a multi-metal environmental that represents real world situations are rare. In 

this contribution, column flow studies of Cd and Zn sequestration by calcite exposed to 

influent solutions saturated or non-saturated with calcite  and containing either 1 mg/L of 

Cd, 1 mg/L of Zn or combined 1 mg/L of Zn and Cd, followed by desorption of the 

sequestered metals were conducted. Complementary scanning electron microscopy 

(SEM) coupled with electron dispersive x-ray spectroscopy (EDS) data were generated. 

Kinetic studies show that reaction rates of Cd and Zn with calcite are governed by a 

simple rate law with reaction orders of less than 1 (0.02 – 0.07) indicating at least 

mathematically, the occurrence of reactions that went to completion if the reaction orders 
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did not change. When the influent solution contains a single cation, the rate of Zn 

removal from solution by calcite and calcium oxalate is greater than Cd removal rate.  

However in a multi-cation environment, cadmium removal rate was greater than zinc 

removal rate. MINTEQA2 a geochemical equilibrium speciation model was used to 

compute the equilibrium between the various species in the cation-calcite environment. 

Complimentary desorption studies and surface SEM/EDS analysis indicate that the 

removal of Cd and Zn from solution by calcite and calcium oxalate is probably due to 

precipitation/complexation reaction. The SEM and EDS results appear to confirm the 

presence of a precipitate on the mineral surface in the case of the influent solution 

containing Zn. The current research also examines the effect of citrate, a commonly 

present urinary tract species on calcium oxalate dissolution. The dissolution studies 

indicate that citrate solution is capable of dissolving sodium oxalate at high pH. The 

dissolution of calcium oxalate results in the release of heavy metals that were previously 

sequestered within the mineral. Results show that a greater percentage of zinc was 

removed than cadmium, from calcium oxalate due to its dissolution by citrate. 
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CHAPTER 1 

INTRODUCTION 
 

Pollution of the biosphere with toxic metals poses a major threat to human health and the 

environment. In addition to metals of geochemical origin several other source of these 

metals are derived from man made activities such as mining, metal smelting, 

electroplating and other related metallurgical activities. Effluent discharge from such 

industries contains high levels of cadmium (Cd), lead (Pb), zinc (Zn) and mercury (Hg). 

These and other metals such as cobalt and selenium are commonly referred to as heavy 

metals, though this term refers strictly to metallic elements with a specific mass higher 

than 5 g/cm3 that has an ability to form sulphides (Adriano, 1986). Heavy metals are 

taken up by the plants and become concentrated in the animals higher in the food chain 

leading to liver and kidney diseases (Copenhaver et al., 1973; Nriagu, 1981). While some 

metals like Zn, Cu and Mn are micronutrients others like Cd, Pb and Hg have no known 

biological function (Marschner, 1995). Metals in soils can exist as free metal ions, as 

soluble metal complexes, organically bound metals, precipitated or insoluble compounds 

such as oxides, carbonates and hydroxides or as exchangeable metal ions (Leyval et al., 

1997). The toxicity of metals in soils depends on their bioavailability i.e. their ability to 

be transferred from a soil compartment to a living organism. Metal bioavailability 

depends on several physico-chemical factors such as pH, Eh, organic matter and clay 

content of the soil (Berthelin et al., 1995). The presence of complex species in the soil 

solution can significantly affect the transport of metals through the soil matrix relative to 

the free metal ion. With complexation, the resulting metal species may be positively or 
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negatively charged or be electrically neutral. The metal complexes may be either weakly 

adsorbed or more strongly adsorbed to soil surfaces relative to the free metal ion. 

Speciation not only affects mobility of metals but also the bioavailability and toxicity of 

the metal. The free metal ions in general are the most bioavailable and toxic form of the 

metal (Mclean et al., 1992). Several metals of environmental concern exist in soils in 

more than one oxidation state: arsenic, As (V) and As (III), selenium, Se (VI) and Se (V), 

chromium, Cr (VI) and Cr (III). The oxidation state of these metals determines their 

relative mobility, bioavailability and toxicity. It has been observed that hexavalent Cr is 

relatively mobile in soils, being only weekly sorbed by the soils. Hexavalent Cr is also 

extremely toxic and a known carcinogen. In comparison, trivalent Cr is relatively 

immobile in soil, being strongly sorbed by soils, readily forms insoluble precipitate and is 

of low toxicity.  

 

The presence of several naturally occurring minerals such as calcite (calcium carbonate, 

CaCO3) and calcium oxalate (CaC2O4) in the environment significantly influence the fate 

and transport of some of the heavy metal cations. Past studies have shown that calcite and 

calcium oxalate have the capacity to sorb heavy metals from solution (Fuller et al., 1987; 

Dudley et al., 1988; Zachara et al., 1989). Sorption is defined as a general surface process 

irrespective of the mechanism (i.e. adsorption or precipitation) (Sposito, 1984). Both 

mechanisms involve characteristic reactions of some cations with calcite/oxalate, with 

adsorption occurring at low concentration of metal and precipitation dominating at the 

higher concentration level (McBride, 1979, 1980). An additional mechanism such as 

complexation reaction between heavy metals and calcite is also known to occur (Lahann 
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et al., 1982; Zachara et al., 1988) that might affect the heavy metal removal from aqueous 

solution. The following sections explain the heavy metal sequestration by calcite and 

calcium oxalate in further details.     

1.1 Heavy Metal Interaction with Calcite 

Calcite is one of the most abundant minerals in the environment and the calcite-water 

interface chemistry plays a significant role in controlling the fate and transport of 

contaminant and nutrients in the environment. Carbonate minerals are abundantly present 

in soils, shallow aquifers and sediments and have been known to adsorb heavy metals 

like cadmium, zinc and lead from solution. The adsorption of environmentally significant 

heavy metals like cadmium, lead, zinc and cobalt on calcite surface has received a lot of 

attention over the years (Stipp et al., 1992; Zachara et., 1991; Reeder, 1996; McBride, 

1980) and a significant body of research work has been developed. Divalent cations that 

have been reported to incorporate into the calcite structure from supersaturated solution, 

forming solid solutions, include a wide range of environmentally relevant contaminants 

such as Cd2+, Pb2+, Co2+, and Zn2+. Despite of extensive study on this subject and 

promising results; commercial applications for such processes are extremely limited 

(Sanchez et al., 2002). This is probably because the actual environmental system consists 

of multi cations and the competition between various cations affects the individual 

adsorption reaction. In addition the presence of other organic and inorganic agents such 

as EDTA, oxalic acid, fulvic acid etc, commonly found in industrial and municipal 

wastewater would affect the adsorption phenomena.     
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Over the years various mechanisms have been postulated to explain the removal of 

divalent metal cation by calcite. It has been speculated that the adsorption reaction occurs 

through an exchange of Ca in the exposed crystal lattice site (Koss et al., 1974) or by 

complexation with carbonate groups bounded in a hydrated surface layer (Lahann et al., 

1982; Zachara et al., 1988). Other studies (Stipp 1992) have indicated that cadmium 

uptake from aqueous solution by calcite usually consists of two steps: a rapid 

chemisorption followed by slower uptake. The second step usually involves formation of 

an otavite-calcite solid solution, probably by a combination of co-precipitation and solid 

state diffusion of surface ions into the bulk crystal lattice (Stipp et al., 1992). The initial 

fast uptake of the aqueous metal cation by mineral surfaces is probably due to reversible 

adsorption at the interface and can be represented by a thermodynamics equilibrium 

distribution model. The time scale for the first step reaction is generally of the order of 

minutes (McBride, 1980; Davis et al., 1987). Frequently, the adsorption is followed by a 

slow removal of dissolved cations on a time scale of hours to days. The slow removal 

may be due to surface precipitation, co-precipitation or diffusion of the previously 

adsorbed cations (during the first step) into the existing solid. Results have shown that 

zinc forms surface complexes on calcite that were desorbed from calcite after 48 hours 

(Zachara et al., 1988), while adsorbed Cd rapidly transform to a surface phase that show 

slow desorption (McBride, 1980; Davis et al., 1987). For divalent metal cation the 

following sequence of adsorption on calcite was observed: Cd>Zn>Mg>Co>Ni (Zachara 

et al., 1991). In this case it was postulated that metals with ionic radius greater than 

calcium (rx = 0.99 A) such as Ba and Sr are weakly adsorbed by calcite while cations 

with rx smaller than Ca (such as Cd, Zn) are strongly adsorbed. The selectivity by calcite 
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for the cations generally increase as ∆rx decreases such that Cd with ∆rx = - 0.02 is more 

strongly adsorbed than Zn with a ∆rx value of - 0.25 A (Zachara et al., 1991). However 

there have been other studies (Sanchez et al., 2002) that show a different adsorption 

sequence with Cr>Zn>Cd; which would indicate that the cation removal cannot be 

explained purely based on the difference in atomic radius.  Davis (et al, 1987) presented a 

three-stage model in which Cd2+ adsorbs, then diffuses into a “hydrated surface layer of 

disordered calcium carbonate” which finally recrystalizes and dehydrates, producing a 

(CaxCd(1-x)CO3 solid-solution surface layer. Solid solution is common in natural 

carbonates; otavite and calcite in particular form a complete solid solution series at 

elevated temperature and pressure, as might be predicted by the similarity of size and 

electronic configuration of the Cd2+ and Ca2+ ions. The process of moving adsorbed Cd2+ 

from the surface into the sorbent is also feasible for which four basic mechanisms have 

been envisioned: simple interchange of two neighboring atoms, migration of an atom 

through lattice interstices, translation into vacant lattice position, and or migration along 

microfractures. The first three represent diffusion through the solid state. Barter et al 

(1972) studied the solid state diffusion of 45Ca in calcite at elevated temperature and 

estimated the diffusion coefficient D to be less than 5 x 10-16 cm2/sec.  

 

Other mechanisms, such as precipitation, solid phase formation and complexation 

reaction on calcite surface might also influence the cation adsorption. During solid phase 

formation the metals precipitate to form a three dimensional solid phase on the mineral 

surface. Mixed solids are formed when various metals co-precipitate. There are several 

types of co-precipitation, inclusion, adsorption and solid solution formation, that are 
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distinguished by the type of association between the trace elements and the hoist 

minerals. Solid solution formation occurs when the trace metal is compatible with the 

element of the host mineral and thus can uniformly replace the host element throughout 

the mineral (e.g. substitution of Cd for Ca in calcium carbonate). Several types of surface 

complexes can form between a metal and a mineral surface that are defined by the extent 

of bonding between the metal ion and the mineral surface. Metals in a diffuse ion 

association or in an outer sphere complex are surrounded by waters of hydration and are 

not directly bonded to the mineral surface. These ions accumulate at the interface of the 

charged surfaces in response to electrostatic forces. The reactions are rapid and reversible 

with only a weak dependence on the electron configuration on the surface group and the 

adsorbed ion. These two metal-surface interactions have also been termed exchange 

reactions because the introduction of other cations into the system, in sufficient 

concentration causes the replacement or exchange of the original cations. Uptake of Cd 

and Pb intake on calcite surface (Chada et al., 2005) has been examined using AFM and 

XPS. The uptake of Cd2+ was determined to be greater than Pb2+ under similar 

experimental conditions. In both cases the majority of the divalent ions was postulated to 

exist as surface precipitates. 

 

Metals associated with exchange sites may depending on the environment, be relatively 

mobile. Exchangeable metals may be the most significant reserve of potentially mobile 

metals in soil (Silveria et al., 1977).  With inner sphere complexation, the metal is bound 

directly to the mineral surface, no water of hydration are involved. It is distinguished 

from the exchangeable state by having ionic and/or covalent character to the binding 
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between the metal and the surface. A much higher bonding energy is involved than in 

exchange reactions, and the bonding depends on the electron configuration of both the 

surface group and the metal. Complex formation between metals and organic ligands 

affects metal adsorption and hence mobility. The extent of complexation between a metal 

and soluble organic matter depends on the competition between the metal binding surface 

sites and the soluble organic ligand for the metals. Metals that readily form stable 

complexes with soluble organic matter are likely to be mobile in soil.  

 

At low concentrations, metals are adsorbed at the specific adsorption sites. These 

adsorbed metals are not removed by the input of major cations. With increasing 

concentration of the metals, the specific sites becomes saturated and the exchange sites 

are filled. Metals associated with these nonspecific sites are exchangeable with other 

metal cations and are thus potentially mobile. In adsorption studies using Cd (O’Connor 

et al., 1984), showed that two mechanism were responsible for metal retention by soil. 

The authors attributed the first mechanism active at low Cd concentration (0.01-10 mg/L) 

to specific adsorption. At higher concentrations (100-1000 mg/L), adsorption was 

attributed to exchange reactions. Desorption studies showed that the added Cd at low 

concentration was not removed at low loading; however at higher loading the desorbed 

ions were removed. The results indicated that the observed affinity of a metal for soil 

surface was concentration dependent. The relative affinity of a soil surface for a free 

metal cation increases with the tendency of the cation to form strong bonds, i.e. inner 

sphere complexes with the surfaces.  
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In addition to the different mechanism other variables such as type of calcite adsorbent, 

electrolyte solution and experimental procedure also has a strong influence on various 

reactions such as adsorption, precipitation, complexation etc that might occur on the 

calcite surface (Zachara et al., 1991). For adsorption reaction at equilibrium, partitioning 

of Cd2+ between the aqueous phase and the otavite-calcite solid solution is described by 

the partitioning coefficient, D given in equation 1.  

D = X CdCO3 [Ca2+] / X CaCO3 [Cd2+]..................................................................................(1) 

where Ca2+ and Cd2+ represent aqueous ion concentrations and XCdCO3 and XCaCO3 are the 

mole fraction of cadmium carbonate and calcium carbonate in the solid solution (Garin et 

al., 2003). For an ideal solid solution the partitioning coefficient is equal to the ratio of 

the solubility constants Ksol of the calcite and otavite, assuming that Cd2+ and Ca2+ have 

identical activity coefficient. The measured value of log D generally varies between 3.0 

and 3.7 (Lorens, 1981; Davis et al., 1987). Chemisorption of cadmium into calcite surface 

can be described by an equilibrium surface exchange reaction between calcite and 

cadmium cations given by the following reaction (2), (McBride, 1980; Papadopoulos et 

al., 1988; Zachara et al. 1991) 

Casolid + Cd2+ ↔ Cdsoild + Ca2+…………………………………………………………(2) 

where Casolid and Cdsolid refer to the surface lattice calcium and cadmium ions. The 

exchange constant of the reaction Kex is defined in equation 3 as  

Kex = (Ca2+) / Cd2+)  [ XCd / XCa] n……………………………………………………..(3) 

where n is an empirical coefficient and Me2+ and XMe (Me = Ca, Cd etc) correspond to 

the aqueous activity and mole fraction of cation surface lattice site occupied by Me2+, 

respectively.  
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Recent studies have also revealed that the modification of calcite morphology and the 

selective incorporation of metal cations in crystallographic non-equivalent sites on the 

calcite surfaces is the result of the interplay between several factors (Paquette et al., 

1995). These include the composition of the aqueous solutions interacting with calcite to 

form calcite solid solution, the kinetics of the possible growth mechanisms operating at a 

molecular scale on the different faces of the crystal and the surface structure of the 

growing calcite faces. Possible calcite growth mechanisms include spiral growth, two 

dimensional nucleation, and continuous growth. Past studies have also shown a link 

between cadmium adsorption and calcite dissolution rate. It has been shown that Cd2+ 

attaches preferentially to reactive dissolution sites e.g. kink and edge site leading to a 

competition between adsorption and dissolution process (Reeder, 1996; Schosseler et al., 

1999). X –ray fluorescence microanalyses of calcite have shown that divalent Cu and Zn 

which have ionic radii smaller than Ca, are preferentially incorporated into the parallel 

arrays of <441>+ steps that define one pair of symmetrically equivalent vicinal faces on 

polygonized growth spirals Elzinga et al., 2002). In contrast, other divalent metals with 

sixfold ionic radii smaller than Ca (e.g. Cd, Mn) are preferentially incorporated into 

<441>- growth steps, which define the second pair of vicinal faces on the growth spirals 

but are symmetrically nonequivalent to the steps on the first pair.  

 

As mentioned earlier the presence of organic ligands such as oxalic acid would also affect 

the adsorption reaction at the calcite-cation interface. However, there has been no 

molecular scale study that has evaluated the influence of organic ligands such as oxalate 

on crystal morphology changes in calcite, the crystallization of calcium oxalate over 
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calcite as well as the change in sequestration of heavy metals due to formation of calcium 

oxalate. A study that involves measuring change in cation removal due to transformation 

of calcite to calcium oxalate and the subsequent removal of cations through dissolution of 

calcium oxalate would give a better picture of the various mechanisms occurring at 

various stages of the above cycle.  

 

1.2 Heavy Metal Interaction with Calcium Oxalate 

Similar to calcite, calcium oxalate occurs naturally in the environment and is formed by 

the activity of plants and fungi (Franceschi et al., 1980). In plants the calcium oxalate 

crystal may occur in the roots, leaves, stems or flower (Franceschi, Horner, 1980). Past 

studies have shown that plants generally accumulate calcium oxalate in response to 

surplus calcium (Frank 1972, Zindler-Frank 1975, Borchert 1985). Oxalic acid is often 

accumulated as a metabolic end-product in plant cells either as the free acid, as sodium 

and potassium oxalate, or precipitated as an insoluble salt most commonly calcium 

oxalate. Deposits of calcium oxalate occur as microscopic crystals in many different 

organs and tissues a wide variety of plant. Their accumulated amount varies among 

species and may comprise up to 85 % of dry weight of some plants. In the animal 

kingdom oxalate and its salts are presented in urine and blood of mammals. Much of the 

oxalate in animals originates from the oxalate ingested with plant material.  

With a solubility product of 2 x 10-9 mol2/l2 (at 25 degree C) and 2.8 x 10-9 mol2/l2 (at 37 

degree C) in water, calcium oxalate provides a relatively insoluble, metabolically inactive 

salt for calcium sequestration (Kinzel 1989). Calcium oxalate provides a high capacity 

repository for calcium and plants accumulate this salt in substantial amount. The oxalates 
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in plants are generally derived either from the conversion of the photorespiratory 

products glycolate and glyoxylate or through ascorbic acid catabolism that yields oxalate 

and tartaric acid (Webb, 1999).  

 

Like calcite, calcium oxalate has been reported to have the potential to either strongly 

sorb, or co-precipitate heavy metals and radionuclides during formation (Zindler-Frank, 

1991; Mazen and Maghraby, 1997; Nakata, 2003). Studies of Sr sequestration (Singer et 

al., 2008) indicate that approximately 90% of Sr was removed from solution to a solid 

phase while the remaining 10% is sequestered via surface adsorption on a solid phase. 

The solid phase was likely the result of a dissolution- reprecipitation mechanism, to form 

SrC2O4 of mixed hydration state (i.e. SrOx·nH2O, where n = 0, 1, or 2). Additionally, 

since calcium oxalate is insoluble above a pH of 3.5, metals incorporated into the calcium 

oxalate structure via co-precipitation, are expected to remain immobilized under most soil 

and plant pH conditions. However, molecular-scale interaction in surface environment 

between calcium oxalate and heavy metals has remained largely unexplored.  It is not 

clear from available literature whether heavy metals like Pb, Cd or Zn adsorb via an inner 

or outer sphere complex or incorporate into the crystal lattice to form a solid solution. 

Also, the extent to which these metals can be incorporated into the structure of calcium 

oxalate or the binding strength of surface complexes is not clear.  Even less clear is metal 

sequestration mechanisms in the presence of both calcite and calcium oxalate. 

Consequently, molecular-scale research pertaining to interaction between calcium oxalate 

with heavy metals is essential. Although calcium oxalate is insoluble above pH 3, yet the 

presence of chemical ligands such as EDTA (Burns et al., 1987), sodium citrate, succinic 
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acid and gluconic acid (Saso et al., 1998) have been shown to increase the dissolution of 

calcium oxalate at high pH range (7.5-10). In addition the presence of cations like Fe and 

Al in the system has also been shown (Gvozdev et al., 2003) to increase the dissolution of 

calcium oxalate crystals. The dissolution of the calcium oxalate would release the heavy 

metals into the environment that would reduce the efficiency of such minerals in heavy 

metal removal. Therefore it is essential to understand the dissolution mechanism as this 

would effect the heavy metal sequestration at high pH in presence of organic and 

inorganic ligands that occur naturally. This can lead to a fundamental understanding of 

the role played by calcium oxalate in sequestering pollutants in plants and soils. The 

information can then be applied to remediating sites contaminated with heavy metals and 

assessing environmental toxicology in both natural and engineered systems.   

 

1.2.1. Effect of Calcium Oxalate on Kidney Stone Formation 

In addition to heavy metal sequestration the ionic species, Ca2+ and C2O4
2-, are also 

urinary species that play a critical role in the formation of kidney stones. The crystalline 

component of kidney stones is generally a mixture of inorganic crystalline forms 

comprising up to 98% of the stone weight (Finlayson, 1974). The calcium based stones, 

calcium oxalate and calcium phosphate (CaP), are the most common types of stones 

formed with making up 70 to 80% of those seen in stone formation (Khan et al., 1993). 

The two most common crystals that make up calcium oxalate stones are whewellite and 

weddelite which are calcium oxalate monohydrate (CaC2O4·H2O) (COM) and calcium 

oxalate dihydrate (CaC2O4·2H2O) (COD), respectively. COM is the most 

thermodynamically stable phase and the most prevalent form found in kidney stones 
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(Shall et al., 2004). Furthermore, COD rich stones contain small amounts of COM on 

microscopic examination, often in the central portion of the stone where stone growth is 

initiated (Guo et al., 2002). In crystal binding studies, more COM crystals were found 

adherent to renal tubule cells grown in culture than COD crystals of comparable size. The 

COM crystals belong to the prismatic class of monoclinic symmetry and have one 

symmetry plane with the (b) axis if the second order being perpendicular to the symmetry 

plane. The COM crystals have a hexagonal laminar shape: with the {100} pinacoid being 

most developed, there are also a {010} pinacoid and a {021} prism (Gvozdev et al., 

2003). The calculated angle between the <021> edges on the {100} face is equal to 71.6 

degree, and the acute angle between the <001> and <101> edge on the {010} face is 

equal to 36.5 degree.   

 

However, the mechanisms for the formation of calcium oxalate kidney stones are not well 

understood. Urinary macromolecules such as OPN, human serum albumin, chondroitin 

sulfate, and transferrin are thought to play an important role in regulating stone 

formation, although the exact nature of their effects on stone formation remains largely 

unresolved. Recent data (Shall et al., 2004) show that in the presence of urinary species 

such as oxalate and calcium, nucleation and crystallization of COM is promoted through 

the formation of a thermodynamically stable COM resulting from supersaturation. The 

oxalate crystal formation was related to the relative calcium oxalate  supersaturation (SS) 

and the concentration ratio of calcium to oxalate. The supersaturation (SS) is calculated 

using equation 4 given below as,  

SS = c/c*………………………………………………………………………………...(4) 
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where c and c* is the solute concentration and solute solubility at the given temperature 

(Shall et al., 2004). At SS of 10 small crystals containing mainly calcium oxalate 

dihydrate are formed. At SS of 30 there was a substantial increase in the number of 

crystal of similar size while a SS greater than 50 produced larger crystals. Urine was able 

to tolerate crystal formation until a SS value of 10 (Carvalho et al., 2004). Several non-

dialyzable macromolecular inhibitors present in urinary tract like nephrocalcin, 

glycosaminoglycans and osteopontin have been known to block the formation of COM 

crystal in kidney (Carvalho et al., 2004). Other urinary macromolecules, especially 

carboxylate-rich proteins, have also been reported to play an important role in stone 

formation, specifically calcium oxalate crystal growth, aggregation and attachment to 

cells (Wesson et al., 1998).  

 

Macromolecules isolated from human urine were found to inhibit COM crystal growth in 

vitro and favor the formation of COD over COM, which suggests the possibility that the 

presence of these macromolecules in urine plays a role in the natural defense against 

stone formation (Guo et al., 2002). Chemical additives such as EDTA (Burns et al., 

1987), sodium citrate, succinic acid and gluconic acid (Saso et al., 1998) have been 

shown to increase the dissolution of calcium oxalate. In addition the presence of cations 

like Fe and Al in the system has also been shown (Gvozdev et al., 2003) to increase the 

dissolution of calcium oxalate crystals. Addition of the Fe and Al ions even to a 

supersaturated solution results in intensive dissolution of the crystals. The COM crystals 

have a highly defective structure, which is either the reason for or the consequence of 

formation of twins, aggregates spherulites and dendrites (Gvozdev et al., 2003). Calcium 
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chelating agents have been shown to increase the rate of dissolution of a wide range of 

calcium-containing materials. Chelating agents are negatively charged organic molecules 

that have the ability to combine with metal ions through coordination bonds. The process 

of Chelation or sequestering results in the formation of stable ring like structures which 

surround the metal ions and occupy all of their coordination sites, thus preventing their 

interaction with other ions in solution. The stability of the metal/ligand complex depends 

on the properties of the metal ion and of the chelating agent.  

 

Studies (Terabayashi et al 1996; Alexandru, 1971) studied the dissolution of calcium 

bilirubinate by polar solvents and found that the presence of EDTA increases the amount 

of material dissolved. The formation of calcium complexes decreases the calcium ion 

activity and thereby result in a increase in the rate of dissolution. The rate of calcium 

hydroxylapatite dissolution was increased in the presence of citrate ions at concentration 

greater than 3 x 10-5 M. This increase was attributed to complexation of calcium ions. The 

above study also indicated that EDTA enhanced the rate of dissolution; pits was observed 

in the dissolved surface that was attributed to leaching of calcium from the lattice. The pit 

size decreased as the fluid was changed from EDTA to citrate possibly due to a decrease 

in the calcium chelate stability. In the absence of any chelating agents, the dissolution of 

calcite has been characterized in terms of three pH regimes; a low pH regime, a 

transitional regime and a high pH regime (Fredd et al., 1998). At low pH (pH<4) at 

ambient temperature, the rate of dissolution has been shown to be mass transfer limited in 

a variety of acidic media ranging from HCL to pseudo –sea water. At high pH (neutral to 

alkaline solutions), the dissolution of calcite has been shown to depend on both the mass 
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transfer properties of the medium and the kinetics of the heterogeneous reactions at the 

carbonate surface. The transitional regime is between the boundaries of the low and high 

pH regime. In this regime, the kinetics of the surface reaction begins to influence the 

dissolution, while mass transfer provides significant limitations. Studies of calcite 

dissolution over a pH range of 2-7 was studies with various CO2 partial pressure 

demonstrated that three surface reactions occur simultaneously (Plummer et al., 1978).  

H+ + CaCO3  ↔ Ca2+ + HCO3
- ………………………………………………………..(5) 

H2CO3 + CaCO3  ↔ Ca2+ + 2HCO3
- ………………………………………………….(6) 

H2O + CaCO3  ↔ Ca2+ + HCO3
- + OH-……………………………………………….(7) 

The reaction that dominates the dissolution depends on the pH and partial pressure of 

CO2.  At low partial pressure of CO2, the dissolution is dominated by H+ at low pH and 

by the reaction involving H2O at high pH. The H2CO3 reaction becomes significant at pH 

values greater than 5, when the partial pressure of CO2 exceeds 0.1 atm.  

 

A shift in the preferred crystalline form of calcium oxalate from monohydrate (COM) to 

dihydrate (COD) was found to be induced by these urinary macromolecules specifically 

osteopontin, nephrocalcin and urinary prothrombin, as these macromolecules favor the 

formation of COD. However the governing interactions and growth mechanism are not 

well understood. Since these processes are surface-related, the different behaviors of the 

two calcium oxalate crystal forms (COM and COD) are likely correlated with the distinct 

structures of their exposed crystal faces. Therefore, characterizing the binding of 

macromolecules to specific calcium oxalate crystal faces is essential to understanding and 
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controlling stone formation. Also important is the search for new and less complex 

molecules that can also induce calcium oxalate changes from COM to COD. 

 

1.3 Problem Statement and Engineering Relevance 

Heavy metals like Cd, Pb and Zn present a growing and continuous threat to the human 

health and the environment. The presence of calcite and calcium oxalate in the 

environment play an important role in the fate, transport and bioavailability of such 

metals. It is well known that calcareous oil represent potential sorptive surfaces for heavy 

metals. Because of the degree of divalent metals sorption on calcite is sufficiently large it 

is implied that calcite could act as an important sorbent for metals in calcareous soil and 

groundwater (Zachara et al., 1991). Despite the extensive study on this subject; large-

scale commercial applications for heavy metal removal using calcite are extremely 

limited (Sanchez et al., 2002). This is probably because industrial wastewater rarely 

contain single cation; a majority of them consists of a mixture of heavy metals as well as 

other organic and inorganic agents such as EDTA, oxalic acid, fulvic acid etc. The 

heterogeneous nature of such waste streams makes it difficult to maintain operation and 

treatabilty standards in the treatment system. In addition, there have been limited studies 

that address the heavy metal sequestration by calcite in a multi cation environment. 

 

The aim of this study is to investigate heavy metal (in this case cadmium and zinc) 

sequestration by calcite. Cadmium was selected as one of the cations since among the 

trace metals of environmental concern it is one of the more weakly bonded metals in soil. 

Weakly bounded ions are more susceptible to leaching, being readily displaced or 
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desorbed by competing cations such as Ca2+, and therefore they tend to be more 

bioavailable (Harter et al., 2001). Cadmium is also interesting from a chemical point of 

view, particularly in its relationship to Ca and calcite. Cadmium exists in solution as Cd2+ 

and its ionic radius is about 2% smaller than that of Ca2+ and the two metals have similar 

electronic configuration. Both of them have full d orbitals, while valence results from 

loss of the highest energy pair of s electrons. As expected, otavite (CdCO3) has unit cell 

dimensions (a = 4.93 and c = 16.27 Angstrom) that are very close to those of calcite 

(CaCO3; a = 4.99 and c = 17.06 Angstrom).This interaction would probably lead to the 

formation of solid-solution (Reeder, 1983). The other metal, zinc is an important 

constituent of industrial wastewater effluent and together with cadmium it forms a 

significant portion of waste in the metal finishing and platting operation. A second 

objective is to determine metal sequestration by calcite in the presence of multiple cation 

(in this case cadmium and zinc). As mentioned earlier the mixed waste conditions needs 

to be considered for a more realistic simulation of the natural environmental and 

commercial treatment condition. The presence of a mixed waste of cadmium and zinc 

(that is representative of a vast segment of industrial wastewater) would probably affect 

the overall removal capacity of calcite and provide a better understanding of the various 

reactions occurring on the mineral-water interface. In addition to the 

adsorption/desorption data from the flow through reactor, corroborating data was 

generated with SEM (Scanning Electron Microscope) coupled with EDS (Energy-

Dispersive Xray Microanalyzer). The data was fitted to a kinetic model that generates 

kinetics parameters to further explain the reaction of Cd and Zn over calcite surfaces. 

Finally a geochemical model (MINTEQA2) was used to predict the formation of various 
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Cd and Zn species as well as their occurrence and phase distribution over the pH range of 

interest for this study.  

 

In addition the effect of organic ligands on the dissolution of calcium oxalate is an 

important aspect from the point of cation sequestration. The release of heavy metals 

through the subsequent dissolution of calcium oxalate matrix would limit the use of such 

minerals for environmental site cleanup. Therefore there is a need to understand the 

dissolution mechanism for calcium oxalate as well as understand the various constituents 

that might enhance the dissolution effect. In addition to the current geochemical study 

involving calcite and calcium oxalate, the author has also examined similar geochemical 

reactions involving pyrite, silicates, phospholipids and iron hydroxy complexes. These 

studies examined the formation and stability of silicate and phospholipids coating on 

pyrite surface, using similar techniques as used in this dissertation. Selected portions of 

the above mentioned study has been provided in Appendix B at the end of this document.  

 

As mentioned earlier in the previous section recent studies have indicated that the 

presence of calcium oxalate crystal plays a critical role in kidney stone formation. 

Although the exact mechanism of stone formation is not known, yet data from current 

research indicate that the presence of particular type of oxalate crystal (COM) in urinary 

tract favors the formation of kidney stones. Also it has been shown that the presence of 

certain protein macromolecules favor the conversion of COM to COD and as a result 

decrease the probability of stone formation. Consequently, studies that advance the 

current understanding on various processes occurring on the surfaces of calcium oxalate 
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are essential in the fields of urology. Though studies have shown that a large variety of 

ligands such as EDTA, sodium citrate, succinic acid and gluconic acid are capable of 

dissolving calcium oxalate, yet for this particular medical application, the selected ligand 

should be compatible with the urinary track environment. Based on the above criteria 

sodium citrate (citrate being a common urinary species) has been selected for studying 

the dissolution of calcium oxalate. Citrate, a polyanionic molecule that is abundant in 

urinary solution, is recognized as an inhibitor of COM growth and aggregation at 

concentrations similar to those found in urine (1–2 mM) (Sheng et al., 2004). Citrate also 

has been reported to block adhesion of COM crystals to renal epithelial cells. It was 

observed that the effect of citrate clearly was most significant for the COM (100) face. 

The enlargement of COM (100) faces during COM crystallization was consistent with 

strong adsorption of citrate to COM (100). Citrate also was reported to reduce the length-

to-width ratio of COM crystals, consistent with preferred adsorption of citrate on the ( ) 

and ( ) faces compared with (010). These observations are supported by the adhesion-

force profile, which reflected citrate adsorption decreasing in the order (100) > ( ) > 

(010). The forces for the three faces converge as the citrate concentrations approach 0.5 

mM, was most likely because of saturation of the Ca2+-binding sites on all three faces. 

Overall, the suppression of the adhesion force by citrate corroborates its role in the 

regulation of COM growth, aggregation, and attachment to cells through adsorption on 

crystal faces. Studies relating to citrate suggest a unique adsorption mechanism for 

citrate, possibly involving binding of more than one of its three carboxylate groups to 

lattice sites on the crystal surface. 
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1.4 Scope of Research 

This current research has two main objectives. The first objective is to investigate the 

sequestration of heavy metals (cadmium and zinc in this case) by calcite and calcium 

oxalate. In addition to the kinetic study, additional data from the microscopic study was 

used to better understand the surface reaction between calcite/calcium oxalate-water 

interfaces. Along with conventional studies pertaining to single cation this research also 

focused on multi cation influent system. The objective is to examine the nature of 

adsorption and try to come up with a mechanism for the actual sequestration mechanism 

under competitive adsorption in a multi level cation environment. Additional 

adsorption/desorption studies as well as surface specific study with SEM and AFM was 

done to characterize the adsorption mechanism and determine whether the cations 

interact with the adsorbents (i.e. calcite and calcium oxalate) via inner sphere or outer 

sphere mechanism.  

 

The second part of this research examined the dissolution and other related surface 

reaction on calcium oxalate crystals. The preliminary dissolution study of COM was 

conducted using different concentration of sodium citrate at pH 6 and 7. The aim of the 

second part of this research was to quantify the dissolution rate as well as identify 

parameters such as pH and citrate concentration that affects the dissolution rate. In 

addition the effect of dissolution on the release of heavy metals by calcium oxalate was 

also examined.   
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1.5 Organization of the Dissertation 

This dissertation includes the Abstract; Chapter 1 Introduction, background and literature 

review; Chapter 2 Experimental Procedure; Chapter 3 Results and Discussion; and 

Chapter 4 Future Research. The abstract summarizes the whole proposal, including the 

proposed research, engineering relevance of the problem, literature review, preliminary 

research, further research, expected results. Chapter 1 contains subject matter for the 

research area, background literature review, problem statement and engineering 

relevance, scope of research and organization of the thesis proposal. Chapter 2 includes 

description and methodology for the experimental procedures used in this study. Chapter 

3 highlights the results obtained through the various experimental procedure and relevant 

discussions. Chapter 4 outlines future study that has been suggested as part of this 

dissertation. References contain the bibliographical details, namely, author(s) of the 

article, journal/conference name, page numbers, and year published. These are the 

articles that have been referenced within the proposal. As mentioned earlier, appendix B 

contains selected portion from earlier peer reviewed papers by this author, while 

appendix A contains results from the MINTEQA2 model. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURES 
 

As discussed in section 1.4, this current research consists of two parts; the first part 

examines the sequestration of heavy metals (cadmium and zinc) by calcite and calcium 

oxalate. In addition to single cation system, the effect of multi cation on the sequestration 

mechanism would also be studied. In the second part the dissolution of calcium oxalate 

by citrate as well as its effect on heavy metal sequestration due to dissolution was 

examined.  

 

2.1 Materials and Methods 

The study on the sequestration of heavy metals by calcite and calcium oxalate was done 

primarily using column tests. A continuous flow porous bed reactor was used to study the 

kinetics of heavy metal sequestration on calcite and calcium oxalate crystal. Additional 

surface studies of the calcite/oxalate surface were conducted using SEM and AFM.  

 

2.1.1 Continuous Flow Porous-Bed Reactor System 

The calcium carbonate powder used in preparing the influent solution that was pre-

equilibrated with calcite for the continuous flow experiments was procured from Thomas 

Scientific (manufacturer; Mallinckrodt Baker Inc) and had an assay of 100.05%. The 

surface area, as measured by the single-point BET N2 adsorption method, is 0.7 m2/g, 

with a bulk density of 2.93 g/cm3 and a particle size of 5 micron. The measured surface 

area of the calcite powder  in this case was within range that had been reported in 
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previous studies which varied from 0.2 m2/g (Garin et al., 2003) to 1.2 m2/g (Sanchez et 

al., 2002).  Calcite crystal samples used for metal sequestration by calcite were prepared 

from optical quality Iceland Spar Calcite specimens. All calcite preparation prior to 

analysis, including cleavage of the crystals and reaction of the cleaved surfaces with the 

solution containing the metals of interest, was conducted within the inert atmosphere of a 

glove box to prevent unwanted reactions between the calcite surfaces and normal 

atmospheric components. The {1014} calcite surfaces were exposed by cleaving crystal 

with a blade. Although no initial chemical analysis was performed on calcite crystal, 

previous studies (Garin et al., 2003) have indicated the presence of small quantities of 

Mg2+ (1.2%) and Fe2+ (about 0.03%) in research grade calcite.  

 

The input solution for heavy metal sequestration by calcite was prepared using deionised 

(DI) water. Two types of solutions were used for this study; (a) solution pre-equilibrated 

with calcite (EqW) and saturated with respect to calcium, and (b) a non pre-equilibrated 

solution (NEqW). The EqW solution was prepared following the method outlined in 

previous studies (Garin et al., 2003). It involves reacting DI water with the natural calcite 

under atmospheric conditions for a period of about one month. The EqW solution 

prepared was filtered using a 0.45 µm pore size membrane. Both  EqW and NEqW 

solutions were spiked with either cadmium (as CdCl2) or zinc (as ZnCl2) resulting in 

stock solutions containing Cd and Zn concentration of 1,000 mg of the metal per liter of 

solution In addition, both EqW and NEqW solutions were spiked with combined CdCl2 

and ZnCl2 to form 1000 mg/L of Cd and Zn stock solutions.  The influent solution was 

prepared by diluting the stock solutions of 1000 mg/L of CdCl2 and 1000 mg/L ZnCl2, to 
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1 mg/L CdCl2 and 1 mg/L ZnCl2 respectively. Table 1 outlines the experimental 

parameters of the influent solution used in the flow through cells. For the experiment 

group 2 and 4 the input solution contained a mixed solution of cadmium and zinc while 

the rest had single cation influent. Most natural waters in which calcite saturation is 

observed have pHs between 6 and 9 with an equilibrium pH of about 7.6. In the column 

studies, the measured pH of the NEqW solution was 6.8 ± 0.2 while the EqW solution 

had a pH of 8.0 ± 0.2. 

 
Table 1. Experimental Setup for the Column Experiment using Calcite and Calcium    
Oxalate as Adsorbent.  

Exp. Group Setup # Adsorbent Input solution Influent Cation 

1 Calcite NEqW Cd2+ 

2 Calcite NEqW Zn2+ 

3 Calcite EqW Cd2+ 
1 

4 Calcite EqW Zn2+ 

5 Calcite NEqW Cd2+  + Zn2+ 
2 

6 Calcite EqW Cd2+  + Zn2+ 

7 Calcium Oxalate NEqW Cd2+ 

8 Calcium Oxalate NEqW Zn2+ 

9 Calcium Oxalate EqW Cd2+ 
3 

10 Calcium Oxalate EqW Zn2+ 

11 Calcium Oxalate NEqW Cd2+  + Zn2+ 
4 

12 Calcium Oxalate EqW Cd2+  + Zn2+ 
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The kinetics of heavy metal adsorption on calcite was determined using a porous bed-

reactor system (Kargbo et al., 2003). The system consisted of a CHROMAFLEX column 

supplied by Kontes (Figure 1) and was housed inside a glass column with an inside 

diameter of 10 mm. The column was supplied with an acrylic water jacket to provide 

thermal control inside the column. Each end of the column consists of two end fittings 

with 20-µm porosity HDPE bed. 

 

Figure 1. CHROMAFLEX Column supplied with an acrylic water jacket to provide 
thermal control inside the column. 
 

support.  For each test run, 50 mg of calcite was loaded into a 10mm diameter column 

and the bed thickness of calcite  maintained at 4 mm. Further information relating to the 

porous bed reactor is outlined in Appendix A through D. The spiked influent solution 

(outlined in Table 1) was then passed through the column at a rate of about 0.5 ml/min, 

using a MasterFlex peristaltic pump (Cole Parmer). The effluent from the column was 

collected in 15 ml Nalgene graduated tubes at intervals of 20 minutes using an Eldex 
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universal fraction collector (Eldex Laboratories,). The  pH of the effluent was measured 

and then acidified with 1:1 nitric acid to prevent any precipitation of the cations. This 

ensured that subsequent metal analysis represents the total cation in the dissolved phase. 

The bed reactor assembly and fraction collector were both housed in an air free plastic 

glove bag into which N2 is bubbled to eliminate atmospheric effects on the kinetic 

studies. Following the adsorption experiments, desorption experiments were conducted 

by passing DI water (devoid of metal cation) through the column containing the 

previously reacted calcite. The effluent was collected and stored in a similar manner as in 

the adsorption experiments. The desorption experiments were designed to determine the 

percentage of any sequestered heavy metals that would desorb or dissolve from the 

calcite surface.   

 

Analysis of effluent from the continuous flow adsorption/desorption kinetic studies was 

performed using several techniques.  Concentrations of Cd and Zn were determined using 

an AA Graphite Furnace (Buck Scientific, Model 210 VGP). The liquid samples were 

analyzed in duplicates and the average values reported. Individual measured values 

varied between 3 and 5%. As part of QA/QC process, every 10th sample was spiked with 

a known concentration of the metal of interest.  In addition, 10% of the samples analyzed 

were blanks. The pH of the influent and effluent solution was measured using an Oakton 

series 35617 pH meter, calibrated at pH 4.00, 7.00 and 10.00 (using Milwaukee pH 

buffers solution).  
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2.1.2 Calcium Oxalate Formation and Dissolution 

The column bed reactor was used to study of dissolution mechanism of calcium oxalate 

and the subsequent sequestration and removal of cadmium owing to the dissolution of 

calcium oxalate. Two types of experimental configuration was used for the above study. 

The first set of experiments was used to quantify the dissolution of calcium oxalate under 

various controlled parameters such as pH and citrate concentration. The experimental 

setup is similar to that outlined by Sunga et al., 1999 with some modification in that the 

column reactor would be used instead of the continuous free flow reactor in the original 

method. In this modified method a predetermined quantity of calcium oxalate was kept 

inside the column reactor and pre-determined concentration of sodium citrate solution 

was passed through the solid. The calcium oxalate dissolution reaction was performed at 

pH of 6 and 8, with a sodium citrate concentration of 10-2, 10-4 and 10-5 M. The flow rate 

of the citrate solution was maintained at 60 ml/hour. In order to quantify the dissolution 

rate over the entire dissolution cycle, the reaction time for this study would be maintained 

at 2, 3 and 5 hours. At the end of the each dissolution reaction the calcium oxalate was 

removed from the column, air dried and its weight determined.  

 

The second set of column experiments setup was designed to study and quantify the 

entire cycle from the formation of calcium oxalate on calcite crystal, heavy metal 

sequestration and subsequent dissolution of calcium oxalate with release of the heavy 

metal. The experiments was performed in three stages as given below in Table 2. 
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Table 2. Experimental setup # 2 for studying calcium oxalate formation and dissolution 
cycle. 

Experiment step Influent solution Comment 

1. Formation of calcium 

oxalate on calcite 

10-1 M oxalic acid Concentration of oxalic acid in the 

effluent to be measured using gas 

chromatograph 

1 mg/L Cd 

solution 

2. Sequestration of Cd and 

Zn on calcium oxalate 

formed on calcite 1 mg/L Zn 

solution 

Concentration of cadmium and zinc 

in the effluent to be measure using 

Graphite Furnace  

10-2 M Sodium 

citrate 

10-4 M Sodium 

citrate 

3. Dissolution of calcium 

oxalate formed on calcite 

10-5 M Sodium 

citrate 

Concentration of cadmium and zinc 

in the effluent to be measure using 

Graphite Furnace 

 

Step 1: In this stage the formation of calcium oxalate by reaction of calcite and oxalic 

acid was studied. The reaction between oxalic acid and calcite resulting in the formation 

of calcium oxalate is given below in equation 8. 

CaCO3 + H2C2O4   CaC2O4 + H2O + CO2…………………………………………..(8) 

For this experiment a predetermined quantity of calcite was placed in the column reactor 

and oxalic acid was passed over calcite. Based on literature data, 10-1 M oxalic acid was 

used. A mass balance based on the effluent oxalic acid concentration from the column 
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was used as a measure of calcium oxalate formation on calcite surface. AFM was used to 

visualize the formation of calcium oxalate crystal on calcite surface.   

 

Step 2: This experimental step was used to examine the sequestration of cadmium by the 

newly formed calcium oxalate as outlined in the previous step. In this experiment 

solution spiked with predetermined concentration of cadmium and zinc respectively was 

passed through calcium oxalate that has been formed in step 1. A cadmium and zinc 

concentration of 1mg/L was used as an influent for this step. An influent pH of 6-7 along 

with a flow rate of 30 ml/hr was  maintained for this experiment. The effluent solution 

was collected and analyzed for cadmium and zinc using a graphite furnace using the 

method described in section 2.2.2.  

 

Step 3: This step examined the dissolution of calcium oxalate whose formation was 

examined in step 1. In addition to the calcium oxalate dissolution, the subsequent release 

of cadmium and zinc from the oxalate crystal was also examined. In this step sodium 

citrate of predetermined concentration was passed through the calcium oxalate (that 

contained adsorbed cadmium from step 2). The effluent from this column was collected 

and analyzed for both oxalic acid and cadmium. The dissolution of calcium oxalate was 

examined from the oxalic concentration in the effluent while the re-mobilization of 

cadmium was calculated from the cadmium concentration in the effluent. The 

comparative release of cadmium with respect to calcium oxalate dissolution would give a 

better understanding of the heavy metal sequestration on calcium oxalate. In addition the 
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effect of any metal complex formed on calcium oxalate might also affect its dissolution 

that would enhance our understanding of the natural environmental system. 

 

Thus the study of the entire cycle of reaction process from step 1 through step 3 would 

give a better understanding of the heavy metal sequestration as well as the subsequent 

dissolution of calcium oxalate. In addition, SEM analysis was done on the corresponding 

calcium oxalate during each of three experiment steps. Further the results obtained from 

the above study was compared with the sequestration results obtained in section 2.3.2.  

 

2.1.3 SEM and AFM Analysis 

Sequestration of Cd2+ and Zn2+ on calcite was investigated using a FEI XL30 FEG 

environmental scanning electron microscope (ESEM) with EDAX energy-dispersive 

Xray microanalyzer (SEM/EDS). In the scanning electron microscope (SEM) a very fine 

'probe' of electrons with energies up to 40 keV was focused at the surface of the specimen 

in the microscope and scanned across it in a 'raster' or pattern of parallel lines. This 

results in the emission of secondary electrons with energies of a few tens eV and re-

emission or reflection of the high-energy backscattered electrons from the primary beam 

and X-ray.  Secondary electrons are emitted from the atoms occupying the top surface 

and produce a readily interpretable image of the surface. Backscattered electrons are 

primary beam electrons that are 'reflected' from atoms in the solid. Interaction of the 

primary beam with atoms in the sample causes shell transitions that result in the emission 

of an X-ray. The emitted X-ray has an energy characteristic of the parent element. 

Detection and measurement of the energy permits elemental analysis (Energy Dispersive 
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X-ray Spectroscopy or EDS). With the attachment of the energy dispersive spectrometer 

(EDS) with the SEM, precise elemental composition of materials can be obtained with 

high spatial resolution.  

 

Additional study of the mineral surface was performed using the Atomic force 

microscopy (AFM). An AFM is a mechanical imaging instrument that measures the three 

dimensional topography as well as physical properties of a surface with a sharpened 

probe. The sharpened probe is positioned close enough to the surface such that it can 

interact with the force fields associated with the surface. The probe is scanned across the 

surface such that the forces between the probe remain constant. An image of the surface 

is then reconstructed by monitoring the precise motion of the probe as it is scanned over 

the surface.  In an AFM the probe is generally sharp, typically less than 50 nanometers in 

diameter and the areas scanned by the probe are less than 100 um. In practice the heights 

of surface features scanned with an AFM are less than 20 um. Scan times can range from 

a fraction of a second to many 10’s of minutes depending on the size of the scan and the 

height of the topographic features on a surface. Magnification varies between 100 to 

100,000,000 times in the horizontal(x-y) and vertical axis. 

 

The SEM/EDS analysis provides an instantaneous spectrum showing peaks that 

correspond to elements present in the spot or area being analyzed on the calcite surface 

(with a sampling depth of 1-2 microns) as well as an element map that shows where the 

elements of interest are on the calcite sample. The attachment of the EDS to the SEM 

enabled determination with high spatial resolution, of the relative distribution of species’ 
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elements over the crystal surface.  In this study, the species identified on calcite surface 

were assumed to be sequestered by calcite and offer an opportunity to provide a better 

understanding of the fundamental mechanisms of metal sequestration over calcite 

surfaces. For the SEM/EDS study, freshly cleaved calcite crystals were submerged in 

approximately 25 ml of solution containing Cd or Zn or both Cd & Zn in a Teflon beaker, 

for 8 hours. The concentrations of Cd and Zn varied between 10
-4

 to10
-1

 mmole (10
-1

 to 

10
2
 uM). This concentration range was selected based on results of previous studies 

(Strongin et al., 2005; Elzinga & Reeder, 2002). This covers the range from under 

saturation (when adsorption prevails) to over saturation (when precipitation mechanism 

dominates).  Also, Zachara et al. 1988 reported that Zn2+ retention in calcite suspension is 

controlled by absorption reaction below the initial Zn2+ concentration of 10-3 uM and by 

hydrozincite precipitation at Zn2+ concentrations > 10-3 uM. The selected concentration 

range is therefore assumed to cover the entire range between under saturation and 

oversaturation of the solution with respect to the selected metal cations and therefore 

would give a better understanding of the metal calcite interface. The SEM/EDS analysis 

was conducted using a FEI XL30 FEG environmental scanning electron microscope 

(ESEM) with EDAX energy-dispersive Xray microanalyzer (EDS).  
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CHAPTER 3 

RESULTS AND DISCUSSIONS 
 

3.1 Continuous Flow Reactor 

3.1.1  Calcite Adsorption/Desorption Result 

As mentioned in the previous section a series of column experiments was performed to 

quantify the sequestration of heavy metals by calcite and calcium oxalate. Table 1 

(outlined in Chapter 2) shows the various experimental setups of the first batch of column 

experiments that have been run for the above purpose. Figure 2 shows the results from 

the first series of column test illustrating the ratio of cations in the effluent and influent 

solution as a function of time with calcite as the adsorbent.  
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Figure. 2: The ratio of cations in the effluent and influent solution as a function of time 
with calcite as the adsorbent. The influent solution consists of single cations of either Cd 
or Zn. 
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The “Y” axis value (“Eff/Inf”) in Figure 2 can be represented mathematically in Equation 

4 as: 

Eff/Inf=Cum. cation in effluent (mmole)/Cum. cation in influent (mmole) ……...…….(9)       

For the case of NEqW influent solution (pH = 6.8 ± 0.2), the pH of the effluent varied 

between 9 and 9.3 (with metal-containing influent solution) and up to pH 10 when the 

influent solution is devoid of metal., With the EqW solution (pH = 8.0 ± 0.2), the effluent 

pH varied between 8 and 8.5. The greater difference in pH between influent and effluent 

in the NEqW solution may reflect calcite dissolution in the reactor, which consumes 

protons [CaCO3(s) + H+ ↔ Ca2+ + HCO3
-].  In the case of the EqW influent solution, the 

presence of Ca in the solution may have resulted in reduced calcite dissolution.  

Additionally, the decrease in outflow pH due to the introduction of cadmium in the 

NEqW solution probably implies a decrease in the dissolution rate of calcite. While the 

dissolution rate has not been calculated in this contribution, previous studies (Reeder, 

1996) suggest that Cd2+ preferentially attaches to reactive dissolution sites, e.g., kink and 

edge site, reducing the ability for calcite to dissolve. Selected photos obtained through 

Atomic Force Microscopy (SFM) indicate the presence of such kinks and edge site on 

calcite crystal (Figure 31).   

 

The mass of cation in each graduated tube was calculated from the product of the cation 

concentration and the effluent volume. The cation concentration of the influent solution 

was also measured prior to the start and at the end of each experimental run, and no 

appreciable difference in concentration value was noticed. The difference in the mass of 

cation in the influent and effluent is assumed to be total cation that has been sequestered 
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by calcite. The more cation is removed from the influent solution, the lower the “Eff/Inf” 

ratio. The results from Figure 1 indicate that in case of the influent solution containing a 

single cation, the total mass of zinc removed from solution per unit mass of calcite is 

greater than cadmium for both EqW and NEqW solution. The cumulative mass of each 

metal in the effluent solution measured over the entire duration of each experiment is 

reported in Table 3. 

 
Table 3.  Mass of Cation removed per unit gm of Calcite for different influent solution 
type. 
Exp #  Influent solution  Cation (M) adsorbed/gm Calcite 

1 NEqW sol in Cd2+ Cd2+ : 0.004 

2 NEqW sol in Zn2+ Zn2+ : 0.013 

3 EqW sol in Cd2+ Cd2+ : 0.003 

4 EqW sol in Zn2+ Zn2+ : 0.01 

Cd2+ : 0.004 5 NEqW sol in Cd2+  + 

Zn2+ Zn2+ : 0.002 

Cd2+ : 0.003 6 EqW sol in Cd2+ + Zn2+ 

Zn2+ : 0.001 

 

These results agree quite well with previous studies (Sanchez et al., 2002). Zinc retention 

on calcite (assumed to be represented by mass of zinc removed from solution) may 

partially be attributed to the precipitation of zinc which previous studies (Sanchez et al., 

2002, Zachara et al., 1989) have identified as hydrozincite Zn5(OH)6(CO3)2 on the calcite 

surface. Other studies (Zachara et al., 1991; Cheng et al., 1998) have also reported a 

greater affinity of zinc for the calcite surface than can be explained based on its ionic 

radius alone. 
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A geochemical equilibrium speciation model MINTEQA2 was used to study the various 

cation species in the Cd-Zn-Calcite environment. The model is capable of computing 

equilibria among the dissolved, adsorbed solid and gas phases in an environmental 

setting. The original MINTEQ was developed at Battelle Pacific Northwest Laboratory 

(PNL) by combining the fundamental mathematical structure of MINEQL, a derivative of 

REQEQL with the thermodynamic database of the U.S Geological Survey’s WATEQ3 

model. The data required to predict the equilibrium composition consists of a chemical 

analysis of the sample to be modeled giving total dissolved concentrations for the 

components of interest and any other relevant measurements for the system of interest 

including pH, pE or the partial pressure of one or more gases. The corresponding output 

files from the MINTEQA2 program are provided in Appendix A.   

 

In this study MINTEQA2 was used to study the various cation species that is 

thermodynamically expected to be formed/present in the aqueous environment of the 

porous bed column reactor. The following section deals with the model run for each 

specific case that includes the input parameters, the identification, concentration and 

distribution of the various species. The activity coefficient was calculated using Davies 

equation, temperature was maintained at 25 degree C and all speciation data are assumed 

to be at equilibrium. The distribution of various Cd and Zn species over the pH range of 

interest is outlined in Tables 4 and 5, while Figures 3 and 4 illustrates the species 

distribution over the same pH range.  
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Table 4. Cadmium Speciation at pH 6.8, 7.8, and 8.8 with Cd concentration of 1 mg/L 
  

Molar Concentration of species as function of pH 
Species in Solution 6.8 7.8 8.8 

H+1 1.643E-07 1.643E-08 1.657E-09 
Ca2+ 9.799E-09 9.741E-09 8.928E-09 
Cd+2 2.033E-06 2.049E-07 1.516E-08 
CO3

-2 6.548E-07 6.494E-06 9.413E-05 
CaHCO3

+ 1.753E-10 1.728E-10 2.159E-10 
CaCO3  6.848E-12 6.751E-11 8.361E-10 
OH- 6.584E-08 6.584E-07 6.642E-06 
CdOH+ 9.215E-10 9.291E-10 6.697E-10 
Cd(OH)2  3.563E-13 3.593E-12 2.567E-11 
Cd(OH)3

- 1.434E-18 1.446E-16 1.042E-14 
Cd(OH)4

-2 1.659E-26 1.673E-23 1.238E-20 
Cd2OH+3 1.083E-14 1.101E-15 6.081E-17 
CaOH+ 1.116E-14 1.109E-13 9.903E-13 
HCO3

- 1.992E-03 1.975E-03 2.789E-03 
H2CO3 (aq) 6.838E-04 6.782E-05 9.491E-06 
CdCO3  2.279E-08 2.279E-08 2.278E-08 
CdHCO3

+ 7.977E-09 7.977E-10 8.047E-11 
Cd(CO3)2

-2 1.106E-11 1.097E-10 1.591E-09 
  

Component distribution and phases as function of pH 
Component 6.8 7.8 8.8 

CO3
-2   

 
HCO3

-: 74.4% 
H2CO3 (aq): 25.6% 
Dissolved: 99.7% 
Precipitated: 0% 

HCO3
-:96.4 % 

H2CO3 (aq): 3.3 % 
Dissolved: 99.6% 
Precipitated: 0% 

HCO3
-:96.4 % 

H2CO3 (aq): 3.3 % 
Dissolved: 99.7% 
Precipitated: 0.3% 

Ca+2 Distribution Ca+2 : 98.2 % 
CaHCO3

+: 1.8 % 
 
Dissolved: 100% 
Precipitated: 0% 

Ca+2: 97.6 %  
CaHCO3

+: 1.7 % 
 
Dissolved: 100% 
Precipitated: 0% 

Ca+2: 89.4 %  
CaHCO3

+: 2.2 % 
CaCO3 : 8.4%   
Dissolved: 99.7% 
Precipitated: 0.3% 

Cd+2 Distribution Cd+2: 98.5 % 
CdCO3: 1.1 % 
 
 
Dissolved: 23.2% 
Precipitated: 76.8% 

Cd+2: 89.3 %  
CdCO3: 9.9 %  
 
 
Dissolved: 2.6% 
Precipitated: 97.4% 

Cd+2: 37.6 %  
CdOH+: 1.7%  
CdCO3: 56.5 %  
Cd(CO3)2

-2: 3.9%  
Dissolved: 0.5% 
Precipitated: 99.5% 
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The distribution of Cd in the presence of calcite was studied, with speciation calculation 

at pH 6.8, 7.8 and 8.8. At pH 6.8 and 7.8, cadmium exists primarily as Cd2+ and CdCO3. 

As shown in Figure 3 other cadmium species such as CdOH+ and Cd(CO3)2
2- were 

observed at pH 8.8. The phase distribution model predicts a 78% cadmium precipitation 

at pH 6.8 that is projected to increases to 99% at pH 8.8. The column reactor data along 

with the speciation results indicate that cadmium sequestration is primarily due to the 

formation of a surface precipitate on calcite. While CdCO3 is one of the major Cd 

component, the result does not conclusively indicate whether Cd exists primarily as 

CdCO3 or as (Ca-Cd) solid solution on calcite. However AFM studies of Cd and Pb 

uptake on calcite (Strongin et al., 2005) indicate to the possible formation of Ca-Cd solid 

solution on calcite.  

 
Figure 3. Speciation of Cadmium in presence of Calcite.   
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Table 5. Zinc Speciation at pH 6.8, 7.8, and 8.8 with Zn concentration of 1 mg/L 
  

Molar Concentration of species as function of pH 
Species in Solution 6.8 7.8 8.8 

H+1 1.610E-07 1.656E-08 1.657E-09 
Ca2+ 9.950E-09 9.636E-09 8.928E-09 
Zn+2 1.500E-05 7.802E-06 8.928E-09 
CO3

-2 9.263E-08 9.984E-06 9.422E-05 
CaHCO3

+ 2.901E-11 2.487E-10 2.161E-10 
CaCO3  1.157E-12 9.640E-11 8.366E-10 
OH- 6.453E-08 6.636E-07 6.642E-06 
ZnOH+ 9.095E-08 4.349E-07 2.575E-07 
Zn(OH)2  9.017E-10 4.190E-08 2.479E-07 
Zn(OH)3

- 2.916E-13 1.394E-10 8.255E-09 
Zn(OH)4

-2 7.727E-19 4.019E-15 2.386E-12 
CaOH+ 1.204E-14 1.072E-13 9.902E-13 
HCO3

- 2.994E-04 1.072E-13 2.791E-03 
H2CO3 (aq) 1.049E-04 1.010E-04 9.498E-06 
ZnCO3  7.061E-08 3.161E-06 1.758E-06 
ZnHCO3

+ 1.332E-07 6.137E-07 3.416E-08 
  

Component distribution and phases as function of pH 
Component 6.8 7.8 8.8 

CO3
-2   

 
HCO3

-: 74.% 
H2CO3 (aq): 25.9% 
Dissolved: 100% 
Precipitated: 0% 

HCO3
-:96.3 % 

H2CO3 (aq): 3.3 % 
Dissolved: 99.1% 
Precipitated: 0.1% 

HCO3
-:96.4 % 

CO3
-2: 3.3 % 

Dissolved: 100% 
Precipitated: 0% 

Ca+2 Distribution Ca+2 : 99.7 % 
CaHCO3

+: 1.8 % 
 
Dissolved: 100% 
Precipitated: 0% 

Ca+2: 96.5 %  
CaHCO3

+: 2.5 % 
 
Dissolved: 100% 
Precipitated: 0% 

Ca+2: 89.4 %  
CaHCO3

+: 2.2 % 
CaCO3 : 8.4%   
Dissolved: 100% 
Precipitated: 0% 

Zn+2 Distribution Zn+2: 98.1 % 
 
 
 
 
Dissolved: 100% 
Precipitated: 0% 

Zn+2: 64.7 %  
ZnOH+: 3.6%  
ZnCO3: 26.2 %  
ZnHCO3

+: 5.1%  
 
Dissolved: 78.8% 
Precipitated: 21.1% 

Zn+2: 16.7 %  
ZnOH+: 9.3%  
ZnCO3: 63.5 %  
Zn(OH)2: 9.0% 
ZnHCO3

+: 1.2% 
Dissolved: 18.1% 
Precipitated: 81.9% 

 

The distribution of Zn in the presence of calcite was studied, with speciation calculation 

at pH 6.8, 7.8 and 8.8. At pH 6.8 zinc exists primarily as Zn2+. At pH 7.8 and 8.8, other 
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Zn species such as ZnOH+, ZnCO3 (aq), Zn(OH)2 (aq), and ZnHCO3
+ were observed as 

shown in Figure 4. Zn precipitate increased from 21 to 81 percent between pH 7.8 to 8.8  

with ZnCO3. being the major specie. Results from the column study and the speciation 

data indicate that Zn sequestration is primarily due to precipitation of Zn on calcite. The 

model does not indicate the formation of hydrozincite [Zn5(OH)6(CO3)2], as reported in 

earlier studies, and the primary species appears to be ZnCO3, Zn(OH)2 and ZnOH+.    

 

Figure 4. Speciation of Zinc in presence of Calcite.   

  

 



 42

Figure 5 shows the results from the second set of column experiments, with influent 

solution that is either equilibrated with calcite (EqW) or non-equilibrated (NEqW) and 

both influent solutions containing Cd and Zn.  

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500 600
Time (min)

E
ff 

/ I
nf

Cd in NEqW
Zn in NEqW
Cd in EqW
Zn in EqW

 
Figure. 5: The ratio of cations in the effluent and influent solution as a function of time 
with calcite as the adsorbent. The influent consists of a mixed solution of cadmium and 
zinc.  
 

In the case of mixed solution of cadmium and zinc (Figure 5), the reverse is observed, i.e. 

there is greater removal of cadmium than zinc. It is possible that in the mixed cation 

environment, the precipitation of cadmium (or formation of Ca-Cd solid solution) on 

calcite prevents/minimizes the formation and precipitation of zinc.  Past studies (Garin et 

al., 2003) have indicated that the dominant adsorption sites for both Cd2+ and Ca2+ at the 

pH of this contribution (pH ≤ 10.0) are surface carbonate groups. Consequently, the 

following reaction may account for the surface reaction of Cd2+ on calcite surface over 

the experimental conditions of the flow-through experiments.  

CO3Ca+ + Cd2+ ↔  CO3Cd+ + Ca2+ ………………………………..…………(10) 
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A second set of column study detailed below was performed to get a better understanding 

of the relative sequestration of Cd and Zn as well as their interaction in a mixed cation 

environment. The results illustrated in Figures 2 and 5 (and highlighted in Table 3) also 

indicate that the amount of cadmium and zinc removed is greater for NEqW solution than 

for EqW solution. The difference between EqW and NEqW isotherm can be attributed to 

competition of Ca2+ ions with Cd2+ ions for surface carbonate ligands. In the NEqW 

solution the absence of Ca2+ in the solution increase the probability of replacement of 

surface carbonate ligands by Cd2+ ion, thereby increasing the sequestration of metal 

cations for the NEqW solution.  

 

3.1.2 Reaction Kinetics 

The three fundamental types of reactors that are used to measure rates are batch reactors 

(BR), plug flow reactors (PFR) and mixed flow reactors (MFR). Ideal batch reactors are 

well stirred but close to mass flow. Ideal PFR are columns through which slugs of 

solutions flow without mixing in a forward or reverse direction and without addition or 

losses of solution along the flow path. Ideal MFR are well stirred and open to mass flow 

where there the constant rate of input is equal to the rate of discharge. Kinetic 

experiments produce either concentration vs. time data or rate (change in concentration 

per time) data. These data can be analyzed using the following three types of data; 

differential method, integration method and hybrid method. Integration methods fit 

concentration vs. time data from BR or PFR experiments to the integrated form of the 

rate law. Differential methods of analysis fit the measured rates of reaction to a 

differential rate law, which can be integrated if a concentration vs. time model is 
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required. Mixed flow reactor experiments measure reaction rates directly so their results 

can be fit to the differential rate law without further processing. Experiments, which 

measure concentration vs.  time data require some sort of differentiation methods to 

determine the reaction rate.  The initial rate method, where the rate is determined for 

conditions at the onset of the experiment is widely used to interpret the results of BR and 

PFR reactors.   

 

In this contribution the differential method is used to determine the kinetic value and the 

reaction rate. The differential method involves the following three steps. First the reaction 

rate is determined from the experimental data. Mixed flow reactor experiments give 

apparent reaction rate directly, while BR and PFR experimental data must be 

differentiated to determine the apparent reaction rate. The apparent reaction rate is the 

rate for the particular surface area of the solid used in the reaction.  In order to make the 

rates comparable from experiments to experiments, the apparent reaction rate is 

converted to normalized rate. The rates are correlated to the reactant concentration by 

fitting the data to the differential law.        

 

In this contribution, the removal of cadmium and zinc from solution was determined to 

proceed according to the following rate law (Equation 11).  

rMe2+ = dnMe2+ / dt = -Ak[mn
Me2+] = - k’[mn

Me2+]………………………….....................(11) 

where Me2+ is the metal ion (Ca2+ or Zn2+) in the influent solution, rMe2+ is the rate of 

consumption of the metal ion (mol m-2 sec-1), nMe2+ is the number of moles of the metal 

ion, mMe2+ is the concentration of metal ion, A is the total surface area of calcite, n is the 
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reaction order, k is the rate constant and k’ is the apparent rate constant.  As mentioned in 

Section 2.1.1, a value of 0.7 m2/g was used (using BET N2 adsorption method) for A. 

The rates were correlated to the reactant concentration by fitting the data to the 

differential rate law (Equation 6), to determine the values of k and n (Rimstidt et al, 

1992). The rate law was then linearized by taking the logarithm of both sides to get the 

following (Equation 12). 

log rMe2+  = n log mMe2+ + log k ……………………………………………..…………(12) 

If the experimental data can be described by Equation 12, then the graph of log rMe2+ vs. 

log mMe2+ should be linear with the slope of the line giving an estimate of the reaction 

order (n) and the intercept giving an estimate of the rate constant (k).  It should be noted 

however, that fitting the experimental results to the linearized form of Equation 12 gives 

estimates of n and k that are slightly in error because taking logs changes the weighting 

of the data. The magnitude of this error was not determined in this contribution, due to 

the minute nature of this error and also since it does not effect the overall trend of the 

results.  

 

The apparent reaction rate, r’Me2+ is the rate for the particular surface area of calcite used 

in the experiment. The apparent reaction rate was determined from the difference 

between the metal ion concentration in the influent and effluent solutions as follows 

(Equation 13 and 14); 

r’Me2+ = [ dnMe2+ / dt ]  = {[ (nMe2+) / M ]inf  -  [(nMe2+) / M ]out } {dm/dt}….(13) 

r’Me2+ = (min – mout)(rf)…………….…..……………………………..…….(14) 
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where M is the mass of the solution (kg), rf is the flow rate (kg sec-1), and the others are 

as previously defined.  To enable comparison of reaction rates between the different 

experiments, the apparent reaction rates were converted to normalized reaction rates by 

dividing r’Me2+ by the total surface area of calcite (A) in contact with the solution. The 

following are log plots of r (r’Me2+) versus m (mMe2+) for Cd and Zn in NEqW influent 

solution containing a single cation of Cd or Zn (Figure 6) and a mixture of Cd and Zn 

(Figure 7), with Figure 8 and 9 being the corresponding plots for EqW solution. 
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Figure 6:  Logarithm plot of log r Vs. log m for Cd and Zn with the NEqW influent 
consisting of a single cation of Cd or Zn. 
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Figure 7:  Logarithm plot of log r Vs. log m for Cd and Zn with the NEqW influent 
consisting of a mixture of Cd and Zn. 
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Figure 8: Logarithm plot of log r Vs log m for Cd and Zn with the EqW influent 
consisting of a single cation of Cd and Zn respectively. 
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Figure 9:  Logarithm plot of log r Vs. log m for Cd and Zn with the EqW influent 
consisting of a mixture of Cd and Zn. 
 

The kinetic rate and reaction order for the reactions illustrated in Figure 7 through 9 are 

shown in Table 6.  

Table 6: Rate constants and reaction orders for Cadmium and Zinc removal from solution 
by Calcite. 

Influent solution Influent Solution 
Type 

k (mole m-2/sec) n 

Cd2+  EqW 5.49 x 10-7 0.05 

Zn2+ EqW 7.44 x 10-7 0.02 

Cd2+ + Zn2+ EqW For Cd2+ : 6.16 x 10-7 0.02 

  For Zn2+ : 1.31 x 10-7 0.04 

Cd2+  NEqW 7.68 x 10-7 0.07 

Zn2+ NEqW 1.21 x 10-6 0.02 

For Cd2+ : 5.85 x 10-7 0.04 Cd2+ + Zn2+ NEqW 

For Zn2+ : 3.85 x 10-7 0.04 
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As illustrated in Table 6, the removal of cadmium and zinc from solution is governed by 

a reaction order of less than 1. This indicates, at least mathematically, a reaction that goes 

to completion if the reaction order does not change. The fact that the reaction order is 

close to zero indicates that the reaction rate is probably independent of the reactant 

concentration. This is typically the case where the speed of the precipitation reaction on 

the calcite surface proceeds irrespective of the of the cation concentration. The reaction 

rate (k) is greater (NEqW) for zinc (kZn = 1.21 x 10-6 mole m-2/sec) that cadmium (kCd = 

7.68 x 10-7 mole m-2/sec). Figure 7 illustrates the kinetic data in case of multi cation 

influent (NEqW), with the reaction rate (k) greater for cadmium (kCd = 5.85 x 10-7 mole 

m-2/sec) compared to zinc (kZn = 3.85 x 10-7 mole m-2/sec). Similarly for EqW solution, 

the reaction rate for zinc (kZn = 7.44 x 10-7 mole m-2/sec) is greater than that of cadmium 

(kCd = 5.49 x 10-7 mole m-2/sec). Figure 9 illustrates the kinetic data in case of multi 

cation influent (EqW), with the reaction rate (k) greater for cadmium (kCd = 6.16 x 10-7 

mole m-2/sec) compared to zinc (kZn = 1.31 x 10-7 mole m-2/sec). Interpretation of the 

kinetic data is consistent with the results from the column study that showed greater 

removal of Zn from solution compared to Cd in case where the influent solution 

contained a single cation. However in a multi-cation environment, cadmium is removed 

from solution faster than zinc. This agrees well with the speciation results from 

MINTEQA2 that indicate that at a low pH (around 6.8) a greater quantity of cadmium 

was predicted to be precipitated than Zn on calcite. It is possible that the presence of 

cadmium complexes in the environment retards or delays the onset of formation of zinc 

precipitate on the calcite surface.   

 



 50

As indicated earlier in Section 3.1.1, zinc and cadmium retention on calcite may partially 

be attributed to the precipitation of zinc and cadmium on the calcite surface (Sanchez et 

al., 2002, Zachara et al., 1989). As indicated from the speciation diagram (Figure 4 and 

5), and the MINTEQA2 data (Tables 4 and 5) Cd precipitates in the form of CdCO3 

(which might also exist in the form of Cd-Ca solid solution), while for the case of Zn, the 

primary species in the precipitate appears to be ZnCO3, Zn(OH)2 and ZnOH+.   

 

As mentioned in the previous section a second set of column study was performed in 

order to get a better understanding of the heavy metal sequestration by calcite in the 

presence of multiple ions. This new experimental column setup (Table 7) was similar to 

the one described in Section 2.2.1. However instead of using a single influent throughout 

the experiment, in this case the column experiment was done in two stages using two 

different type of influent solution.  In the first stage an influent solution spiked with a 

predetermined concentration of cadmium was passed through the adsorbent. At the end of 

this first stage the inflow of cadmium solution was stopped and a second solution spiked 

with predetermined concentration of zinc was passed through the adsorbent. The effluent 

was collected, stored and analyzed in a similar manner described in section 2.2.1. The 

above experiment was again repeated but the sequence of influent was reversed, i.e. with 

zinc followed by cadmium. 
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Table 7. Experimental setup for the column experiment using multiple cations for calcite  
Exp # Adsorbent Influent solution 

1 Calcite Cd2+ followed by Zn2+ 

2 Calcite Zn2+ followed by Cd2+ 

 

The ratio of the individual cations i.e. Cd2+/Zn2+ and Zn2+/Cd2+ adsorbed by calcite was 

calculated based from the cation analysis of the effluent. Figure 10 and 11 shows the 

value of Eff/Inf for the cations obtained for the above two experiments. 
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Figure 10. The ratio of cations in the effluent and influent solution with calcite as the 
adsorbent In the first stage the influent was spiked with Cd2+ while in the second stage 
the influent was spiked with Zn2+.   
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Figure 11. The ratio of cations in the effluent and influent solution with calcite as the 
adsorbent In the first stage the influent was spiked with Zn2+ while in the second stage the 
influent was spiked with Cd2+.   
 

The result obtained from the above two sets of experiments further strengthens our earlier 

observation that for a single cation environment a greater quantity of zinc was adsorbed 

than cadmium. As shown in Table 8, Zn/Cd (for exp 2) > Cd/Zn (for exp 1). Therefore 

more zinc was removed than cadmium when the first stage influent had zinc (exp 2) than 

cadmium (exp 1). The results also show that the presence of zinc initially on calcite (exp 

2) impedes/reduces cadmium removal during the later stage. This reduction in removal of 

the second stage cation is less when cadmium is present initially followed by zinc (exp 

1). This is probably because the precipitation of zinc on calcite surface during the first 

stage prevents or reduces the further removal of cadmium during the second stage (exp 

2). However the removal of cadmium is probably more surface dependent, (i.e. 

replacement of Ca2+ for Cd2+), hence after the initial pass of cadmium solution (exp 1), 

there are still sites available on calcite for zinc removal during the second stage.  
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Table 8. Relative removal of Cadmium and Zinc with multiple sequence of influent 
solution.  

Exp # Influent solution Cd2+/Zn2+ (mmole) Zn2+/Cd2+ (mmole) 

1 Cd2+ followed by Zn2+ 0.405 2.467 

2 Zn2+ followed by Cd2+ 0.17 5.88 

 

3.1.3 Desorption Experimental Results 

Results from the desorption studies outlined earlier in section 2.2.1 was used to further 

enhance our understanding of the mechanism of cadmium and zinc interaction on calcite 

surface. As described earlier the desorption study was performed by passing DI water 

through the adsorbent after it was subjected to the adsorption study by passing an influent 

containing a predetermined concentration of cation.  

 

Figures 12 through 14 show the results of various adsorption/desorption studies with 

calcite being the adsorbent and NEqW solution being the influent solution. The initial 

concentration of cation in the influent solution is represented as C0 while C is the 

concentration of the cations in the effluent. Following the reaction of the cation with 

calcite, DI water (devoid of the metal cation) was passed through the column containing 

the previously reacted calcite in an attempt to desorb the retained cation. Desorption of 

Cd2+ from calcite (Figure 12) is characterized by an initial rapid release of cadmium, 

followed by a low non-zero outflow concentration over relatively long time.  
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Figure 12.  Cation removal over adsorption/desorption cycle with an influent solution 
containing Cd2+.  The desorption stage started at 440 minute. (% desorbed: 6.54) 
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Figure 13. Cation removal over adsorption/desorption cycle with an influent solution 
containing Zn2+.  The desorption stage started at 440 minute. (% desorbed: 50.84) 
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Figure 14. Cation removal over the adsorption/desorption cycle with an influent solution 
containing a mixed solution of Cd2+ and Zn2+.  The desorption stage started at 420 
minute. (% desorbed, Cd: 7.96, Zn: 15.48) 
 

Long persistent tailing in the desorption curve for Cd could either correspond to either the 

low solubility of calcite or the low solubility of the primary precipitated species (i.e 

CdCO3 on calcite. While the solubility product of calcite is greater than cadmium 

carbonate, studies have shown that the presence of Cd on kinks and edges of calcite 

surface substantially decrease the solubility of calcite. The long persistent tailing effect 

probably reflects the slow dissolution of calcite in presence of cadmium.  

 

As seen in Figure 13, Zn displayed a substantially less tailing effect than Cd. However, a 

substantially higher initial flush of Zn was released during desorption. The percentage 

desorption is higher for both Cd and Zn in case of multi cation compared to the single 

cation environment. The fact that the solubility product of ZnCO3 (Ksp = 10-10) is higher 

than the solubility product of CdCO3 (Ksp = 10-12) would indicate that Zn species would 

dissolve more easily than the corresponding Cd precipitated species on calcite.  
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Results from desorption study (Table 9) indicate that cadmium was less desorbed from 

the calcite surface than zinc in both single and multi cation environment.  

 

Table 9:  Desorption of cation with calcite as the adsorbent 

Exp # Influent solution % Cation desorbed 

1 Cd2+ 6.54 

2 Zn2+ 15.06 

Cd2+ : 7.96 3 Cd2+  + Zn2+ 

Zn2+ : 17.54 

 

The quantity of cation desorbed from calcite was calculated by integrating the outflow 

cation concentration from the beginning of the desorption stage to the end (when effluent 

concentration reported 0 ppm for cation). As stated earlier, the mass of cation was 

calculated from the product of the cation concentration and the effluent volume. The ratio 

of total mass of cation released during desorption and the total mass of cation in the 

calcite (that remained in the calcite during sequestration phase) is expressed as percent 

desorption. The results indicate that approximately 6% of Cd and 15% of Zn was 

desorbed from the calcite surface. The results agrees well with past studies (Zachara et 

al., 1991; Stipp, 1992) that showed that approximately about 80% of Cd was not 

desorbable. Other studies (Chada et al., 2005) have studied the desorption of Cd and Pb 

with preequilibrated solution of calcite that have indicated that the majority of the cation 

species on calcite exist primarily as precipitate. As mentioned earlier the low Cd 

desorption probably reflects the reduction in calcite solubility in the presence of 



 57

cadmium. The difference between the zinc and cadmium release is probably due to the 

higher solubility of ZnCO3 compared to CdCO3.  

 

3.1.4 SEM Study of Calcite 

Sequestration of Cd2+ and Zn2+ on calcite was investigated using scanning electron 

microscopy/energy dispersive X-ray spectroscopy (SEM/EDS). The goal of this 

contribution is to identify surface species, which could provide a better understanding of 

the fundamental surface mechanisms of metal sequestration over calcite. Experimental 

configuration for SEM/EDS analysis and the distribution of elements (on a relative % 

weight basis) on calcite surface are provided in Table 10. Figure 15 through 19 are the 

corresponding Energy Dispersive X- Ray Spectroscopy (EDS) plots while, Figure 20 

and 21 are some selected SEM photo for the calcite crystal under varying experimental 

conditions. 

 
Table 10. Experimental configuration for SEM/EDS analysis and elemental distribution 
on Calcite. 
Exp #  Input Solution  Conc. (mMole) % wt, based on EDS analysis 
 Solution pH = 6.8 ± 

0.2  
  

1  NEqW, Cadmium  1.0E-04  Cd: 0.10, Zn: 0.00  
2  NEqW, Zinc  1.0E-04  Zn: 0.92, Cd: 0.00  
   Zn/Cd=9.20  
    
3  NEqW, Cadmium  1.0E-01  Cd: 0.37, Zn: 0.00  
4  NEqW, Zinc  1.0E-01  Zn: 24.28, Cd: 0.00  
   Zn/Cd=65.62  
    
5  NEqW, Zinc + 

Cadmium  
1.0E-01  Cd: 0.6, Zn: 0.14  

   Zn/Cd=0.23  
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Table 10 continued 
 Solution pH = 8 ± 0.2    
1  EqW, Cadmium  1.0E-04  Cd: 22.49, Zn: 0.00  
2  EqW, Zinc  1.0E-04  Zn: 23.81, Cd: 0.00  
   Zn/Cd=1.06  
    
Exp #  Input Solution  Conc. (mMole) % wt, based on EDS analysis 
3  EqW, Cadmium  1.0E-01  Cd: 0.22, Zn: 0.00  
4  EqW, Zinc  1.0E-01  Zn: 0.72, Cd: 0.00  
   Zn/Cd=3.27  
    
5  EqW, Zinc + Cadmium 1.0E-01  Cd: 26.11, Zn: 2.09  
   Zn/Cd=0.08  

 

The EDS results indicate that in the case of a single cation solution, the relative amount 

of zinc (on a weight percent basis) retained on calcite was greater than the amount of 

cadmium retained on the same calcite surface for NEqW solutions. This observation is 

also noted for EqW solutions (pH=8) and metal concentration of 0.0001 mMole. 

A: 10
-4 

mMole of NEqW Cd B: 10
-1 

mMole of NEqW Cd 
Figure 15. Energy Dispersive X- Ray Spectroscopy (EDS) plot of Calcite Crystal after 
reaction with a pH 6.8, NEqW solution containing Cd at a concentration of 10

-4 
mMole of 

NEqW Cd. (A) and 10
-1 

mMole of NeqW Cd (B) 
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A: 10
-4 

mMole of NEqW Zn B: 10
-1 

mMole of NEqW Zn 
Figure 16. Energy Dispersive X- Ray Spectroscopy (EDS) plot of Calcite Crystal after 
Reaction with a pH 6.8, NEqW solution containing Zn at a concentration of 10

-4 
mMole 

of NEqW Zn (A)  and 10
-1 

mMole of NEqW Zn (B) 
 

 

A:  10
-4 

mMole of EqW Cd B: 10
-1 

mMole of EqW Cd 

Figure 17. Energy Dispersive X- Ray Spectroscopy (EDS) plot of Calcite Crystal after 
Reaction with a pH 8, EqW solution containing Cd at a concentration of 10

-4 
mMole of 

EqW Cd (A) and 10
-1 

mMole of EqW Cd (B). 
 



 60

A:  10
-4 

mMole of EqW Zn B: 10
-1 

mMole of EqW Zn 

Figure 18. Energy Dispersive X- Ray Spectroscopy (EDS) plot of Calcite Crystal after 
Reaction with a pH 8, EqW solution containing Zn at a concentration of 10

-4 
mMole of 

EqW Zn (A) and 10
-1 

mMole of EqW Zn.(B). 
 

A:  10
-1 

mMole of NEqW Zn and Cd B: 10
-1 

mMole of EqW Zn and Cd 
Figure 19. Energy Dispersive X- Ray Spectroscopy (EDS) plot for Calcite Crystal after 
Reaction with 10

-1 
mMole of  NEqW Zn and Cd at pH 6.8 (A) and 10

-1 
mMole of EqW 

Zn and Cd at pH 8 (B) 
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A:  10
-1 

mMole of NEqW Cd B: 10
-1 

mMole of EqW Zn 
Figure 20. SEM photo of calcite crystal after reaction with 10-1 mMole of NEqW Cd at 
pH 6.8 (A) and 10-1 mMole of  NEqW Zn at pH 6.8 (B). 
 

A:  10
-1 

mMole of EqW Cd B: 10
-1 

mMole of EqW Zn 

Figure 21.  SEM photo of calcite crystal after reaction with 10-1 mMole of EqW Cd at pH 
8 (A) and 10-1 mMole of EqW Zn at pH 8 (B).  
 

NEqW, pH=6.8 Input Solution: At pH=6.8, and a Zn or Cd containing solution not 

equilibrated with calcite (NEqW), the Zn/Cd ratio is higher at 0.10 mMole (Zn/Cd = 

65.6) than at 0.0001 mMole (Zn/Cd = 9.2).  Alternatively, at pH 6.8 Zn retention on 

calcite increased by a factor of 26 when the influent cation concentration was increased 
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by a factor of 1,000 (from 10
-4

 to 10
-1

 mMole).  For Cd however, the retention increased 

only by a factor of 3.7.     

 

EqW, pH=8 Input Solution: With the metals in a solution equilibrated with calcite 

(EqW and pH=8), the results are  different.  First, the amounts of  Cd retained at pH 8 are 

much higher than those retained at pH=6.8 for both influent solutions of Cd (0.1 mMole 

and 0.0001 mMole Cd) However, for Zn sorption, the amounts of Zn retained on calcite 

surface are similar at both pHs and both influent concentrations of zinc. Cadmium 

sorption appears to be more affected by pH changes than Zn.  Consequently, the Zn/Cd 

ratios are lower than the ratios at pH=6.8 for both concentrations. Zn retention on calcite 

increased by a factor of 33 when the influent cation concentration was increased by a 

factor of 1,000 (from 10
-4

 to 10
-1

 mMole), while for Cd the retention increased by a factor 

of 102. Cadmium sorption appears to be more affected by pH changes than Zn, which 

indicates that for Cd, the presence of the surface hydroxyl sites play a primarily role in 

Cd sequestration.  

 

Mixed Input Solution: For both single cation input solutions, Zn retention on calcite 

surface is greater than Cd retention.  However, with mixed input solution of cadmium and 

zinc, the reverse is true, i.e. the relative percent weight observed on calcite was greater 

for Cd than Zn  (Zn/Cd = 0.23 @ pH=6.8 and Zn/Cd = 0.08 @ pH 8), that agrees with 

earlier observation from the column study.  
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The speciation data obtained from MINTEQA2 indicate that Zn and Cd are both removed 

from solution via precipitation reaction. While previous studies had indicated the 

occurrence of Zn in the form of hydrozincite Zn5(OH)6(CO3)2 precipitate on the calcite 

surface (Sanchez et al., 2002), the geochemical results show ZnCO3, Zn(OH)2 and 

ZnOH+ as the predominant species. In case of Cd, the major species in the precipitate 

consists of CdCO3. 

  

In general, a higher weight percent of cations is retained on the calcite surface at pH 8 

than pH 6.8. The comparatively high retention of both Cd and Zn at higher pH, indicates 

a increase in surface precipitation reaction, that is also observed in the MINTEQA2 

model run. During the column experiment, it was observed that the introduction of Cd in 

the NEqW solution caused a decrease in the effluent pH that suggested a decrease in 

calcite dissolution. While the dissolution rate has not been calculated in this study, 

available literature (Reeder, 1996) suggests that Cd2+ preferentially attaches to reactive 

dissolution sites, leading to a competition between adsorption and dissolution process. As 

mentioned in the previous section, this decrease in dissolution rate of calcite might also 

explain, the reduction of Cd observed during the desorption reaction.   

 

Results from the SEM/EDS analysis aggress with column study using similar 

configuration. The EDS plots indicate that a more pronounced Cd peak was detected on 

calcite for an influent EqW solution at pH 8 (Figure 17-B), while no Cd peak was 

detected at pH 6.8 with NEqW influent solution (Figure 15-A and 15-B). Similarly, a 

more pronounced Zn peak was detected on calcite at pH 8 for EqW solution (Figure 18-
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B) as compared to NEqW solution at pH 6.8 (Figure 16-B). While the geochemical model 

clearly predicts the formation of precipitate for both Cd and Zn, the SEM result does not 

show any Cd peak on calcite at pH 6.8.  While the geochemical model does predict the 

formation of cadmium precipitate on calcite, its non detection by SEM can be attributed 

to either non uniform precipitation over the surface in which case the SEM image was 

taken in a relatively clean area of the calcite. It is also possible that the 

carbonate/hydroxide species of cadmium is masking the Cd from the SEM analysis. In 

either case additional studies using XPS could be used to determine the presence of Cd 

and the relative ratio of various hydroxide and carbonate species on the calcite surface. In 

a mixed cation environment (Figures 19-A and 19-B), no Cd or Zn peak was detected (at 

pH 6.8), while a pronounced Cd peak was detected at pH 8. The SEM data (Table 10) 

also indicate that for a mixed solution, the ratio of Cd to Zn was higher in EqW solution 

(12.49), compared to NEqW solution (4.28). The ratio of kCd to kZn for similar case 

(Table 6) show a higher value for EqW solution (4.7), compared to 1.53 for NEqW 

solution. The results from the SEM study clearly reinforce the results obtained from the 

column experiments, the kinetic data and the geochemical data. It is possible that in a 

mixed cation environment, the surface interaction of Cd on calcite minimizes the 

formation of Zn precipitate.  

 

3.1.5 Calcium Oxalate Adsorption/Desorption Result 

As mentioned in the previous section a series of column experiments was performed to 

quantify the sequestration of heavy metals by calcium oxalate. Figure 22 shows the 

results from the column test using various combinations of equilibrated (EqW) and non 
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equilibrated (NEqW) solution with calcium oxalate as the adsorbent. The influent 

solution contained a single cation, (i.e. either cadmium or zinc) as outlined in experiment 

group 3 in Table 1. Figure 23 shows the result from experiment group 4 in Table 1. In 

this case the influent consists of a mixed solution (both EqW and NEqW) of cadmium 

and zinc, with calcium oxalate as the adsorbent. 
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Figure 22. The ratio of cations in the effluent and influent solution as a function of time 
with calcium oxalate as the adsorbent. The influent consists of single cations of either 
cadmium or zinc. 
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Figure 23. The ratio of cations in the effluent and influent solution with calcium oxalate 
as the adsorbent. The influent consists of a mixed solution of cadmium and zinc. 
 
 
Table 11. Mass of cation removed per unit gm of Calcium Oxalate for different influent 
solution type 
Exp #  Solution Type mg cation adsorbed/gm 

CaOx 

cation (M) adsorbed/gm 

CaOx 

1 NEqW sol in Cd2+ 0.964 0.009 

2 NEqW sol in Zn2+ 1.624 0.025 

3 EqW sol in Cd2+ 0.838 0.007 

4 EqW sol in Zn2+ 1.2 0.018 

Cd2+ : 1.43 0.013 5 NEqW sol in Cd2+  + 

Zn2+ Zn2+ : 0.73 0.011 

Cd2+ : 1.017 0.009 6 EqW sol in Cd2+ + Zn2+ 

Zn2+ : 0.158 0.002 
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Similar as in case of calcite, the amount of cation adsorbed per unit gm of calcium 

oxalate was calculated for the entire reaction set, as shown in Table 11 and the following 

observations can be made.  

1. In case of both EqW and NEqW solution the total amount of zinc removed per unit 

weight of calcite is greater than cadmium. However in case of mixed solution of 

cadmium and zinc, the reverse is true, i.e. there is greater sequestration of cadmium than 

zinc. 

2. The amount of cadmium and zinc removed is greater for NEqW solution than for EqW 

solution, which is probably due to reasons similar to the case of calcite as explained 

earlier in section 2.3.1. 

3. In general the amount of cation removal is greater when the adsorbent used is calcium 

oxalate as compared to calcite (Table 12). Additional column studies and desorption 

results outlined below will be used to explain these observations.  

 
Table 12. Comparison of cation removal by Calcite and Calcium Oxalate 
Exp  Solution Type cation (M) adsorbed/gm 

Calcite 

cation (M) adsorbed/gm 

CaOx 

1 NEqW sol in Cd2+ 0.004 0.009 

2 NEqW sol in Zn2+ 0.013 0.025 

3 EqW sol in Cd2+ 0.003 0.007 

4 EqW sol in Zn2+ 0.01 0.018 

Cd2+: 0.004 Cd2+: 0.013 5 NEqW sol in Cd2+  + 

Zn2+ Zn2+: 0.002 Zn2+: 0.011 



 68

Table 12. continued 

Cd2+: 0.003 Cd2+: 0.009 6 EqW sol in Cd2+ + Zn2+ 

Zn2+: 0.001 Zn2+: 0.002 

 

3.1.6 Reaction Kinetics 

The results from figures 22 and 23 were further analyzed in a manner similar to that 

outlined in Section 3.1.2.  The following are log plots of r (r’Me2+) versus m (mMe2+) for 

Cd and Zn in NEqW influent solution containing a single cation of Cd or Zn (Figure 24) 

and a mixture of Cd and Zn (Figure 25). 
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Figure 24.  Logarithm plot of log r Vs. log m for Cd and Zn with the NEqW influent 
consisting of a single cation of Cd or Zn. 
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Figure 25.  Logarithm plot of log r Vs. log m for Cd and Zn with the NEqW influent 
consisting of a mixture of Cd and Zn. 
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Figure 26. Logarithm plot of log r Vs log m for Cd and Zn with the EqW influent 
consisting of a single cation of Cd and Zn respectively. 
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Figure 27.  Logarithm plot of log r Vs. log m for Cd and Zn with the EqW influent 
consisting of a mixture of Cd and Zn. 
 

The kinetic rate and reaction order for the reactions illustrated in Figure 22 and 23 are 

shown in Table 13.  

 

Table 13. Rate constants and reaction orders for cadmium and zinc removal from solution 
by Calcium Oxalate. 

Influent 
solution 

Influent Solution 
Type 

k (mole m-2/sec) n 

Cd2+  EqW 7.57 x 10-7 0.116 

Zn2+ EqW 1.04 x 10-6 0.049 

Cd2+ + Zn2+ EqW For Cd2+ : 4.04 x 10-7 0.037 

  For Zn2+ : 2.76 x 10-7 0.004 

Cd2+  NEqW 3.77 x 10-7 0.052 

Zn2+ NEqW 8.05 x 10-7 0.022 

For Cd2+ : 4.83 x 10-7 0.015 Cd2+ + Zn2+ NEqW 

For Zn2+ : 3.42 x 10-7 0.028 
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The reaction rate (k) is greater (NEqW) for zinc (kZn = 8.05 x 10-7 mole m-2/sec) than 

cadmium (kCd = 3.77 x 10-7 mole m-2/sec). Figure 25 illustrates the kinetic data in case of 

multi cation influent (NEqW), with the reaction rate (k) greater for cadmium (kCd = 4.83 

x 10-7 mole m-2/sec) compared to zinc (kZn = 3.42 x 10-7 mole m-2/sec). Similarly for 

EqW solution, the reaction rate for zinc (kZn = 1.04 x 10-6 mole m-2/sec) is greater than 

that of cadmium (kCd = 7.57 x 10-7 mole m-2/sec).  Figure 27 illustrates the kinetic data in 

case of multi cation influent (EqW), with the reaction rate (k) greater for cadmium (kCd = 

4.04 x 10-7 mole m-2/sec) compared to zinc (kZn = 2.76 x 10-7 mole m-2/sec). 

Interpretation of the kinetic data is consistent with the results from the column study that 

showed greater removal of Zn from solution compared to Cd in case where the influent 

solution contained a single cation. However in a multi-cation environment, cadmium is 

removed from solution faster than zinc. Additional kinetic data from the desorption 

experiments as well as other column experiments are described in the next section. 

 

As mentioned in the previous section a second set of column study was performed in 

order to get a better understanding of the competitive adsorption between cadmium and 

zinc. This new experimental column setup (detailed in Table 14) was similar to the one 

done for calcite as described in Table 7. In this case the column study was done in two 

stages using two different type of influent solution. In the first stage an influent solution 

spiked with a predetermined concentration of cadmium was passed through the 

adsorbent. At the end of this first stage the inflow of cadmium solution was stopped and a 

second solution spiked with predetermined concentration of zinc was passed through the 

adsorbent. The effluent was collected, stored and analyzed in a similar manner described 
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in section 2.2.1. The above experiment was again repeated but the sequence of influent 

was reversed, i.e. with zinc followed by cadmium. 

 
Table 14. Experimental setup for the column experiment using multiple cations (using 
calcium oxalate).  
 

Exp # Adsorbent Influent solution 

1 Calcium Oxalate Cd2+ followed by Zn2+ 

2 Calcium Oxalate Zn2+ followed by Cd2+ 

 

The ratio of the individual cations i.e. Cd2+/Zn2+ and Zn2+/Cd2+ adsorbed by calcium 

oxalate was calculated based from the cation analysis of the effluent. Figure 28 and 29 

shows the results obtained from the above two experiments.  

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800

Time (min)

Ef
f/I

nf Cd
Zn

 

Figure 28. The ratio of cations in the effluent and influent solution with calcium oxalate 
as the adsorbent In the first stage the influent was spiked with Cd2+ while in the second 
stage the influent was spiked with Zn2+.  
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Figure 29. The ratio of cations in the effluent and influent solution with calcium oxalate 
as the adsorbent In the first stage the influent was spiked with Zn2+ while in the second 
stage the influent was spiked with Cd2+.   
 

The result obtained from the above two sets of experiments was similar to the one 

obtained for calcite in section 2.3.1. For a single cation environment a greater quantity of 

zinc was adsorbed than cadmium. As shown in Table 15, Zn/Cd (for exp 2) > Cd/Zn (for 

exp 1). Therefore more zinc was adsorbed than cadmium when the first stage influent had 

zinc (exp 2) than cadmium (exp 1). The results also show that the presence of zinc 

initially on calcium oxalate (exp 2) impedes/reduces cadmium removal during the later 

stage. This reduction in removal of the second stage cation is less when cadmium is 

present initially followed by zinc (exp 1). This is probably because the precipitation of 

zinc on calcium oxalate surface during the first stage prevents or reduces the further 

removal of cadmium during the second stage (exp 2). However the removal of cadmium 

is probably more surface dependent, (i.e. replacement of Ca2+ for Cd2+), hence after the 

initial pass of cadmium solution (exp 1), there are still sites available on calcium oxalate 

for zinc removal during the second stage.  
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Table 15. Relative removal of cadmium and zinc with multiple sequence of influent 
solution.  

Exp # Influent solution Cd2+/Zn2+ (mmole) Zn2+/Cd2+ (mmole) 

1 Cd2+ followed by Zn2+ 0.333 3.004 

2 Zn2+ followed by Cd2+ 0.122 8.207 

 

3.1.7 Desorption Result from Calcium Oxalate Experiment 

Desorption study similar to those performed for calcite was also performed on calcium 

oxalate. As described earlier the desorption study was performed by passing DI water 

through the adsorbent after it was subjected to the adsorption study by passing an influent 

containing a predetermined concentration of cation. For the three desorption experiment 

described here, for the first case the influent had zinc, in the second case the influent 

contained cadmium and in the third case the influent contained a mixed solution of 

cadmium and zinc. Figure 30 through 32 shows the results obtained for the various 

adsorption/desorption study with calcium oxalate being the adsorbent. The initial influent 

concentration is represented as C0 while C is the concentration of the cations in the 

effluent. Following the reaction of the cation with calcium oxalate, DI water (devoid of 

the metal cation) was passed through the column containing the previously reacted calcite 

in an attempt to desorb the retained cation. Desorption of Cd2+ from calcite (Figure 31) is 

characterized by an initial rapid release of cadmium, followed by a low non-zero outflow 

concentration over relatively long time.  
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Figure 30. Cation removal over the adsorption/desorption cycle with an influent solution 
containing Zn2+.  
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Figure 31. Cation removal over the adsorption/desorption cycle with an influent solution 
containing Cd2+.  
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Figure 32. Cation removal over the adsorption/desorption cycle with an influent solution 
containing a mixed concentration of Cd2+ and Zn2+.  
 

The quantity of cation desorbed from calcium oxalate was calculated by integrating the 

outflow cation concentration from the beginning of the desorption stage to the end (when 

effluent concentration reported 0 ppm for cation). As stated earlier, the mass of cation 

was calculated from the product of the cation concentration and the effluent volume. The 

ratio of total mass of cation released during desorption and the total mass of cation in the 

calcium oxalate (that remained in the calcium oxalate during sequestration phase) is 

expressed as percent desorption. The results indicate that approximately 11% of Cd and 

18% of Zn was desorbed from the calcium oxalate surface. Long persistent tailing in the 

desorption curve for Cd could either correspond to either the low solubility of calcium 

oxalate or the low solubility of the primary precipitated species (i.e. CdCO3 from calcium 

oxalate. Since calcium oxalate is relatively insoluble (with a solubility product of 2 x 10-9 

mole2/l2) it is more probably that the difference in the desorption behavior between 

cadmium and zinc is due to the difference in the solubility of the Cd and Zn precipitates.  
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As seen in Figure 30, Zn displayed a substantially less tailing effect than Cd. However, a 

substantially higher initial flush of Zn was released during desorption, which probably 

reflects higher solubility of zinc carbonate compared to calcium carbonate. The 

percentage desorption is higher for both Cd and Zn in case of multi cation compared to 

the single cation environment. It appears that the initial precipitation of Zn and formation 

of zinc complexes on calcite (in case of multi cation environment), prevents the 

subsequent precipitation of cadmium. Results from desorption study (Table 16) indicate 

that a lesser quantity of cadmium was removed from the calcite surface than zinc in both 

single and multi cation environment.  

 

The quantity of cation desorbed from calcium oxalate was calculated by integrating the 

outflow cation concentration from the beginning of the desorption stage to the end (when 

effluent concentration reported 0 ppm for cation). As stated earlier, the mass of cation 

was calculated from the product of the cation concentration and the effluent volume. The 

ratio of total mass of cation released during desorption and the total mass of cation in the 

calcium oxalate (that remained in the calcium oxalate during sequestration phase) is 

expressed as percent desorption. The results indicate that approximately 11% of Cd and 

18% of Zn was desorbed from the calcium oxalate surface. 

 
Table 16. Desorption of cation with Calcium Oxalate as adsorbent  

Exp # Influent solution % cation desorbed  

1 Cd2+ 11.24 

2 Zn2+ 18.59 
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Table 16. continued 

Cd2+ : 15.21 3 Cd2+  + Zn2+ 

Zn2+ : 23.85 

 

3.1.8 SEM Study of Calcium Oxalate 

As detailed earlier the calcium oxalate from the column studies were also collected in a 

manner similar to calcite. Experimental configuration for SEM/EDS analysis and the 

distribution of elements (on a relative % weight basis) on calcium oxalate surface are 

provided in Table 17 through 19. Figures 33 through 36 are the corresponding Energy 

Dispersive X- Ray Spectroscopy (EDS) plots under varying experimental conditions. 

Table 17 shows the relative comparison of zinc detected on calcium oxalate powder for 

the two cases; i.e. adsorption as well as adsorption/desorption cycle, while Table 18 

shows the EDAX values for cadmium under similar conditions. Table 19 shows the result 

after adsorption/desorption cycle for the case where the influent was a mixture of 

cadmium and zinc.   
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A: 10
-1 

mMole of NEqW Cd B: 10
-1 

mMole of NEqW Zn 
Figure 33. Energy Dispersive X- Ray Spectroscopy (EDS) plot of Calcium Oxalate 
Crystal after reaction with a pH 6.8, NEqW solution containing Cd at a concentration of 
10

-1 
mMole of NEqW Cd. (A) and 10

-1 
mMole of NeqW Zn (B) 

 

A: 10
-1 

mMole of EqW Cd B: 10
-1 

mMole of EqW Zn 
Figure 34. Energy Dispersive X- Ray Spectroscopy (EDS) plot of Calcium Oxalate 
Crystal after reaction with a pH 8, EqW solution containing Cd at a concentration of 10

-1 

mMole of EqW Cd. (A) and 10
-1 

mMole of EqW Zn (B) 
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Figure 35. EDAX result for calcium oxalate powder after adsorption/desorption of 
cadmium in solution by calcium oxalate. 
 

 
Figure 36. EDAX result for calcium oxalate powder after adsorption/desorption of zinc in 
solution by calcium oxalate. 
 
Table 17. EDAX result for Calcium Oxalate powder interacting with zinc NEqW influent 
solution 
Experiment setup Ca (Wt %) Zn (Wt %) 

CaOx after sequestration 98.73 1.25 
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Table 17. continued 

CaOx after sequestration/desorption 100 0 

 
Table 18. EDAX result for Calcium Oxalate powder interacting with cadmium NEqW 
influent solution. 
Experiment setup Ca (Wt %) Cd (Wt %) 

CaOx after sequestration 98.97 1.03 

CaOx after sequestration/desorption 99.03 0.95 

 
Table 19. EDAX result for Calcium Oxalate powder interacting with NEqW influent 
solution containing Zinc and Cadmium. 
Experiment setup Ca (Wt %) Cd (Wt %) Zn (Wt %) 

CaOx after adsorption 98.91 0.6 0.55 

CaOx after adsorption/desorption 99.5 0.5 0.5 

 

The EDAX results from Table 17 through 19 indicate that for a single cation environment 

there is greater sequestration of zinc than cadmium. The result also shows that a lesser 

quantity of cadmium is removed from the oxalate crystal compared to zinc during the 

desorption phase.  

 

3.2 Calcium Oxalate Dissolution 

Results from previous section indicate that calcium oxalate is capable of sequestering 

heavy metals from solution. It has been argued that the presence of calcium oxalate in 

soil and in plants would help in the remediation of sites contaminated by heavy metals. 

Since, calcium oxalate is relatively insoluble above a pH of 3.5, metals incorporated into 

the calcium oxalate structure via adsorption and/or co-precipitation, are expected to 
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remain immobilized under most soil and plant pH conditions. However as reported 

earlier, various organic and inorganic agents such as EDTA, oxalic acid, fulvic acid etc 

have been known to dissolve calcium oxalate at a pH range of 7-8. The dissolution of the 

calcium oxalate would release the heavy metals into the environment reducing the 

efficiency of such minerals in heavy metal removal. Therefore it is essential to 

understand the dissolution mechanism as this would effect the heavy metal sequestration 

at high pH in the presence of organic and inorganic ligands that occur naturally. In 

addition as mentioned in section 1.4, a study of calcium oxalate dissolution is also 

important for understanding the mechanism of kidney stone dissolution. As explained in 

section 1.5, citrate, a common urinary species was used to study the calcium oxalate 

dissolution.  

 

The experimental configuration as described in Section 2.1.2 was used to study of 

dissolution mechanism of calcium oxalate and the subsequent sequestration and removal 

of cadmium owing to the dissolution of calcium oxalate. Table 20 outlines the results 

obtained from the dissolution reaction. The dissolution rate for the dissolution reaction 

was determined using the following formula (10) given below 

Dissolution rate = Initial CaOx weight (gm) – Final CaOx weight (gm) / Time (hr)….(10) 
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Table 20. Results from calcium oxalate dissolution reaction  
Exp # Sodium Citrate conc. 

(M) 

pH Time (hr) % Wt change in 

Oxalate 

5 47.86 
10-2 8 

3 19.83 

5 43.71 
1 

10-2 6 
3 16.69 

5 39.78 
10-4 8 

3 13.71 

5 31.54 
  2 

10-4 6 
3 11.77 

5 13.44 
10-5 8 

3 8.78 

5 4.65 
3 

10-5 6 
3 3.55 

 

Results from Table 20 indicate that increasing the citrate concentration, results in an 

increase in dissolution rate of calcium oxalate. The dissolution rate also increase with the 

increase in solution pH.  

 

The second set of column experiments setup designed to study heavy metal sequestration 

and subsequent dissolution of calcium oxalate with release of the heavy metal. The 

experiments were performed in two stages as given below. The first stage examined the 
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sequestration of cadmium by calcium oxalate. In this stage, experiment solution spiked 

with predetermined concentration of cadmium and zinc respectively was passed through 

calcium oxalate. A cadmium and zinc concentration of 1mg/L was used as an influent 

while an influent pH of 6-7 along with a flow rate of 30 ml/hr was maintained for this 

experiment. The effluent solution was collected and analyzed for cadmium and zinc using 

a graphite furnace. The second stage examines the dissolution of calcium oxalate and the 

subsequent release of cadmium and zinc from the oxalate crystal. In this step sodium 

citrate of predetermined concentration was passed over calcium oxalate (that contained 

adsorbed cadmium from the first stage). The effluent from this column was collected and 

analyzed for cadmium and zinc. Table 21 outlines the cations removed during the 

calcium oxalate dissolution step, using citrate.  

 
Table 21. Heavy metal removal due to Calcium Oxalate dissolution by Citrate  
Citrate Concentration (M) % Cation Removed 

10-3 

10-3 

Cd: 24.28 

Zn: 40.33 

10-5 

10-5 

Cd: 19.96 

Zn: 33.6 

 

The results from dissolution study (Table 21) show that a greater percentage of zinc was 

removed than cadmium, owing to calcium oxalate dissolution by citrate. This would 

indicate a higher solubility of zinc precipitates (primarily zinc carbonate) compared to 

cadmium precipitates, owing to a higher solubility product of zinc carbonate compared to 

cadmium carbonate.  



 85

The formation and dissolution of calcium oxalate via citrate solution was further studies 

using AFM. Figure 37 are AFM photo of calcium oxalate formation via reaction of 

calcite with varying concentration of oxalic acid. Figures 38 and 39 are AFM calcium 

oxalate and calcite dissolution under varying experimental conditions. Figure 38, 

highlights the pronounced etching on the calcium oxalate surface during the dissolution 

reaction. As observed in the figure, a more pronounced etching is observed at higher 

concentration of sodium citrate; a fact also observed from the data in Table 21.   

A. 10-3 M Oxalic acid at pH 8 B. 10-1 M Oxalic acid at pH 8 

Figure 37. AFM photo of Calcium Oxalate formation after reaction of calcite with (A) 
10-3 M of oxalic acid at pH 8 and (B) 10-1 M of oxalic acid at pH 8. (Courtesy: The 
Strongin Research Group, Department of Chemistry, Temple University, Philadelphia) 
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A. 10-5 M Sodium Citrate at pH 8 B. 10-3 M Sodium Citrate at pH 8 

Figure 38. AFM photo of Calcium Oxalate crystal after reaction with 10-5 Mole of 
sodium citrate at pH 8 (A) and 10-3 Mole of sodium citrate at pH 8 (B). (Courtesy: The 
Strongin Research Group, Department of Chemistry, Temple University, Philadelphia) 
 

A. In air B. DI Water 

Figure 39. AFM photo of Calcite crystal (A) In air and (B) after reaction with DI water. 
(Courtesy: The Strongin Research Group, Department of Chemistry, Temple University, 
Philadelphia) 
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A. 10-5 mMole NEqW solution of Cd B. 10-3 mMole NEqW solution of Cd 

Figure 40. AFM photo of Calcite crystal after reaction with (A) 10-5 mMole NEqW 
solution of Cd and (B) 10-3 mMole NEqW solution of Cd. (Courtesy: The Strongin 
Research Group, Department of Chemistry, Temple University, Philadelphia) 
 

Figure 37 indicates a more pronounced formation of oxalate crystal due to the increasing 

concentration of oxalic acid. As mentioned earlier in Section 3.1.1, a greater difference in 

pH between influent and effluent was observed for the NEqW solution compared to EqW 

solution. This was probably due to increased calcite dissolution under NEqW solution, 

while for EqW solution, the presence of Ca in the solution may have resulted in reduced 

calcite dissolution. This effect was observed in Figure 39, where a greater itching of 

calcite surface was observed due to the interaction with DI water, than with the EqW 

solution. The difference in the increased dissolution rate under NEqW solution was also 

observed in AFM photos shown in Figure 40. While the column data indicates significant 

sequestration of heavy metals on calcite surface, the corresponding AFM photo shows a 

comparatively clean calcite surface.  However the itching observed on the photo (Figure 

40-B) probably indicates areas of the calcite crystals where Ca2+ has been replaced by the 
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Cd2+ ions. This is in sharp contrast to the SEM images (Figures 39-B), where a distinct 

precipitate was observed in case of interaction of calcite with NEqW Zn solution.  
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CHAPTER 4 

FUTURE RESEARCH AND STUDIES  
 

4.1 Concluding Remark & Future Research 

In this study, the sequestration of cadmium and zinc by calcite and calcium oxalate was 

measured using flow through column reactors. In addition to single cation influent, metal 

removal was also studied using a mixed influent stream of cadmium and zinc. Additional 

surface specific studies were conducted using SEM coupled with EDAX. This study was 

also complemented with kinetic data analysis and geochemical modeling. The results 

from the column study show that in case of single cation solution the total mass of zinc 

removed from solution per unit weight of calcite and calcium oxalate is greater than 

cadmium for both EqW and NEqW solution, while for mixed solution of cadmium and 

zinc, the reverse is observed, i.e. there is greater removal of cadmium than zinc. The 

amount of cadmium and zinc removed is greater for NEqW solution than for EqW 

solution that which can be attributed to competition of Ca2+ ions with Cd2+ ions for 

surface carbonate ligands, thereby increasing the sequestration of metal cations for the 

NEqW solution.  

 

The kinetic analysis indicate that the removal of cadmium and zinc from solution in 

presence of both calcite and calcium oxalate is governed by a reaction order of less than 1 

and very close to zero. This indicates, at least mathematically, a reaction that goes to 

completion if the reaction order does not change. The fact that the reaction order is close 

to zero indicates that the reaction rate is probably independent of the reactant 

concentration. This is typically the case where the speed of the precipitation reaction on 
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the calcite surface proceeds irrespective of the of the cation concentration. Interpretation 

of the kinetic data is consistent with the results from the column study that showed 

greater removal of Zn from solution compared to Cd in case where the influent solution 

contained a single cation. However in a multi-cation environment, cadmium is removed 

from solution faster than zinc. This agrees well with the speciation results from 

MINTEQA2 that indicate that at a low pH (around 6.8) a greater quantity of cadmium 

was predicted to be precipitated than Zn on calcite. It is possible that the presence of 

cadmium complexes in the environment retards or delays the onset of formation of zinc 

precipitate on the mineral surface.    

 

The long persistent tailing in the desorption curve for Cd correspond to either the slow 

dissolution of the corresponding minerals (calcite or calcium oxalate) in presence of 

cadmium or the low solubility of cation precipitate on the mineral surface. Since calcium 

oxalate is insoluble compared to calcite it is probable that in case of desorption study 

involving oxalate, the solubility products of the corresponding cation precipitates are the 

determining factor. The calcium oxalate dissolution studies indicate that citrate solution is 

capable of dissolving sodium oxalate at high pH. The dissolution of calcium oxalate 

results in the release of heavy metals that were previously sequestered within the mineral. 

Results show that a greater percentage of zinc was removed than cadmium, owing to 

calcium oxalate dissolution by citrate. The SEM and EDS results confirm the presence of 

a precipitate on calcite surface in case of Zn, while a comparatively clean surface was 

observed for Cd. The present study does not include identification of surficial species on 

calcite and calcium oxalate surface, however the current data indicate that removal of 
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cadmium and zinc from solution is probably due to the due to precipitation/complexation 

reaction. Additional microscopic analysis (using AFM and LEED) and speciation studies 

at several pH values needs to be performed to correctly identify the byproducts of 

precipitation/complexation reaction. A broader understanding of the sequestration 

mechanism would be useful in using this technique for industrial wastewater treatment. 

Additional microscopic analysis (using AFM and LEED) and speciation studies at several 

pH values needs to be performed to identify the byproducts of precipitation/complexation 

reaction. A broader understanding of the sequestration mechanism would be useful in 

using this technique for industrial wastewater treatment.  

 

In addition to heavy metals interaction with calcite and calcium oxalate, lanthanides and 

actinoid group metals are also of special interest in the natural environment. For example 

carbonate minerals in the form of thick calcite layer in the geologic formation is present 

at the Hanford Nuclear site in eastern Washington State (Slate, 1996). Hence 

understanding of the uptake of the above mineral group by calcite is important for 

remediation effort. Past studies (Ozaki et al., 2000) have  shown that in the presence of 

humic acid, lanthanides are capable of being adsorbed on solid-phase hematite ( -Fe2O3). 

However for the case of calcite there have been few laboratory studies relating to 

lanthanide adsorption owing to its toxicity and radioactivity. Studies (Zhong et al., 1995) 

have indicated that trivalent rare earth elements are strongly adsorbed by calcite. In 

addition, X-ray adsorption studies (Withers et al., 2003) with lanthanides have indicated 

that Nd3+ can be adsorbed by calcite through substitution of Nd3+ by Ca2+. In addition to 
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Nd3+ the interaction of calcite with other lanthanide elements of environmental concern 

include lanthanum (La), cerium (Ce) and promethium (Pm), needs to be examined.   

  

Preliminary results involving citrate in calcium oxalate dissolution has been reported in 

this study. While citrate has been shown to dissolve calcium oxalate in high pH, the 

dissolution mechanism has not been studied in details; the various surficial reactions 

needs to be examined further. Additional microscopic analysis (using SEM and AFM) 

and speciation studies at several pH values needs to be performed during the formation of 

calcium oxalate and the subsequent dissolution. In addition to citrate, other ligands such 

as EDTA and gluconic acid has been reported to increase the dissolution of calcium 

oxalate. As mentioned earlier the two most common crystals that make up calcium 

oxalate stones are whewellite and weddelite which are calcium oxalate monohydrate 

(CaC2O4·H2O) (COM) and calcium oxalate dihydrate (CaC2O4·2H2O) (COD), 

respectively. COM is the most thermodynamically stable phase and the most prevalent 

form found in kidney stones. Therefore a detailed understanding involving formation of 

COM and COD is relevant in the search of new and less complex molecules that can also 

induce calcium oxalate changes from COM to COD. In addition the effect of calcium 

oxalate dissolution on the release of the sequestrated heavy metals needs to be studied 

under varying experimental conditions. In this respect the uptake and sequestration of 

heavy metals by plants needs to be studied, since certain plants have been known to 

sequester heavy metals using the calcium oxalate in their roots.  
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APPENDIX A 
SPECIATION DATA FROM MINTEQA2 FOR ZINC AND CADMIUM AT 

VARYING PH 
 
Case 1: Cadmium Speciation at pH 6.8: 
PART 1 of OUTPUT FILE  
MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 
***ACADEMIC USE ONLY: NOT FOR COMMERCIAL USE*** 
 
Cd Speciation at pH 6.8 , with alkalinity calculated and precipitates of Cd 
 
Component file (COMP.DBS): COMP.DBS MTQWv1.50 1/29/04 
9:55:1Thermodynamic file (THERMO.UNF): THERMO.UNF MTQWv1.50 1/29/04 
9:53:2Gaussian DOM file (GAUSSIAN.DBS): GAUSSIAN.DBSV1.50 MTQW 
07/24/03 * Solids file (TYPE6.UNF): TYPE6.UNF MTQWv1.50 1/29/04 9:53:2  
Temperature (Celsius): 25.0 
 Units of concentration for input data: mg/L 
(***Calculated concentrations in output are always in molar units.) 
Ionic strength to be computed. 
Carbonate concentration represents carbonate alkalinity. 
Precipitation is allowed only for those solids specified as ALLOWED in the input file (if 
any). 
The method used to compute activity coefficients is: Davies equation 
 
Intermediate output file  
 
330 0.000E+00 -6.80 Y 
 150 4.000E-04 -8.00 Y 
 140 5.995E+01 -4.37 Y 
 160 1.000E+00 -5.05 Y 
 
 H2O has been inserted as a COMPONENT 
 3 1 
 330 6.8000 0.0000 
 
 5 4 5015001 8.4800 8.0000 5016000 12.0000 0.5500 2016000 -13.7300 86.9017 
2016001 -13.6440 94.6200  
INPUT DATA BEFORE TYPE MODIFICATIONS 
 ID Name ACTIVITY GUESS  
330 H+1 1.585E-07  
150 Ca+2 1.000E-08  
140 CO3-2 4.266E-05  
160 Cd+2 8.913E-06  
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2 H2O 1.000E+00  
log GUESS ANAL TOTAL-6.800 0.000E+00-8.000 4.000E-04-4.370 5.995E+01-5.050 
1.000E+00 
0.000 0.000E+00 
 Charge Balance: UNSPECIATED 
 Sum of CATIONS= 1.781E-05 Sum of ANIONS = 1.998E-03 
 PERCENT DIFFERENCE = 9.823E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 
 -----------------------------------------------------| IMPROVED ACTIVITY GUESSES 
PRIOR TO FIRST ITERATION: || CO3-2 Log activity guess: -6.66 ||------------------------

------------------------------
|

 
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE H+1 H+1 3  
 H2O H2O  3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 0 CO3-2 2.260E-
03 -1.261E-03 -6.66238 1.261E-03 
 ***  Temporarily holding ionic strength constant1 CO3-2 2.591E-03 -3.306E-04 -
6.30786 3.306E-04 2 CO3-2 2.661E-03 4.512E-04 -6.24858 4.512E-04 3 CO3-2 2.565E-
03 9.602E-05 -6.31658 9.602E-05 4 CO3-2 2.545E-03 2.045E-05 -6.33255 2.045E-05 5 
CO3-2 2.540E-03 4.356E-06 -6.33602 4.353E-06 6 CO3-2 2.539E-03 9.277E-07 -
6.33677 9.251E-07 7 CO3-2 2.539E-03 1.976E-07 -6.33692 1.950E-07 8 CO3-2 2.539E-
03 4.208E-08 -6.33696 3.954E-08 9 CO3-2 2.539E-03 8.962E-09 -6.33697 6.423E-09 
 ***  Releasing hold on I.S. due to convergence11 CO3-2 2.552E-03 -3.815E-04 -
6.33697 3.815E-04 12 CO3-2 2.650E-03 -9.891E-05 -6.26666 9.890E-05 13 CO3-2 
2.675E-03 -2.403E-05 -6.25014 2.402E-05 14 CO3-2 2.681E-03 -5.807E-06 -6.24622 
5.805E-06 15 CO3-2 2.682E-03 -1.403E-06 -6.24527 1.400E-06 16 CO3-2 2.683E-03 -
3.389E-07 -6.24505 3.363E-07 17 CO3-2 2.683E-03 -8.188E-08 -6.24499 7.920E-08 18 
CO3-2 2.683E-03 -1.978E-08 -6.24498 1.710E-08 19 CO3-2 2.683E-03 -4.779E-09 -
6.24498 2.096E-09 
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 ITERATIONS= 20: SOLID OTAVITE  PRECIPITATES  
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE Cd+2 OTAVITE 4 H+1 H+1 3 H2O H2O 3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 20 Ca+2 9.981E-
09 -1.320E-09 -8.07137 1.320E-09 
 ***  Temporarily holding ionic strength constant21 Ca+2 9.981E-09 1.522E-09 -
8.00993 1.522E-09 22 Ca+2 9.981E-09 7.425E-13 -8.07132 7.325E-13 
 ***  Releasing hold on I.S. due to convergence24 Ca+2 9.981E-09 -1.071E-11 -
8.07135 1.070E-11 25 Ca+2 9.981E-09 -5.209E-14 -8.07088 4.211E-14 
 
 ID No Name Total Conc(M) Conc (M) log Activity Diff fxn 
 140 CO3-2 2.683E-03 6.548E-07 -6.24598 -1.274E-11 
 150 Ca+2 9.981E-09 9.799E-09 -8.07088 -2.537E-16 
 
 2 H2O 0.000E+00 -6.676E-08 -0.00002 0.000E+00 
 330 H+1 0.000E+00 1.643E-07 -6.80000 0.000E+00 
 160 Cd+2 8.897E-06 2.033E-06 -5.75402 0.000E+00 
 
 Type I - COMPONENTS AS SPECIES IN SOLUTION log Act Charge Act Coef New 
logK 
 ID No Name 330 
H+1  

Conc (M)1.643E-
07  

150 Ca+2  9.799E-09  
140 CO3-2  6.548E-07  
160 Cd+2  2.033E-06  
 
-
6.80000  

1.00  0.96490  0.016

-
8.07088  2.00  0.86683  0.062

- -2.00  0.86683  0.062
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6.24598  
-
5.75402  2.00  0.86683  0.062 
 
Type II - OTHER SPECIES IN SOLUTION OR ADSORBED 
 ID No Name 1501400 CaHCO3+ 1501401 CaCO3 (aq)3300020 OH-1603300 CdOH+ 
1603301 Cd(OH)2 (aq)1603302 Cd(OH)3-1603303 Cd(OH)4-21603304 Cd2OH+3 
1503300 CaOH+ 3301400 HCO3-3301401 H2CO3 (aq)1601401 CdCO3 (aq)1601400 
CdHCO3+ 1601403 Cd(CO3)2-2  
Conc 
(M)1.753E-
10  

log Act Charge Act Coef New 
logK-9.77181 1.00 0.96490 
11.361  

6.848E-12  -11.16435 0.00 1.00023 3.152  
6.584E-08  -7.19702 -1.00 0.96490 -13.981  
9.215E-10  -9.05104 1.00 0.96490 -10.081  
3.563E-13  -12.44806 0.00 1.00023 -20.294  
1.434E-18  -17.85908 -1.00 0.96490 -32.489 
1.659E-26  -25.84210 -2.00 0.86683 -47.226 
1.083E-14  -14.10506 3.00 0.72503 -9.257  
1.116E-14  -13.96790 1.00 0.96490 -12.681  
1.992E-03  -2.71633 -1.00 0.96490 10.345  
6.838E-04  -3.16498 0.00 1.00023 16.681  
2.279E-08  -7.64220 0.00 1.00023 4.358  
7.977E-09  -8.11370 1.00 0.96490 10.702  
1.106E-11  -11.01818 -2.00 0.86683 7.290  
 
Type III - SPECIES WITH FIXED ACTIVITY  
ID No Name Conc (M) New logK Enthalpy 
2 H2O -6.676E-08 0.000 0.000 
 330 H+1 -3.359E-03 6.800 0.000 
 
Type IV - FINITE SOLIDS (present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy5016000 OTAVITE 6.832E-06 12.000 0.550  
Type V - UNDERSATURATED SOLIDS (not present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy2016001 Cd(OH)2 1.592E-06 -13.644 
94.620 2016000 Cd(OH)2 (am) 1.306E-06 -13.730 86.902 5015001 CALCITE 1.439E-
06 8.475 8.000  
Type VI - EXCLUDED SPECIES (not included in mole balance) 
 ID No Name Conc (M) New logK Enthalpy3301403 CO2 (g) 2.000E-02 18.147 -4.060  
______________________________ PART 4 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II 
(dissolved and adsorbed) species  
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CO3-
2  

   

 74.4  Percent bound in species #3301400 HCO3- 
 25.6  Percent bound in species #3301401 H2CO3 

(aq)  
Ca+2     
 98.2  Percent bound in species # 150  Ca+2  
 1.8  Percent bound in species #1501400 CaHCO3+ 

H2O     
 98.6  Percent bound in species #3300020 OH- 
 
 
 1.4 Percent bound in species #1603300 CdOH+  
H+1  
59.3 Percent bound in species #3301400 HCO3- 
 
40.7 Percent bound in species #3301401 H2CO3 (aq)  
Cd+2  
98.5 Percent bound in species # 160 Cd+2  
 
1.1 Percent bound in species #1601401 CdCO3 (aq)  
______________________________ PART 5 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 ---------------------------------------------------------------- EQUILIBRATED MASS 
DISTRIBUTION ---------- 
IDX  Name  DISSOLVED  SORBED   PRECIPITATED 
   mol/L  percent mol/L percent  mol/L  percent 
140  CO3-2  2.676E-03  99.7  0.000E+00 0.0  6.832E-06  0.3  
150  Ca+2  9.981E-09  100.0  0.000E+00 0.0  0.000E+00  0.0  
330  H+1  3.359E-03  100.0  0.000E+00 0.0  0.000E+00  0.0  
160  Cd+2  2.064E-06  23.2  0.000E+00 0.0  6.832E-06  76.8 
 
 Charge Balance: SPECIATED 
 Sum of CATIONS = 4.258E-06 Sum of ANIONS 1.993E-03 
 PERCENT DIFFERENCE = 9.957E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 NON-CARBONATE ALKALINITY = -9.844E-08 
 EQUILIBRIUM IONIC STRENGTH (m) = 1.001E-03 
 EQUILIBRIUM pH = 6.800 
 DATE ID NUMBER: 20090602 
 TIME ID NUMBER: 19064475 
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______________________________ PART 6 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 6:44 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
Saturation indices and stoichiometry of all minerals 
 ID No Name SI Composition by stoich. of components2016000 Cd(OH)2 (am) -5.884 [ -
2.000]330 [ 1.000]160 [ 2.000] 2 2016001 Cd(OH)2 -5.798 [ 1.000]160 [ 2.000] 2 [ -
2.000]3302016002 MONTEPONITE -7.257 [ -2.000]330 [ 1.000]160 [ 1.000] 2 2015000 
LIME -27.170 [ -2.000]330 [ 1.000]150 [ 1.000] 2 2015001 PORTLANDITE -17.275 [ 
1.000]150 [ 2.000] 2 [ -2.000]3305016000 OTAVITE 0.000 [ 1.000]160 [ 
1.000]1405015000 ARAGONITE -5.981 [ 1.000]150 [ 1.000]1405015001 CALCITE -
5.842 [ 1.000]150 [ 1.000]140  
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Case 2: Cadmium Speciation at pH 7.8: 
PART 1 of OUTPUT FILE  
MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 22:46 
***ACADEMIC USE ONLY: NOT FOR COMMERCIAL USE*** 
 
Cd Speciation at pH 7.8 , with alkalinity calculated and precipitates of Cd 
Component file (COMP.DBS): COMP.DBS MTQWv1.50 1/29/04 
9:55:1Thermodynamic file (THERMO.UNF): THERMO.UNF MTQWv1.50 1/29/04 
9:53:2Gaussian DOM file (GAUSSIAN.DBS): GAUSSIAN.DBSV1.50 MTQW 
07/24/03 * Solids file (TYPE6.UNF): TYPE6.UNF MTQWv1.50 1/29/04 9:53:2  
Temperature (Celsius): 25.0 
 Units of concentration for input data: mg/L 
(***Calculated concentrations in output are always in molar units.) 
Ionic strength to be computed. 
Carbonate concentration represents carbonate alkalinity. 
Precipitation is allowed only for those solids specified as ALLOWED 
 
in the input file (if any). 
The method used to compute activity coefficients is: Davies equation 
Intermediate output file  
 
330 0.000E+00 -7.80 Y 
 150 4.000E-04 -8.00 Y 
 140 5.995E+01 -4.37 Y 
 160 1.000E+00 -5.05 Y 
 
 H2O has been inserted as a COMPONENT 
 3 1 
 330 7.8000 0.0000 
 
 5 4 5015001 8.4800 8.0000 5016000 12.0000 0.5500 2016000 -13.7300 86.9017 
2016001 -13.6440 94.6200  
INPUT DATA BEFORE TYPE MODIFICATIONS 
 ID Name ACTIVITY GUESS  
330 H+1 1.585E-08  
150 Ca+2 1.000E-08  
140 CO3-2 4.266E-05  
160 Cd+2 8.913E-06  
 
2 H2O 1.000E+00  
log GUESS ANAL TOTAL-7.800 0.000E+00-8.000 4.000E-04-4.370 5.995E+01-5.050 
1.000E+00 
0.000 0.000E+00 
 Charge Balance: UNSPECIATED 
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 Sum of CATIONS= 1.781E-05 Sum of ANIONS = 1.998E-03 
 PERCENT DIFFERENCE = 9.823E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 -----------------------------------------------------| IMPROVED ACTIVITY GUESSES 
PRIOR TO FIRST ITERATION: || CO3-2 Log activity guess: -5.55 ||------------------------

------------------------------
|

 
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE H+1 H+1 3  
 H2O H2O  3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 0 CO3-2 2.028E-
03 -1.029E-03 -5.54648 1.029E-03 
 ***  Temporarily holding ionic strength constant1 CO3-2 2.060E-03 -3.195E-05 -
5.23918 3.195E-05 2 CO3-2 2.050E-03 5.753E-04 -5.23239 5.753E-04 3 CO3-2 2.039E-
03 1.111E-05 -5.33970 1.110E-05 4 CO3-2 2.038E-03 2.184E-07 -5.34206 2.163E-07 5 
CO3-2 2.038E-03 4.394E-09 -5.34211 2.356E-09 
 ***  Releasing hold on I.S. due to convergence7 CO3-2 2.047E-03 -3.895E-04 -
5.34211 3.895E-04 8 CO3-2 2.058E-03 -1.141E-05 -5.25052 1.141E-05 9 CO3-2 
2.058E-03 -1.676E-07 -5.24810 1.656E-07 
 
 10 Ca+2 9.981E-09 1.153E-13 -8.07407 1.053E-13 
 ITERATIONS= 11: SOLID OTAVITE  PRECIPITATES  
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
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 COMPONENT SPECIES TYPE Cd+2 OTAVITE 4 H+1 H+1 3 H2O H2O 3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 11 Ca+2 9.981E-
09 -1.314E-09 -8.07407 1.314E-09 
 ***  Temporarily holding ionic strength constant12 Ca+2 9.981E-09 1.514E-09 -
8.01308 1.514E-09 13 Ca+2 9.981E-09 1.292E-12 -8.07397 1.282E-12 
 ***  Releasing hold on I.S. due to convergence15 Ca+2 9.981E-09 -1.285E-11 -
8.07403 1.284E-11 16 Ca+2 9.981E-09 -1.440E-14 -8.07347 4.420E-15 
 
 ID No Name Total Conc(M) Conc (M) log Activity Diff fxn 
 140 CO3-2 2.058E-03 6.494E-06 -5.24957 -8.348E-13 
 150 Ca+2 9.981E-09 9.741E-09 -8.07347 -1.634E-17 
 
 2 H2O 0.000E+00 -6.594E-07 -0.00002 0.000E+00 
 330 H+1 0.000E+00 1.643E-08 -7.80000 0.000E+00 
 160 Cd+2 8.897E-06 2.049E-07 -6.75043 0.000E+00 
 
Type I - COMPONENTS AS SPECIES IN SOLUTION 
 ID No Name Conc (M) log Act Charge Act Coef New logK330 H+1 1.643E-08 -
7.80000 1.00 0.96490 0.016 150 Ca+2 9.741E-09 -8.07347 2.00 0.86683 0.062 140 CO3-
2 6.494E-06 -5.24957 -2.00 0.86683 0.062 160 Cd+2 2.049E-07 -6.75043 2.00 0.86683 
0.062  
 Type II - OTHER SPECIES IN SOLUTION OR ADSORBED 
 ID No Name Conc (M) log Act Charge Act Coef New logK1501400 CaHCO3+ 1.728E-
10 -9.77800 1.00 0.96490 11.361 1501401 CaCO3 (aq) 6.751E-11 -10.17054 0.00 
1.00023 3.152 3300020 OH-6.584E-07 -6.19702 -1.00 0.96490 -13.981 1603300 CdOH+ 
9.291E-10 -9.04744 1.00 0.96490 -10.081 1603301 Cd(OH)2 (aq) 3.593E-12 -11.44446 
0.00 1.00023 -20.294 1603302 Cd(OH)3-1.446E-16 -15.85548 -1.00 0.96490 -32.489 
1603303 Cd(OH)4-2 1.673E-23 -22.83849 -2.00 0.86683 -47.226 1603304 Cd2OH+3 
1.101E-15 -15.09787 3.00 0.72502 -9.257 1503300 CaOH+ 1.109E-13 -12.97049 1.00 
0.96490 -12.681 3301400 HCO3-1.975E-03 -2.71992 -1.00 0.96490 10.345 3301401 
H2CO3 (aq) 6.782E-05 -4.16857 0.00 1.00023 16.681 1601401 CdCO3 (aq) 2.279E-08 -
7.64220 0.00 1.00023 4.358 1601400 CdHCO3+ 7.977E-10 -9.11370 1.00 0.96490 
10.702 1601403 Cd(CO3)2-2 1.097E-10 -10.02177 -2.00 0.86683 7.290  
Type III - SPECIES WITH FIXED ACTIVITY  
ID No Name Conc (M) New logK Enthalpy 
2 H2O -6.594E-07 0.000 0.000 
 330 H+1 -2.110E-03 7.800 0.000 
 
Type IV - FINITE SOLIDS (present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy5016000 OTAVITE 8.667E-06 12.000 0.550  
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Type V - UNDERSATURATED SOLIDS (not present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy2016001 Cd(OH)2 1.605E-05 -13.644 
94.620 2016000 Cd(OH)2 (am) 1.317E-05 -13.730 86.902 5015001 CALCITE 1.418E-
05 8.475 8.000  
Type VI - EXCLUDED SPECIES (not included in mole balance) 
 ID No Name Conc (M) New logK Enthalpy3301403 CO2 (g) 1.984E-03 18.147 -4.060  
______________________________ PART 4 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II 
(dissolved and adsorbed) species  
CO3-2  
96.4 Percent bound in species #3301400 HCO3- 
 
3.3 Percent bound in species #3301401 H2CO3 (aq)  
Ca+2  
97.6 Percent bound in species # 150 Ca+2  
1.7 Percent bound in species #1501400 CaHCO3+  
99.9 Percent bound in species #3300020 OH- 
 
H2O  
H+1  
93.6 Percent bound in species #3301400 HCO3- 
6.4 Percent bound in species #3301401 H2CO3 (aq)  
89.3 Percent bound in species # 160 Cd+2  
 9.9 Percent bound in species #1601401 CdCO3 (aq)  
 
Cd+2  
______________________________ PART 5 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 ---------------------------------------------------------------- EQUILIBRATED MASS 
DISTRIBUTION ---------- 
IDX Name DISSOLVED SORBED PRECIPITATED mol/L percent mol/L percent 
mol/L percent  
140 CO3-2 2.049E-03 99.6 0.000E+00 0.0 8.667E-06 0.4 150 Ca+2 9.981E-09 100.0 
0.000E+00 0.0 0.000E+00 0.0 330 H+1 2.110E-03 100.0 0.000E+00 0.0 0.000E+00 0.0 
160 Cd+2 2.296E-07 2.6 0.000E+00 0.0 8.667E-06 97.4 
 Charge Balance: SPECIATED 
 Sum of CATIONS = 4.477E-07 Sum of ANIONS 1.989E-03 
 PERCENT DIFFERENCE = 9.995E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 NON-CARBONATE ALKALINITY = 6.422E-07 
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 EQUILIBRIUM IONIC STRENGTH (m) = 1.001E-03 
 EQUILIBRIUM pH = 7.800 
 DATE ID NUMBER: 20090602 
 TIME ID NUMBER: 19224690 
 
______________________________ PART 6 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:22:46 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
Saturation indices and stoichiometry of all minerals 
 ID No Name SI Composition by stoich. of components2016000 Cd(OH)2 (am) -4.880 [ -
2.000]330 [ 1.000]160 [ 2.000] 2 2016001 Cd(OH)2 -4.794 [ 1.000]160 [ 2.000] 2 [ -
2.000]3302016002 MONTEPONITE -6.254 [ -2.000]330 [ 1.000]160 [ 1.000] 2 2015000 
LIME -25.173 [ -2.000]330 [ 1.000]150 [ 1.000] 2 2015001 PORTLANDITE -15.278 [ 
1.000]150 [ 2.000] 2 [ -2.000]3305016000 OTAVITE 0.000 [ 1.000]160 [ 
1.000]1405015000 ARAGONITE -4.987 [ 1.000]150 [ 1.000]1405015001 CALCITE -
4.848 [ 1.000]150 [ 1.000]140  
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Case 3: Cadmium Speciation at pH 8.8: 
PART 1 of OUTPUT FILE  
MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 51:9 
***ACADEMIC USE ONLY: NOT FOR COMMERCIAL USE*** 
 
Cd Speciation at pH 8.8 , with alkalinity calculated and precipitates of Cd 
Component file (COMP.DBS): COMP.DBS MTQWv1.50 1/29/04 
9:55:1Thermodynamic file (THERMO.UNF): THERMO.UNF MTQWv1.50 1/29/04 
9:53:2Gaussian DOM file (GAUSSIAN.DBS): GAUSSIAN.DBSV1.50 MTQW 
07/24/03 * Solids file (TYPE6.UNF): TYPE6.UNF MTQWv1.50 1/29/04 9:53:2  
Temperature (Celsius): 25.0 
 Units of concentration for input data: mg/L 
(***Calculated concentrations in output are always in molar units.) 
Ionic strength to be computed. 
Carbonate concentration represents carbonate alkalinity. 
Precipitation is allowed only for those solids specified as ALLOWED 
 
in the input file (if any). 
The method used to compute activity coefficients is: Davies equation 
Intermediate output file  
 
330 0.000E+00 -8.80 Y 
 150 4.000E-04 -8.00 Y 
 140 8.994E+01 -4.37 Y 
 160 1.000E+00 -5.05 Y 
 
 H2O has been inserted as a COMPONENT 
 3 1 
 330 8.8000 0.0000 
 
 5 4 5015001 8.4800 8.0000 5016000 12.0000 0.5500 2016000 -13.7300 86.9017 
2016001 -13.6440 94.6200  
INPUT DATA BEFORE TYPE MODIFICATIONS 
 ID Name ACTIVITY GUESS  
330 H+1 1.585E-09  
150 Ca+2 1.000E-08  
140 CO3-2 4.266E-05  
160 Cd+2 8.913E-06  
 
2 H2O 1.000E+00  
log GUESS ANAL TOTAL-8.800 0.000E+00-8.000 4.000E-04-4.370 8.994E+01-5.050 
1.000E+00 
0.000 0.000E+00 
 Charge Balance: UNSPECIATED 
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 Sum of CATIONS= 1.781E-05 Sum of ANIONS = 2.998E-03 
 PERCENT DIFFERENCE = 9.882E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 -----------------------------------------------------| IMPROVED ACTIVITY GUESSES 
PRIOR TO FIRST ITERATION: || CO3-2 Log activity guess: -4.37 ||------------------------

------------------------------
|

 
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE H+1 H+1 3  
 H2O H2O  3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 0 CO3-2 2.945E-
03 -1.437E-03 -4.36802 1.437E-03 
 ***  Temporarily holding ionic strength constant1 CO3-2 2.916E-03 2.162E-05 -
4.07609 2.162E-05 2 CO3-2 2.770E-03 1.077E-03 -4.07994 1.077E-03 3 CO3-2 2.833E-
03 -6.146E-05 -4.22224 6.146E-05 4 CO3-2 2.829E-03 3.298E-06 -4.21267 3.295E-06 5 
CO3-2 2.829E-03 -1.840E-07 -4.21318 1.812E-07 6 CO3-2 2.829E-03 1.035E-08 -
4.21315 7.521E-09 
 ***  Releasing hold on I.S. due to convergence8 CO3-2 2.922E-03 -6.688E-04 -
4.21315 6.688E-04 9 CO3-2 2.901E-03 1.938E-05 -4.10048 1.938E-05 
 
 10 CO3-2 2.901E-03 -1.385E-06 -4.10334 1.382E-06 11 CO3-2 2.901E-03 6.032E-08 -
4.10313 5.742E-08 12 Ca+2 9.981E-09 -1.030E-14 -8.12675 3.147E-16 
 ITERATIONS= 13: SOLID OTAVITE  PRECIPITATES  
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
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-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE Cd+2 OTAVITE 4 H+1 H+1 3 H2O H2O 3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 13 Ca+2 9.981E-
09 -1.468E-09 -8.12675 1.468E-09 
 ***  Temporarily holding ionic strength constant14 Ca+2 9.981E-09 1.722E-09 -
8.05986 1.722E-09 15 Ca+2 9.981E-09 8.659E-12 -8.12633 8.649E-12 
 ***  Releasing hold on I.S. due to convergence17 Ca+2 9.981E-09 -4.368E-12 -
8.12670 4.358E-12 18 Ca+2 9.981E-09 -2.431E-14 -8.12652 1.433E-14 
 
 ID No Name Total Conc(M) Conc (M) log Activity Diff fxn 
 140 CO3-2 2.901E-03 9.413E-05 -4.10355 -1.198E-11 
 150 Ca+2 9.981E-09 8.928E-09 -8.12652 -1.359E-16 
 
 2 H2O 0.000E+00 -6.643E-06 -0.00002 0.000E+00 
 330 H+1 0.000E+00 1.657E-09 -8.80000 0.000E+00 
 160 Cd+2 8.897E-06 1.516E-08 -7.89645 0.000E+00 
 
Type I - COMPONENTS AS SPECIES IN SOLUTION 
 ID No Name Conc (M) log Act Charge Act Coef New logK330 H+1 1.657E-09 -
8.80000 1.00 0.95648 0.019 150 Ca+2 8.928E-09 -8.12652 2.00 0.83696 0.077 140 CO3-
2 9.413E-05 -4.10355 -2.00 0.83696 0.077  
 160 Cd+2 1.516E-08 -7.89645 2.00 0.83696 0.077  
Type II - OTHER SPECIES IN SOLUTION OR ADSORBED 
 ID No Name Conc (M) log Act Charge Act Coef New logK1501400 CaHCO3+ 2.159E-
10 -9.68502 1.00 0.95648 11.364 1501401 CaCO3 (aq) 8.361E-10 -9.07756 0.00 1.00037 
3.152 3300020 OH-6.642E-06 -5.19702 -1.00 0.95648 -13.978 1603300 CdOH+ 6.697E-
10 -9.19347 1.00 0.95648 -10.078 1603301 Cd(OH)2 (aq) 2.567E-11 -10.59049 0.00 
1.00037 -20.294 1603302 Cd(OH)3-1.042E-14 -14.00152 -1.00 0.95648 -32.486 
1603303 Cd(OH)4-2 1.238E-20 -19.98454 -2.00 0.83696 -47.211 1603304 Cd2OH+3 
6.081E-17 -16.38992 3.00 0.67003 -9.223 1503300 CaOH+ 9.903E-13 -12.02354 1.00 
0.95648 -12.678 3301400 HCO3-2.789E-03 -2.57390 -1.00 0.95648 10.349 3301401 
H2CO3 (aq) 9.491E-06 -5.02255 0.00 1.00037 16.681 1601401 CdCO3 (aq) 2.278E-08 -
7.64220 0.00 1.00037 4.358 1601400 CdHCO3+ 8.047E-11 -10.11370 1.00 0.95648 
10.706 1601403 Cd(CO3)2-2 1.591E-09 -8.87575 -2.00 0.83696 7.305  
Type III - SPECIES WITH FIXED ACTIVITY  
ID No Name Conc (M) New logK Enthalpy 
2 H2O -6.643E-06 0.000 0.000 
 330 H+1 -2.801E-03 8.800 0.000 
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Type IV - FINITE SOLIDS (present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy5016000 OTAVITE 8.856E-06 12.000 0.550  
Type V - UNDERSATURATED SOLIDS (not present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy2016001 Cd(OH)2 1.147E-04 -13.644 
94.620 2016000 Cd(OH)2 (am) 9.408E-05 -13.730 86.902 5015001 CALCITE 1.757E-
04 8.475 8.000  
Type VI - EXCLUDED SPECIES (not included in mole balance) 
 ID No Name Conc (M) New logK Enthalpy3301403 CO2 (g) 2.776E-04 18.147 -4.060  
______________________________ PART 4 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II 
(dissolved and adsorbed) species  
CO3-2  
3.3 Percent bound in species # 140 CO3-2  
96.4 Percent bound in species #3301400 HCO3- 
 
Ca+2  
89.4 Percent bound in species # 150 Ca+2  
2.2 Percent bound in species #1501400 CaHCO3+  
8.4 Percent bound in species #1501401 CaCO3 (aq)  
 
H2O 100.0 Percent bound in species #3300020 OH- 
H+1  
99.6 Percent bound in species #3301400 HCO3-Cd+2  
37.6  Percent bound in species #  160  Cd+2  
1.7  Percent bound in species #1603300 CdOH+  
56.5  Percent bound in species #1601401 CdCO3 

(aq)  

3.9  Percent bound in species #1601403 Cd(CO3)2-
2  

 
______________________________ PART 5 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 ---------------------------------------------------------------- EQUILIBRATED MASS 
DISTRIBUTION ---------- 
IDX Name DISSOLVED SORBED PRECIPITATED mol/L percent mol/L percent 
mol/L percent  
140 CO3-2 2.893E-03 99.7 0.000E+00 0.0 8.856E-06 0.3 150 Ca+2 9.981E-09 100.0 
0.000E+00 0.0 0.000E+00 0.0 330 H+1 2.801E-03 100.0 0.000E+00 0.0 0.000E+00 0.0 
160 Cd+2 4.032E-08 0.5 0.000E+00 0.0 8.856E-06 99.5 
 Charge Balance: SPECIATED 
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 Sum of CATIONS = 5.081E-08 Sum of ANIONS 2.984E-03 
 PERCENT DIFFERENCE = 1.000E+02 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 NON-CARBONATE ALKALINITY = 6.641E-06 
 EQUILIBRIUM IONIC STRENGTH (m) = 1.586E-03 
 EQUILIBRIUM pH = 8.800 
 DATE ID NUMBER: 20090602 
 TIME ID NUMBER: 19510959 
 
______________________________ PART 6 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19:51: 9 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
Saturation indices and stoichiometry of all minerals 
 ID No Name SI Composition by stoich. of components2016000 Cd(OH)2 (am) -4.026 [ -
2.000]330 [ 1.000]160 [ 2.000] 2 2016001 Cd(OH)2 -3.940 [ 1.000]160 [ 2.000] 2 [ -
2.000]3302016002 MONTEPONITE -5.400 [ -2.000]330 [ 1.000]160 [ 1.000] 2 2015000 
LIME -23.226 [ -2.000]330 [ 1.000]150 [ 1.000] 2 2015001 PORTLANDITE -13.331 [ 
1.000]150 [ 2.000] 2 [ -2.000]3305016000 OTAVITE 0.000 [ 1.000]160 [ 
1.000]1405015000 ARAGONITE -3.894 [ 1.000]150 [ 1.000]1405015001 CALCITE -
3.755 [ 1.000]150 [ 1.000]140  
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Case 4: Zinc Speciation at pH 6.8: 
 
PART 1 of OUTPUT FILE  
MINTEQA2 for Windows  
ACADEMIC Version v1.50 DATE: 2-JUN-2009 TIME: 19: 4: 7  
***ACADEMIC USE ONLY: NOT FOR COMMERCIAL USE*** 
 
Zn Speciation at pH 6.8 , with alkalinity calculated and precipitates of Zn 
Component file (COMP.DBS): COMP.DBS MTQWv1.50 1/29/04 
9:55:1Thermodynamic file (THERMO.UNF): THERMO.UNF MTQWv1.50 1/29/04 
9:53:2Gaussian DOM file (GAUSSIAN.DBS): GAUSSIAN.DBSV1.50 MTQW 
07/24/03 * Solids file (TYPE6.UNF): TYPE6.UNF MTQWv1.50 1/29/04 9:53:2  
Temperature (Celsius): 25.0 
 Units of concentration for input data: mg/L 
(***Calculated concentrations in output are always in molar units.) 
Ionic strength to be computed. 
Carbonate concentration represents carbonate alkalinity. 
Precipitation is allowed only for those solids specified as ALLOWED 
 
in the input file (if any). 
The method used to compute activity coefficients is: Davies equation 
Intermediate output file  
 
330 0.000E+00 -6.80 Y 
 150 4.000E-04 -8.00 Y 
 950 1.000E+00 -4.81 Y 
 140 8.993E+00 -7.49 Y 
 
 H2O has been inserted as a COMPONENT 
 3 1 
 330 6.8000 0.0000 
 
 5 10 2095000 -12.4740 80.6200 2095001 -12.2000 0.0000 2095002 -11.7540 83.1400 
2095003 -11.7340 0.0000 2095004 -11.5340 81.8000 2095005 -11.1884 88.7600 
2095006 -11.3340 89.6200 5095000 10.0000 15.8400 5095001 10.2600 0.0000 5015001 
8.4800 8.0000  
INPUT DATA BEFORE TYPE MODIFICATIONS 
 ID Name ACTIVITY GUESS  
330 H+1 1.585E-07  
150 Ca+2 1.000E-08  
950 Zn+2 1.549E-05  
140 CO3-2 3.236E-08  
 
2 H2O 1.000E+00  
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log GUESS ANAL TOTAL-6.800 0.000E+00-8.000 4.000E-04-4.810 1.000E+00-7.490 
8.993E+00 
0.000 0.000E+00 
 Charge Balance: UNSPECIATED 
 Sum of CATIONS= 3.061E-05 Sum of ANIONS = 2.997E-04 
 PERCENT DIFFERENCE = 8.147E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 -----------------------------------------------------| IMPROVED ACTIVITY GUESSES 
PRIOR TO FIRST ITERATION: || CO3-2 Log activity guess: -7.49 ||------------------------

------------------------------
|

 
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 4: 7 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
 -----------------------------------------------------Activities of the following components are 
constrained 
by the species shown: 
 COMPONENT  SPECIES  TYPE 
 H+1  H+1  3 
 H2O  H2O  3  
 
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 4: 7 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 0 Zn+2 1.529E-05 
3.777E-07 -4.81000 3.777E-07 
 ***  Temporarily holding ionic strength constant1 Zn+2 1.529E-05 -3.229E-09 -
4.82358 3.213E-09 2 Zn+2 1.529E-05 2.538E-05 -4.82425 2.538E-05 3 Zn+2 1.529E-05 
2.207E-08 -5.24809 2.206E-08 4 CO3-2 3.818E-04 3.055E-06 -7.15644 3.055E-06 5 
CO3-2 3.811E-04 6.504E-07 -7.15991 6.500E-07 6 CO3-2 3.810E-04 1.385E-07 -
7.16065 1.381E-07 7 CO3-2 3.810E-04 2.948E-08 -7.16080 2.910E-08 8 CO3-2 3.810E-
04 6.277E-09 -7.16084 5.896E-09 9 CO3-2 3.809E-04 1.336E-09 -7.16084 9.553E-10 
 ***  Releasing hold on I.S. due to convergence11 Zn+2 1.529E-05 -9.188E-06 -
5.24862 9.188E-06 12 Zn+2 1.529E-05 -3.005E-09 -4.85013 2.990E-09 13 Zn+2 1.529E-
05 1.518E-08 -4.85028 1.517E-08 14 Zn+2 1.529E-05 3.971E-09 -4.85077 3.956E-09 15 
Zn+2 1.529E-05 1.008E-09 -4.85089 9.924E-10 16 Zn+2 1.529E-05 2.559E-10 -4.85093 
2.406E-10 17 Zn+2 1.529E-05 6.502E-11 -4.85093 4.973E-11 18 Zn+2 1.529E-05 
1.652E-11 -4.85094 1.229E-12 19 CO3-2 4.046E-04 -1.104E-09 -7.06020 6.995E-10 
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 ID No Name Total Conc(M) Conc (M) log Activity Diff fxn 
 140 CO3-2 4.046E-04 9.263E-08 -7.06020 -2.805E-10 
 150 Ca+2 9.981E-09 9.950E-09 -8.02911 7.058E-16 
 950 Zn+2 1.529E-05 1.500E-05 -4.85094 1.067E-12 
 2 H2O 0.000E+00 -1.573E-07 0.00000 0.000E+00 
 330 H+1 0.000E+00 1.610E-07 -6.80000 0.000E+00 
 
Type I - COMPONENTS AS SPECIES IN SOLUTION 
 ID No Name Conc (M) log Act Charge Act Coef New logK330 H+1 1.610E-07 -
6.80000 1.00 0.98461 0.007 150 Ca+2 9.950E-09 -8.02911 2.00 0.93983 0.027 950 Zn+2 
1.500E-05 -4.85094 2.00 0.93983 0.027 140 CO3-2 9.263E-08 -7.06020 -2.00 0.93983 
0.027  
Type II - OTHER SPECIES IN SOLUTION OR ADSORBED 
 ID No Name Conc (M) log Act Charge Act Coef New logK1501400 CaHCO3+ 2.901E-
11 -10.54426 1.00 0.98461 11.352 1501401 CaCO3 (aq) 1.157E-12 -11.93680 0.00 
1.00004 3.152 3300020 OH-6.453E-08 -7.19700 -1.00 0.98461 -13.990 9503300 ZnOH+ 
9.095E-08 -7.04794 1.00 0.98461 -8.990 9503301 Zn(OH)2 (aq) 9.017E-10 -9.04494 
0.00 1.00004 -17.794 9503302 Zn(OH)3-2.916E-13 -12.54194 -1.00 0.98461 -28.084 
9503303 Zn(OH)4-2 7.727E-19 -18.13894 -2.00 0.93983 -40.461 1503300 CaOH+ 
1.204E-14 -13.92611 1.00 0.98461 -12.690 3301400 HCO3-2.994E-04 -3.53055 -1.00 
0.98461 10.336 3301401 H2CO3 (aq) 1.049E-04 -3.97920 0.00 1.00004 16.681 9501401 
ZnCO3 (aq) 7.061E-08 -7.15113 0.00 1.00004 4.760 9501400 ZnHCO3+ 1.332E-07 -
6.88213 1.00 0.98461 11.836  
Type III - SPECIES WITH FIXED ACTIVITY  
ID No Name Conc (M) New logK Enthalpy 
2 H2O -1.573E-07 0.000 0.000 
 330 H+1 -5.093E-04 6.800 0.000 
 
Type V - UNDERSATURATED SOLIDS (not present at equilibrium)  
 ID No Name 2095000 Zn(OH)2 (am)2095001 Zn(OH)22095002 Zn(OH)2 
(beta)2095003 Zn(OH)2 (gamma)2095004 Zn(OH)2 (epsilon)2095005 ZnO 
(active)2095006 ZINCITE 5095000 SMITHSONITE 5095001 ZnCO3:1H2O 5015001 
CALCITE  
Conc (M) New logK Enthalpy1.884E-04 -12.474 80.620 3.540E-04 -12.200 0.000 
9.887E-04 -11.754 83.140 1.035E-03 -11.734 0.000 1.641E-03 -11.534 81.800 3.636E-
03 -11.188 88.760 2.601E-03 -11.334 89.620 1.227E-02 10.000 15.840 2.233E-02 10.260 
0.000 2.430E-07 8.475 8.000  
Type VI - EXCLUDED SPECIES (not included in mole balance) 
 ID No Name Conc (M) New logK Enthalpy3301403 CO2 (g) 3.068E-03 18.147 -4.060  
______________________________ PART 4 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 4: 7 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
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 PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II 
(dissolved and adsorbed) species  
CO3-2  
74.0 Percent bound in species #3301400 HCO3- 
 
25.9 Percent bound in species #3301401 H2CO3 (aq)  
Ca+2  
99.7 Percent bound in species # 150 Ca+2  
Zn+2  
98.1 Percent bound in species # 950 Zn+2  
H2O  
41.0 Percent bound in species #3300020 OH- 
57.8 Percent bound in species #9503300 ZnOH+  
 
1.1 Percent bound in species #9503301 Zn(OH)2 (aq)  
H+1  
58.8 Percent bound in species #3301400 HCO3- 
41.2 Percent bound in species #3301401 H2CO3 (aq)  
______________________________ PART 5 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 4: 7 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 ---------------------------------------------------------------- EQUILIBRATED MASS 
DISTRIBUTION ---------- 
IDX  Name  DISSOLVED  SORBED   PRECIPITATED 
   mol/L  percent mol/L percent  mol/L  percent 
140  CO3-2  4.046E-04  100.0  0.000E+00 0.0  0.000E+00  0.0  
150  Ca+2  9.981E-09  100.0  0.000E+00 0.0  0.000E+00  0.0  
950  Zn+2  1.529E-05  100.0  0.000E+00 0.0  0.000E+00  0.0  
330  H+1  5.093E-04  100.0  0.000E+00 0.0  0.000E+00  0.0 
 
 Charge Balance: SPECIATED 
 Sum of CATIONS = 3.040E-05 Sum of ANIONS 2.996E-04 
 PERCENT DIFFERENCE = 8.158E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) NON-CARBONATE ALKALINITY = -9.644E-08  
 EQUILIBRIUM IONIC 
STRENGTH (m) =  

1.801E-
04 

 EQUILIBRIUM 
pH  =  6.800 

 DATE ID 
NUMBER:  20090602 

 

 TIME ID 
NUMBER:  19040718  
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______________________________ PART 6 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 4: 7 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
Saturation indices and stoichiometry of all minerals 
 ID No Name SI Composition by stoich. of components2095000 Zn(OH)2 (am) -3.725 [ 
1.000]950 [ 2.000] 2 [ -2.000]3302095001 Zn(OH)2 -3.451 [ -2.000]330 [ 1.000]950 [ 
2.000] 2 2095002 Zn(OH)2 (beta) -3.005 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095003 
Zn(OH)2 (gamma) -2.985 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095004 Zn(OH)2 
(epsilon) -2.785 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095005 ZnO (active) -2.439 [ -
2.000]330 [ 1.000]950 [ 1.000] 2 2095006 ZINCITE -2.585 [ 1.000]950 [ 1.000] 2 [ -
2.000]3302015000 LIME -27.128 [ -2.000]330 [ 1.000]150 [ 1.000] 2 2015001 
PORTLANDITE -17.233 [ 1.000]150 [ 2.000] 2 [ -2.000]3305095000 SMITHSONITE -
1.911 [ 1.000]950 [ 1.000]1405095001 ZnCO3:1H2O -1.651 [ 1.000]950 [ 1.000]140 [ 
1.000] 2 5015000 ARAGONITE -6.753 [ 1.000]150 [ 1.000]1405015001 CALCITE -
6.614 [ 1.000]150 [ 1.000]140  
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Case 5: Zinc Speciation at pH 7.8: 
 
PART 1 of OUTPUT FILE  
MINTEQA2 for Windows  
ACADEMIC Version v1.50 DATE: 2-JUN-2009 TIME: 19: 5:14  
***ACADEMIC USE ONLY: NOT FOR COMMERCIAL USE***  
 
Zn Speciation at pH 7.8 , with alkalinity calculated and precipitates of Zn 
Component file (COMP.DBS): COMP.DBS MTQWv1.50 1/29/04 
9:55:1Thermodynamic file (THERMO.UNF): THERMO.UNF MTQWv1.50 1/29/04 
9:53:2Gaussian DOM file (GAUSSIAN.DBS): GAUSSIAN.DBSV1.50 MTQW 
07/24/03 * Solids file (TYPE6.UNF): TYPE6.UNF MTQWv1.50 1/29/04 9:53:2  
Temperature (Celsius): 25.0 
 Units of concentration for input data: mg/L 
(***Calculated concentrations in output are always in molar units.) 
Ionic strength to be computed. 
Carbonate concentration represents carbonate alkalinity. 
Precipitation is allowed only for those solids specified as ALLOWED 
 
in the input file (if any). 
The method used to compute activity coefficients is: Davies equation 
Intermediate output file  
 
330 0.000E+00 -7.80 Y 
 150 4.000E-04 -8.00 Y 
 950 1.000E+00 -4.81 Y 
 140 8.993E+01 -5.37 Y 
 
 H2O has been inserted as a COMPONENT 
 3 1 
 330 7.8000 0.0000 
 
 5 10 2095000 -12.4740 80.6200 2095001 -12.2000 0.0000 2095002 -11.7540 83.1400 
2095003 -11.7340 0.0000 2095004 -11.5340 81.8000 2095005 -11.1884 88.7600 
2095006 -11.3340 89.6200 5095000 10.0000 15.8400 5095001 10.2600 0.0000 5015001 
8.4800 8.0000  
INPUT DATA BEFORE TYPE MODIFICATIONS 
 ID Name ACTIVITY GUESS  
330 H+1 1.585E-08  
150 Ca+2 1.000E-08  
950 Zn+2 1.549E-05  
140 CO3-2 4.266E-06  
 
2 H2O 1.000E+00  
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log GUESS ANAL TOTAL-7.800 0.000E+00-8.000 4.000E-04-4.810 1.000E+00-5.370 
8.993E+01 
0.000 0.000E+00 
 Charge Balance: UNSPECIATED 
 Sum of CATIONS= 3.061E-05 Sum of ANIONS = 2.997E-03 
 PERCENT DIFFERENCE = 9.798E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 -----------------------------------------------------| IMPROVED ACTIVITY GUESSES 
PRIOR TO FIRST ITERATION: || CO3-2 Log activity guess: -5.37 ||------------------------

------------------------------
|

 
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
 -----------------------------------------------------Activities of the following components are 
constrained 
by the species shown: 
 COMPONENT  SPECIES  TYPE 
 H+1  H+1  3 
 H2O  H2O  3  
 
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 0 Zn+2 1.529E-05 
5.782E-06 -4.81000 5.782E-06 
 ***  Temporarily holding ionic strength constant1 Zn+2 1.529E-05 -2.275E-06 -
5.10513 2.275E-06 2 Zn+2 1.529E-05 1.581E-05 -5.03735 1.581E-05 3 Zn+2 1.529E-05 
5.761E-07 -5.31211 5.761E-07 4 Zn+2 1.529E-05 4.123E-10 -5.32784 3.970E-10 5 
CO3-2 3.057E-03 4.569E-09 -5.16636 1.512E-09 
 ***  Releasing hold on I.S. due to convergence7 Zn+2 1.529E-05 -7.148E-06 -5.32785 
7.148E-06 8 Zn+2 1.529E-05 3.913E-07 -5.06856 3.913E-07 9 Zn+2 1.529E-05 2.854E-
09 -5.08021 2.839E-09 
 
 10 Zn+2 1.529E-05 1.498E-10 -5.08031 1.345E-10 
 ITERATIONS= 11: SOLID ZnCO3:1H2O PRECIPITATES  
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 



 121

DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE Zn+2 ZnCO3:1H2O 4 H+1 H+1 3 H2O H2O 3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 11 Ca+2 9.981E-
09 -1.555E-09 -8.09196 1.555E-09 
 ***  Temporarily holding ionic strength constant12 Ca+2 9.981E-09 1.842E-09 -
8.01903 1.842E-09 13 Ca+2 9.981E-09 2.707E-12 -8.09183 2.697E-12 
 ***  Releasing hold on I.S. due to convergence15 Ca+2 9.981E-09 -2.858E-12 -
8.09195 2.848E-12 
 
 ID No Name Total Conc(M) Conc (M) log Activity Diff fxn 
 140 CO3-2 3.084E-03 9.984E-06 -5.07643 -5.770E-10 
 150 Ca+2 9.981E-09 9.636E-09 -8.09183 -7.523E-15 
 
 2 H2O 0.000E+00 -4.423E-06 -0.00002 0.000E+00 
 330 H+1 0.000E+00 1.656E-08 -7.80000 0.000E+00 
 950 Zn+2 1.529E-05 7.802E-06 -5.18355 0.000E+00 
 
Type I - COMPONENTS AS SPECIES IN SOLUTION 
 ID No Name  Conc (M) log Act Charge Act Coef New logK Type II - OTHER 
SPECIES IN SOLUTION OR ADSORBED 
 330 H+1  1.656E-08  -7.80000 1.00  0.95734  0.019
 150 Ca+2  9.636E-09  -8.09183 2.00  0.83998  0.076
 950 Zn+2  7.802E-06  -5.18355 2.00  0.83998  0.076
 140 CO3-2  9.984E-06  -5.07643 -2.00  0.83998  0.076 
 
 ID No Name Conc (M) log Act Charge Act Coef New logK1501400 CaHCO3+ 2.487E-
10 -9.62321 1.00 0.95734 11.364 1501401 CaCO3 (aq) 9.640E-11 -10.01575 0.00 
1.00035 3.152 3300020 OH-6.636E-07 -6.19702 -1.00 0.95734 -13.978 9503300 ZnOH+ 
4.349E-07 -6.38057 1.00 0.95734 -8.978 9503301 Zn(OH)2 (aq) 4.190E-08 -7.37759 
0.00 1.00035 -17.794 9503302 Zn(OH)3-1.394E-10 -9.87461 -1.00 0.95734 -28.072 
9503303 Zn(OH)4-2 4.019E-15 -14.47164 -2.00 0.83998 -40.412 1503300 CaOH+ 
1.072E-13 -12.98885 1.00 0.95734 -12.678 3301400 HCO3-2.966E-03 -2.54678 -1.00 
0.95734 10.349 3301401 H2CO3 (aq) 1.010E-04 -3.99543 0.00 1.00035 16.681 9501401 
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ZnCO3 (aq) 3.161E-06 -5.49998 0.00 1.00035 4.760 9501400 ZnHCO3+ 6.137E-07 -
6.23098 1.00 0.95734 11.848  
Type III - SPECIES WITH FIXED ACTIVITY  
ID No Name Conc (M) New logK Enthalpy 
2 H2O -4.423E-06 0.000 0.000 
 330 H+1 -3.167E-03 7.800 0.000 
 
Type IV - FINITE SOLIDS (present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy5095001 ZnCO3:1H2O 3.241E-06 10.260 
0.000  
Type V - UNDERSATURATED SOLIDS (not present at equilibrium) 
 ID No Name 2095001 Zn(OH)22095002 Zn(OH)2 (beta)2095003 Zn(OH)2 
(gamma)2095004 Zn(OH)2 (epsilon)2095005 ZnO (active)2095006 ZINCITE 5095000 
SMITHSONITE 2095000 Zn(OH)2 (am)5015001 CALCITE  
Conc (M) New logK Enthalpy1.646E-02 -12.200 0.000 4.596E-02 -11.754 83.140 
4.813E-02 -11.734 0.000 7.628E-02 -11.534 81.800 1.691E-01 -11.188 88.760 1.209E-
01 -11.334 89.620 5.496E-01 10.000 15.840 8.758E-03 -12.474 80.620 2.026E-05 8.475 
8.000  
Type VI - EXCLUDED SPECIES (not included in mole balance) 
 ID No Name Conc (M) New logK Enthalpy3301403 CO2 (g) 2.955E-03 18.147 -4.060  
______________________________ PART 4 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II 
(dissolved and adsorbed) species  
CO3-2  
96.3 Percent bound in species #3301400 HCO3- 
 
3.3 Percent bound in species #3301401 H2CO3 (aq)  
Ca+2  
96.5 Percent bound in species # 150 Ca+2  
2.5 Percent bound in species #1501400 CaHCO3+  
56.1 Percent bound in species #3300020 OH- 
 
H2O  
 36.8 Percent bound in species #9503300 ZnOH+  
7.1 Percent bound in species #9503301 Zn(OH)2 (aq)  
 
H+1  
93.6 Percent bound in species #3301400 HCO3- 
6.4 Percent bound in species #3301401 H2CO3 (aq)  
Zn+2  
64.7 Percent bound in species # 950 Zn+2  
3.6 Percent bound in species #9503300 ZnOH+  
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26.2 Percent bound in species #9501401 ZnCO3 (aq)  
5.1 Percent bound in species #9501400 ZnHCO3+  
 
______________________________ PART 5 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 ---------------------------------------------------------------- EQUILIBRATED MASS 
DISTRIBUTION ---------- 
IDX  Name  DISSOLVED  SORBED   PRECIPITATED 
   mol/L  percent mol/L percent  mol/L  percent 
140  CO3-2  3.081E-03  99.9  0.000E+00 0.0  3.241E-06  0.1  
150  Ca+2  9.981E-09  100.0  0.000E+00 0.0  0.000E+00  0.0  
330  H+1  3.167E-03  100.0  0.000E+00 0.0  0.000E+00  0.0  
950  Zn+2  1.205E-05  78.8  0.000E+00 0.0  3.241E-06  21.2 
 
 Charge Balance: SPECIATED 
 Sum of CATIONS = 1.669E-05 Sum of ANIONS 2.987E-03 
 PERCENT DIFFERENCE = 9.889E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 NON-CARBONATE ALKALINITY = 6.471E-07 
 EQUILIBRIUM IONIC STRENGTH (m) = 1.519E-03 
 EQUILIBRIUM pH = 7.800 
 DATE ID NUMBER: 20090602 
 TIME ID NUMBER: 19051425 
 
______________________________ PART 6 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 5:14 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
Saturation indices and stoichiometry of all minerals 
 ID No Name SI Composition by stoich. of components2095000 Zn(OH)2 (am) -2.058 [ 
1.000]950 [ 2.000] 2 [ -2.000]3302095001 Zn(OH)2 -1.784 [ -2.000]330 [ 1.000]950 [ 
2.000] 2 2095002 Zn(OH)2 (beta) -1.338 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095003 
Zn(OH)2 (gamma) -1.318 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095004 Zn(OH)2 
(epsilon) -1.118 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095005 ZnO (active) -0.772 [ -
2.000]330 [ 1.000]950 [ 1.000] 2 2095006 ZINCITE -0.918 [ 1.000]950 [ 1.000] 2 [ -
2.000]3302015000 LIME -25.191 [ -2.000]330 [ 1.000]150 [ 1.000] 2 2015001 
PORTLANDITE -15.296 [ 1.000]150 [ 2.000] 2 [ -2.000]3305095000 SMITHSONITE -
0.260 [ 1.000]950 [ 1.000]1405095001 ZnCO3:1H2O 0.000 [ 1.000]950 [ 1.000]140 [ 
1.000] 2 5015000 ARAGONITE -4.832 [ 1.000]150 [ 1.000]1405015001 CALCITE -
4.693 [ 1.000]150 [ 1.000]140  
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Case 6: Zinc Speciation at pH 8.8: 
 
PART 1 of OUTPUT FILE 
MINTEQA2 for Windows  
ACADEMIC Version v1.50 DATE: 2-JUN-2009 TIME: 19: 1:19  
***ACADEMIC USE ONLY: NOT FOR COMMERCIAL USE***  
Zn Speciation at pH 8.8 , with alkalinity calculated and precipitates of Zn 
Component file (COMP.DBS): COMP.DBS MTQWv1.50 1/29/04 
9:55:1Thermodynamic file (THERMO.UNF): THERMO.UNF MTQWv1.50 1/29/04 
9:53:2Gaussian DOM file (GAUSSIAN.DBS): GAUSSIAN.DBSV1.50 MTQW 
07/24/03 * Solids file (TYPE6.UNF): TYPE6.UNF MTQWv1.50 1/29/04 9:53:2  
Temperature (Celsius): 25.0 
 Units of concentration for input data: mg/L 
(***Calculated concentrations in output are always in molar units.) 
Ionic strength to be computed. 
Carbonate concentration represents carbonate alkalinity. 
Precipitation is allowed only for those solids specified as ALLOWED 
 
in the input file (if any). 
The method used to compute activity coefficients is: Davies equation 
Intermediate output file  
 
330 0.000E+00 -8.80 Y 
 150 4.000E-04 -8.00 Y 
 950 1.000E+00 -4.81 Y 
 140 8.993E+01 -4.37 Y 
 
 H2O has been inserted as a COMPONENT 
 3 1 
 330 8.8000 0.0000 
 
 5 10 2095000 -12.4740 80.6200 2095001 -12.2000 0.0000 2095002 -11.7540 83.1400 
2095003 -11.7340 0.0000 2095004 -11.5340 81.8000 2095005 -11.1884 88.7600 
2095006 -11.3340 89.6200 5095000 10.0000 15.8400 5095001 10.2600 0.0000 5015001 
8.4800 8.0000  
INPUT DATA BEFORE TYPE MODIFICATIONS 
 ID Name ACTIVITY GUESS  
330 H+1 1.585E-09  
150 Ca+2 1.000E-08  
950 Zn+2 1.549E-05  
140 CO3-2 4.266E-05  
 
2 H2O 1.000E+00  
log GUESS ANAL TOTAL-8.800 0.000E+00-8.000 4.000E-04-4.810 1.000E+00-4.370 
8.993E+01 
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0.000 0.000E+00 
 Charge Balance: UNSPECIATED 
 Sum of CATIONS= 3.061E-05 Sum of ANIONS = 2.997E-03 
 PERCENT DIFFERENCE = 9.798E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 -----------------------------------------------------| IMPROVED ACTIVITY GUESSES 
PRIOR TO FIRST ITERATION: || CO3-2 Log activity guess: -4.37 ||------------------------

------------------------------
|

 
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
 -----------------------------------------------------Activities of the following components are 
constrained 
by the species shown: 
 COMPONENT  SPECIES  TYPE 
 H+1  H+1  3 
 H2O  H2O  3  
 
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 0 Zn+2 1.529E-05 
5.916E-05 -4.81000 5.916E-05 
 ***  Temporarily holding ionic strength constant1 Zn+2 1.529E-05 -4.238E-06 -
5.81000 4.238E-06 2 Zn+2 1.529E-05 3.807E-06 -5.66985 3.807E-06 3 Zn+2 1.529E-05 
1.424E-07 -5.69209 1.424E-07 4 Zn+2 1.529E-05 -3.092E-09 -5.70064 3.076E-09 5 
CO3-2 2.825E-03 -1.980E-07 -4.21432 1.951E-07 6 CO3-2 2.825E-03 1.128E-08 -
4.21429 8.450E-09 
 ***  Releasing hold on I.S. due to convergence8 Zn+2 1.529E-05 -3.121E-06 -5.70032 
3.121E-06 9 Zn+2 1.529E-05 1.647E-07 -5.66576 1.646E-07 
 
 10 Zn+2 1.529E-05 -1.519E-09 -5.66853 1.504E-09 11 Zn+2 1.529E-05 5.175E-11 -
5.66861 3.645E-11 
 ITERATIONS= 12: SOLID ZnO (active) PRECIPITATES  
______________________________ PART 2 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
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DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
____________________ CONSTRAINTS ON COMPONENT ACTIVITIES 
__________________ 
 As specified, this chemical system is OPEN with respect to the following components:  
H2O H+1  
-----------------------------------------------------Activities of the following components are 
constrained by the species shown: 
 COMPONENT SPECIES TYPE Zn+2 ZnO (active) 4 H+1 H+1 3 H2O H2O 3  
______________________________ PART 3 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE: 
 ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL 12 Ca+2 9.981E-
09 -1.466E-09 -8.12649 1.466E-09 
 ***  Temporarily holding ionic strength constant13 Ca+2 9.981E-09 1.719E-09 -
8.05988 1.719E-09 14 Ca+2 9.981E-09 8.631E-12 -8.12624 8.621E-12 
 ***  Releasing hold on I.S. due to convergence16 Ca+2 9.981E-09 -2.138E-13 -
8.12661 2.038E-13 
 
 ID No Name Total Conc(M) Conc (M) log Activity Diff fxn 
 140 CO3-2 2.897E-03 9.422E-05 -4.10321 -1.064E-10 
 150 Ca+2 9.981E-09 8.928E-09 -8.12660 -1.206E-15 
 
 2 H2O 0.000E+00 -1.995E-05 -0.00002 0.000E+00 
 330 H+1 0.000E+00 1.657E-09 -8.80000 0.000E+00 
 950 Zn+2 1.529E-05 4.632E-07 -6.41158 0.000E+00 
 
Type I - COMPONENTS AS SPECIES IN SOLUTION Type II - OTHER SPECIES IN 
SOLUTION OR ADSORBED 
 ID No Name 330 
H+1  

Conc 
(M)1.657E-09  

log Act Charge Act Coef New logK-
8.80000 1.00 0.95645 0.019 

 150 Ca+2  8.928E-09  -8.12660 2.00  0.83686  0.077
 950 Zn+2  4.632E-07  -6.41158 2.00  0.83686  0.077
 140 CO3-2  9.422E-05  -4.10321 -2.00  0.83686  0.077 
 
 ID No Name Conc (M) log Act Charge Act Coef New logK1501400 CaHCO3+ 2.161E-
10 -9.68477 1.00 0.95645 11.364 1501401 CaCO3 (aq) 8.366E-10 -9.07730 0.00 1.00037 
3.152 3300020 OH-6.642E-06 -5.19702 -1.00 0.95645 -13.978 9503300 ZnOH+ 2.575E-
07 -6.60860 1.00 0.95645 -8.978 9503301 Zn(OH)2 (aq) 2.479E-07 -6.60562 0.00 
1.00037 -17.794 9503302 Zn(OH)3-8.255E-09 -8.10264 -1.00 0.95645 -28.072 9503303 
Zn(OH)4-2 2.386E-12 -11.69966 -2.00 0.83686 -40.411 1503300 CaOH+ 9.902E-13 -
12.02363 1.00 0.95645 -12.678 3301400 HCO3-2.791E-03 -2.57356 -1.00 0.95645 
10.349 3301401 H2CO3 (aq) 9.498E-06 -5.02221 0.00 1.00037 16.681 9501401 ZnCO3 
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(aq) 1.758E-06 -5.75479 0.00 1.00037 4.760 9501400 ZnHCO3+ 3.416E-08 -7.48579 
1.00 0.95645 11.848  
Type III - SPECIES WITH FIXED ACTIVITY  
ID No Name Conc (M) New logK Enthalpy 
2 H2O -1.995E-05 0.000 0.000 
 330 H+1 -2.778E-03 8.800 0.000 
 
Type IV - FINITE SOLIDS (present at equilibrium) 
 ID No Name Conc (M) New logK Enthalpy2095005 ZnO (active) 1.253E-05 -11.188 
88.760  
Type V - UNDERSATURATED SOLIDS (not present at equilibrium) 
 ID No Name 2095001 Zn(OH)22095002 Zn(OH)2 (beta)2095003 Zn(OH)2 
(gamma)2095004 Zn(OH)2 (epsilon)2095000 Zn(OH)2 (am)2095006 ZINCITE 5095000 
SMITHSONITE 5095001 ZnCO3:1H2O 5015001 CALCITE  
Conc (M) New logK Enthalpy9.736E-02 -12.200 0.000 2.719E-01 -11.754 83.140 
2.847E-01 -11.734 0.000 4.512E-01 -11.534 81.800 5.181E-02 -12.474 80.620 7.152E-
01 -11.334 89.620 3.056E-01 10.000 15.840 5.561E-01 10.260 0.000 1.758E-04 8.475 
8.000  
Type VI - EXCLUDED SPECIES (not included in mole balance) 
 ID No Name Conc (M) New logK Enthalpy3301403 CO2 (g) 2.779E-04 18.147 -4.060  
______________________________ PART 4 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 PERCENTAGE DISTRIBUTION OF COMPONENTS AMONG TYPE I and TYPE II 
(dissolved and adsorbed) species  
CO3-2  
3.3 Percent bound in species # 140 CO3-2  
96.4 Percent bound in species #3301400 HCO3- 
 
Ca+2  
89.4 Percent bound in species # 150 Ca+2  
2.2 Percent bound in species #1501400 CaHCO3+  
8.4 Percent bound in species #1501401 CaCO3 (aq)  
 
H2O  
89.5  Percent bound in species #3300020  OH- 
3.5  Percent bound in species #9503300  ZnOH+  

6.7  Percent bound in species #9503301  Zn(OH)2 
(aq)  

 
H+1  
99.6 Percent bound in species #3301400 HCO3- 
Zn+2  
16.7 Percent bound in species # 950 Zn+2  
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9.3 Percent bound in species #9503300 ZnOH+  
 
9.0 Percent bound in species #9503301 Zn(OH)2 (aq)  
63.5 Percent bound in species #9501401 ZnCO3 (aq)  
1.2 Percent bound in species #9501400 ZnHCO3+  
______________________________ PART 5 of OUTPUT FILE 
_________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE*** 
 ---------------------------------------------------------------- EQUILIBRATED MASS 
DISTRIBUTION ---------- 
IDX  Name  DISSOLVED  SORBED   PRECIPITATED 
   mol/L  percent mol/L percent  mol/L  percent 
140  CO3-2  2.897E-03  100.0  0.000E+00 0.0  0.000E+00  0.0  
150  Ca+2  9.981E-09  100.0  0.000E+00 0.0  0.000E+00  0.0  
330  H+1  2.803E-03  100.0  0.000E+00 0.0  0.000E+00  0.0  
950  Zn+2  2.769E-06  18.1  0.000E+00 0.0  1.253E-05  81.9 
 
 Charge Balance: SPECIATED 
 Sum of CATIONS = 1.238E-06 Sum of ANIONS 2.986E-03 
 PERCENT DIFFERENCE = 9.992E+01 (ANIONS - CATIONS)/(ANIONS + 
CATIONS) 
 NON-CARBONATE ALKALINITY = 6.641E-06 
 EQUILIBRIUM IONIC STRENGTH (m) = 1.588E-03 
 EQUILIBRIUM pH = 8.800 
 DATE ID NUMBER: 20090602 
 TIME ID NUMBER: 19011940 
 
______________________________ PART 6 of OUTPUT FILE 
___________________________ MINTEQA2 for Windows ACADEMIC Version v1.50 
DATE: 2-JUN-2009 TIME: 19: 1:19 ***ACADEMIC USE ONLY: NOT FOR 
COMMERCIAL USE***  
Saturation indices and stoichiometry of all minerals 
 ID No Name SI Composition by stoich. of components2095000 Zn(OH)2 (am) -1.286 [ 
1.000]950 [ 2.000] 2 [ -2.000]3302095001 Zn(OH)2 -1.012 [ -2.000]330 [ 1.000]950 [ 
2.000] 2 2095002 Zn(OH)2 (beta) -0.566 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095003 
Zn(OH)2 (gamma) -0.546 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095004 Zn(OH)2 
(epsilon) -0.346 [ 1.000]950 [ 2.000] 2 [ -2.000]3302095005 ZnO (active) 0.000 [ -
2.000]330 [ 1.000]950 [ 1.000] 2 2095006 ZINCITE -0.146 [ 1.000]950 [ 1.000] 2 [ -
2.000]3302015000 LIME -23.226 [ -2.000]330 [ 1.000]150 [ 1.000] 2 2015001 
PORTLANDITE -13.331 [ 1.000]150 [ 2.000] 2 [ -2.000]3305095000 SMITHSONITE -
0.515 [ 1.000]950 [ 1.000]1405095001 ZnCO3:1H2O -0.255 [ 1.000]950 [ 1.000]140 [ 
1.000] 2 5015000 ARAGONITE -3.894 [ 1.000]150 [ 1.000]1405015001 CALCITE -
3.755 [ 1.000]150 [ 1.000]140  
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APPENDIX B 
INHIBITION OF PYRITEOXIDATION BY A PHOSPHOLIPID IN THE 

PRESENCE OF SILICATE 
 

David M. Kargbo*, George Atallah, Sabyasachi Chatterjee 
 

ABSTRACT 
 

The influence of sodium silicate on the ability of a diacetylene-containing phospholipid 

(23:2 diyne PC) to inhibit the oxidation of pyrite at pH 2 and pH 6 was investigated. The 

phospholipid used has previously been reported to show up to 80% suppression of pyrite 

oxidation and to show excellent stability down to at least pH 2. Pyrite was leached with a 

solution containing Fe3+ but no coating agent and three different solutions or treatments: 

a lipid treatment, a silicate treatment, and a lipid + silicate treatment. Pyrite oxidation was 

based on iron (Fe3+, Fe2+) leached out of a continuous-flow porous-bed reactor system. 

The results show that at pH 6 the silicate and lipid both bind strongly to the pyrite 

surfaces, providing a barrier that inhibits the production and subsequent release of 

oxidation products. The lipid is superior to the silicate in suppressing pyrite oxidation at 

both pH 2 and pH 6. Also, the presence of silicates decreased the ability for the lipid to 

suppress pyrite oxidation, both at pH 2 and pH 6. The reaction mechanism for pyrite 

oxidation at pH 2 is first order for pyrite leached by solutions containing only ferric, 

ferric together with silicate, and ferric combined with silicate and lipid. The only 

treatment that effectively prevented pyrite oxidation at pH 2 was the lipid treatment. The 

Fe speciation results are supported by both SEM images and EDS calculations. 
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INTRODUCTION 
 
When pyrite is exposed to the atmosphere during mining, it is oxidized by Fe3+ (eq 1) or 

oxygen (eq 2), releasing dissolved iron (Fe2+), hydrogen ions (H+), and sulfate (SO4
2-): 

 

FeS2 + 14Fe3+ + 8H2O  15Fe2+ + 16H+ + 2SO4
2-                                                           (1) 

2FeS2 + 2O2 + 7H2O   2Fe2+ + 4H+ + 4SO4
2-                                                                (2) 

4Fe2+ + O2 + 4H+    4Fe3+ + 2H2O                                                                                 (3) 

 
During transport to streams, ferrous sulfate can also undergo oxidation and hydrolysis to 

generate acidity and form iron oxide. These acid waters in streams with precipitates of 

iron oxide coatings on stream channels are commonly referred to as acid mine drainage 

(AMD). AMD is a major source of environmental pollution in the United States, killing 

vegetation along its way and mobilizing toxic metals to surface waters and groundwater 

supplies (2). This has led to an increased interest in reducing the amount of metal sulfide 

oxidation in the environment. There have been numerous studies devoted to the oxidation 

of pyrite and its environmental consequences (3-9). However, only a relatively small 

number of studies have evaluated techniques for the suppression of pyrite oxidation (10-

14). In general, remediation strategies that have been developed to prevent AMD in 

rather harsh weathering environments, such as low pH and highly oxic environments, 

have not been entirely successful.  

 

Two strategies have emerged to limit AMD, namely, pyrite encapsulation and Fe3+ 

complexation. Encapsulation of pyrite, by forming a surface precipitate, is designed to 
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create a physical barrier for oxidants approaching the pyrite surface. Both iron phosphate 

precipitates and silica precipitates have been shown to suppress pyrite oxidation (14, 15). 

However, for encapsulation, both precipitates require an initial surface oxidation, using 

hydrogen peroxide, to release Fe3+ and subsequently produce the iron phosphate (or 

silica) coatings. Besides the problem of handling hydrogen peroxide in a real application, 

coating the surface of pyrite contained in mine waste may prove to be difficult. 

Furthermore, forming an iron phosphate encapsulation requires the application of 

phosphate, a nutrient. The introduction of this nutrient may lead to eutrophication of 

streams. Silica coating has been reported to be an effective method of reducing pyrite 

oxidation but only at pH > 3 (16). The second strategy, complexation of ferric iron, is 

designed to reduce the effective concentration of this oxidant (17). Humic acid and other 

organic ligands (12, 13), sometimes leached from natural products such as wood chips 

and manure (18), have been explored in this context. It is not clear that either strategy 

will work at very low pH (4) and in environments with very high concentrations of 

dissolved iron. Recent research findings (4, 19) indicate that phospholipids containing 

two long organic hydrocarbon (hydrophobic) tails and one polar (electrophillic) head 

group (Figure 1) can adsorb readily on pyrite in an aqueous suspension and inhibit the 

oxidative decomposition of pyrite. These bilayer forming lipids have been reported to 

show - up to 80% suppression of pyrite oxidation and to show excellent stability down to 

at least pH 2 (4). Pre exposing diacetylene-containing phospholipids to UV radiation after 

sorption onto pyrite resulted in an even greater pyrite oxidation suppression 

ofupto90%(19). The lipids are composed mainly of carbon and pose no foreseeable threat 

to the environment. The mechanism of pyrite oxidation suppression by bilayer lipids has 
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not yet been clearly determined. The few explanations that have been proposed and 

appear to be supported by data are based entirely on the structure of the bilayer lipids. 

First, water is a key reactant in the oxidation of pyrite. The hydrophobic pocket in the 

bilayer lipid structure can inhibit the interaction of water with the pyrite surface and 

hence inhibit or suppress pyrite oxidation. Second, several researchers (15) have 

generated data that show that phosphate adsorbed on pyrite can decrease the extent of 

pyrite oxidation at relatively high pH (>4), although it can be readily removed at a pH 

near 2. The phospholipids contain phosphate groups. It is believed that the hydrophobic 

tail of the phospholipid acts to stabilize the adsorbed phosphate group (even at pH < 4) 

and eventually binds the lipid to the pyrite surface. However, in order to use bilayer lipids 

in the field to suppress pyrite oxidation, it is necessary to investigate pyrite oxidation 

suppression by this new bilayer lipid technology under experimental conditions expected 

to approximate those which pyrite is exposed to in the environment. In this contribution, 

therefore, we set out to test the hypothesis that the presence of silicates can decrease the 

ability for the lipid, 23:2 diyne PC, to suppress pyrite oxidation. We chose silicates 

because they can occur naturally at mine sites as the products of weathering of 

aluminosilicate minerals. Silicates have also been demonstrated to suppress pyrite 

oxidation (14, 16). The results from this research may enable us to evaluate the 

competitive effect of silicates on the effectiveness of the 23:2 diyne PC bilayer lipids to 

coat pyrite surfaces under varying pH levels. 
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MATERIALS AND METHODS  
 
Pyrite and Coating Samples.  
 

Research grade pyrite used for this study is Peruvian pyrite purchased from Ward 

Scientific. XRD analysis of the pyrite compared to known standards confirmed the nature 

of the research grade pyrite. Peruvian pyrite is reported (20) to contain a total of 

about3%impurities with Si (1.17% SiO2) and Al (0.41% Al2O3) contributing the highest 

amount of impurities. The pyrite rock samples were ground to -300 ím prior to being used 

for this study. To remove any surface impurities, the FeS2 powder used in this study was 

washed with 0.1 N HCl prior to both batch and column studies. The lipid used in this 

research is 1,2-bis(10,12-tricosadiynoyl)- sn-glycero-3-phosphocholine (23:2 diyne PC). 

Purchased in powder form (white) from Avanti, this lipid is research grade with >99% 

purity. The sodium silicate (Na2SiO3â5H2O) coating solution, sodium chloride (NaCl) 

electrolyte, and Fe3+ ion (from FeCl36H2O) oxidant, are all research grade and were 

purchased from Ward Scientific. 

 

Continuous-Flow Porous-Bed Reactor System and Kinetic Studies.  

For studies on the kinetics of pyrite oxidation and surface coating by lipids, silicates, and 

lipids in the presence of silicates, we used a porous-bed reactor system (14) that was 

housed inside a glass column with a 10mmi.d. The column is supplied with an acrylic 

water jacket to provide thermal control inside the column. Each end of the column 

consists of two fittings with 20-ím porosity HDPE bed support.  
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To test the effect of pH and coating type (lipids, silicates, lipids plus silicates) on pyrite 

oxidation suppression, four sets of solutions (control, lipid, silicate, and lipid plus 

silicate) were prepared and adjusted to pH 2 while another set of the same solutions were 

adjusted to pH 6. Additional details of the treatment solutions used in this study are 

provided in Table 1.  

 

For each test run, 100 ( 5 mg of pyrite was loaded into a column. The bed thickness of the 

pyrite was maintained around 6-8 mm. The loaded column was then rinsed with 50 mL of 

2 M HCL followed by 25 mL of distilled water to remove any surface oxidation product 

prior to leaching. After this initial rinse, the leaching solution was passed through the 

column at a rate of about 0.5 mL/min, using a Masterflex peristaltic pump (Cole Parmer). 

The effluent from the column was collected using an Eldex universal fraction collector 

(Eldex Laboratories, CA) at intervals of 20 min for 5 h and 20 min. The effluent was 

collected in graduated tubes (Nalgene, 15 mL, PP), the pH and volume of the leachate 

were measured, and the leachate was acidified with 1:1 nitric acid. The bed reactor 

assembly and fraction collector were both housed in an air-free plastic glove bag into 

which N2 is bubbled to eliminate atmospheric effects on the kinetic studies. The powder 

in the column was then transferred into a container and dried with N2 prior to SEM and 

EDS analysis. 

 

Column kinetic tests: Fe hydroxide versus silica 

For studies on the kinetics of pyrite oxidation and surface coating by Fe hydroxides and 

silica, we used a porous bed-reactor system (Zhang and Evangelou, 1998) that was 
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housed inside a glass column with an inside diameter of 10 mm. The column is supplied 

with an acrylic water jacket to provide thermal control inside the column.  Each end of 

the column consists of two end fittings with 20-µm porosity HDPE bed support.  For 

each test run, 50 ± 5 mg of pyrite was loaded into each column.  To remove any surface 

oxidation product prior to leaching, the loaded column was rinsed with 50 mL of 2 M 

HCL followed by 25 ml of distilled water.  The leaching solution was passed through the 

column at a rate of about 0.5 ml/min, using a Cole Parmer Masterflex peristaltic pump. 

The effluent from the column was collected using an Eldex universal fraction collector 

(Eldex Laboratories, CA) at intervals of 20 minutes. The effluent was collected in 

graduated tubes (Nalgene, 15 ml, PP); the pH of the leachate was measured and acidified 

with 1:1 Nitric acid.  The bed reactor assembly and fraction collector were both housed in 

an air-free plastic glove bag into which N2 was bubbled to eliminate atmospheric effects 

on the kinetic studies.  

 

Two sets of stock solutions were prepared with each set containing 0.145 M H2O2 

oxidant, 0.1 M NaCl electrolyte, and adjusted to pH 6, 4, 3, & 2 to give four stock 

solutions per set.  One set contained 0.0018 M Si (from Na2SiO3.5H2O) and buffered 

with 0.01 M NaOAc while the other set was unbuffered and contain no Si. Any coating 

over pyrite surface by any stock solution devoid of Si is assumed to be due to the 

presence of Fe hydroxide coatings and visually verified by SEM analysis. 

 

The contribution of Fe hydroxy complexes to the inhibition of pyrite oxidation during 

coating by bi-layer lipids was studied using the same continuous flow porous-bed reactor 
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system described above.  To avoid the simultaneous oxidation of pyrite and lipid by 

H2O2, Fe3+ (from FeCl3.4H2O) was used to oxidize pyrite.  Three sets of solutions were 

prepared as follows: Set 1 (Control) consists of 0.24 mM FeCl3.4H2O; Set 2 (Silica) was 

made up of 0.24 mM FeCl3.4H2O; and 0.38 mMNa2SiO3.5H2O; and Set 3 (Lipid) 

contained 0.24 mMFeCl3.4H2O; and 0.10 mM23:2 Diyne PC.  Each set was adjusted to 

pH2 and pH6.  Following the addition of the lipid in Set 3, containing the lipid, was 

heated to 60 degrees C with stirring for 15 minutes before used in the column study.  

 

Sample Analysis 

X ray diffraction (XRD) was performed on the unreacted samples to verify that samples 

used in this study are true pyrite mineral samples.  Analysis of leachate from the 

continuous flow kinetic tests and pyrite samples (reacted and unreacted) was performed 

using several techniques.  Iron (Fe) was analyzed using an AA Graphite Furnace (Buck 

Scientific, Model 210 VGP) and the results cross-checked using an ICP-MS.  Leachate 

pH was measured using an Oakton series 35617-pH meter, calibrated at pH 4.00, 7.00 

and 10.00 (using Milwaukee pH buffers solution).  Visual observation of the presence or 

absence of coatings over pyrite was done using scanning electron microscopy (SEM).   

 
RESULTS AND DISCUSSION 
Fe hydroxide versus silica Tests 
 

Figure 1 shows the amount of iron released from pyrite, as a function of time and pH, 

both in the absence of silica (A) and in the presence of silica (B) at a concentration of 

0.0018M Si in the leaching solution.   
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Figure 1:  Amount of iron released during pyrite oxidation as a function of pH and silica 
content. A: Fe concentration (in absence of silica in leaching solution); B: Fe 
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concentration (silica concentration = 0.0018 M).  Initial pH of the coating solution is I: 
pH = 6.0; II: pH = 4.0; III: pH = 3.0; IV: pH = 2.0 
 

It is assumed in these studies that coating of the surface of pyrite will suppress pyrite 

oxidation.  This in turn will reduce or eliminate the release of iron and acidity.  The data 

plotted in Figure 1 indicates that when the coating solution contained silica and is 

adjusted to pH ≥ 3 (1B, IIB, and IIIB), the leachate Fe concentration was always lower 

than the Fe concentration in the leaching solution that contained no silicates and adjusted 

to pH ≥ 3 (IA, IIA, and IIIA).  This may suggest the suppression of pyrite oxidation due 

to the coating of pyrite surfaces by silica.  It also indicates that even at pH values ≥ 4, 

where Fe is expected to form stable precipitates, silicates play a greater role in 

suppressing pyrite oxidation than any Fe hydroxides that may have been formed.  

However, the silicates appear to play no significant role in suppressing pyrite oxidation at 

pH = 2.  At this low pH, Fe released from pyrite due to reaction with the coating solution 

that contains no Si (IVA), is lower than Fe released from reaction with the Si containing 

solution (IVB).  This may indicate that at pH 2 or below, the addition of Si in a coating 

solution may exacerbate the problem of Fe release into the environment.  At these low 

pHs, naturally occurring Fe in acid mine sites may play a greater role in suppressing 

pyrite oxidation than silicates.  As noted earlier, the isoelectric point of pyrite is slightly 

greater than 1 (Evangelou, 1995).  Hence, at pHs above 1, the positively charged species 

[Fe(OH)2+ and Fe(OH)2
+] may adsorb on pyrite surface via electrostatic interaction to 

form a weak pyrite/ surface-[Fe(OH)n
n-3+] complex.  This complex may have been 

formed during our experiment using the coating solution of pH 2 and containing no Si.  

However, the addition of silica to this coating solution may have reduced the formation 
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of the pyrite/ surface-[Fe(OH)n
n-3+] complex as some of the [Fe(OH)n

n-3+] is replaced by 

silica, albeit weak, on the pyrite surface.  While this complex may also form at pH ≥ 2, it 

is possible that the coating of pyrite surfaces by silicates takes precedence over coating 

by charged Fe hydroxide species [Fe(OH)2+ and Fe(OH)2
+] at pHs above 2.  Further 

research is warranted to evaluate this phenomenon as well as determine the degree to 

which the rate of pyrite oxidation is related to the concentration of any of the many iron-

hydroxy species on the surface of pyrite. 

 

The Fe release data is consistent with the leachate pH data in this contribution.  As noted 

in Equations 1 and 3, pyrite oxidation does not only lead to an increase in Fe 

concentration but also to a drop in pH.  The results, plotted on Figure 2, show that for a 

coating solution of pH ≥ 4 and without silica (IA and IIA), the pH in the resulting 

leachate is much lower than the pH of the coating solution.  When silica is present in the 

coating solution, there is no significant drop in pH when either pH6 coating solution (IB), 

or pH4 coating solution (IIB) was used to coat pyrite.  For pH=2 coating solution (Plot 

III), the drop in pH using a coating solution containing silica (IIIB) is virtually identical 

to the pH drop using a coating solution containing no silica (IIIA).  The results from the 

pH2 coating solution clearly indicate the lack of a stable silicate coating layer over the 

pyrite surface in the presence or absence of silica at pH=2. 
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Figure 2 pH of the leachate released from the column as a function of time.  A: In 
absence of silica in leaching solution, B: Silica concentration = 0.0018M Si. Initial pH of 
the coating solution is: I: pH = 6.0; II: pH = 4.0; III: pH = 2.0  
 

Fe hydroxide versus Bi-Layer lipids Tests 

In these studies, Fe3+ was added as an oxidant to oxidize pyrite (Equation 3).  

Consequently, it is assumed that if a coating solution suppresses pyrite oxidation, then the 
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degree of suppression will be related to a reduction in the amount of Fe measured in the 

leachate. Figure 3 exhibits Fe release vs. time data for pyrite samples subjected to a 

control solution and a solution containing a bi-layer phospholipid. 
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Figure 3. Effect of pH on pyrite oxidation suppression by 23:2 Diyne PC lipid coating. 
 

The data indicates that irrespective of pH the amounts of Fe released when pyrite is 

reacted with the lipid solution was always lower than the control solution containing no 

lipids.  Also, the amounts and rates of release of Fe from the control solution were higher 

at pH 2 than at pH 6.  This demonstrates the possible formation of Fe oxide coatings over 

the pyrite surfaces at pH 6.  However, contrary to the results obtained with the silicates 

coating solution, the lipids do play a significant role in suppressing pyrite oxidation at 

pH=2. Consequently, any role played by the positively charged species [Fe(OH)2+ and 

Fe(OH)2
+] at pH=2 is overwhelmed by the strong coating action of the bi-layer lipids at 

these low pHs.   These results are also consistent with the findings by other researchers 

(Elsetinow, et al. 2002), who showed that the bi-layer-forming lipids bind strongly to the 
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pyrite surface, providing a barrier that inhibits the production and subsequent release of 

oxidation products, and that such suppression lasted for at least 4 days.   

 
Scanning Electron Microscopy (SEM) Studies 
 
Silicate Study:  Figure 4A shows an SEM image of the surface of an untreated pyrite.  

Consistent with the aqueous oxidation data, SEM analysis points to the presence of 

significant silica coating over pyrite treated with silicate solution at pH=6 (Figure 4B).  

Like the untreated pyrite, no coating was observed in the SEM image of the pyrite treated 

with silicate at pH=2 (4C).  However, the image of pyrite reacted with a coating solution 

containing no Si at pH=2 indicates some degree of coating (Figure 4D).  Further studies 

are warranted to determine the exact nature of this coating. 

 

 

Figure 4A: SEM image of the surface of 
untreated pyrite 

Figure 4B: SEM image of pyrite treated 
with silicate solution at pH=6 
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Lipids Study:  Figure 5A shows the SEM image of the lipid (23:2 Diyne lipid) used in 

the study. Unlike the silicates SEM images, the lipids are seen to coat the pyrite surface 

significantly at both pH 6 (Figure 5B) and pH 2 (Figure 5C).   

 

 

 
 

Figure 4C: SEM image of pyrite treated 
with silicate solution at pH=2 

Figure 4D: SEM image of pyrite treated 
with solution containing no silicates at 
pH=2 

Figure 5A: SEM image of 23:2 Diyne 
lipid used in the study 

Figure 5C:  Lipid over pyrite at pH=2 
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At pH=6, the coating appears to be a contribution from both Fe oxides and lipids.  

However, Fe hydroxide-only contribution observed at pH=2 in the silicates study is 

absent in the lipids study.  These data are consistent with the Fe release data.  Also, from 

the above images, it is clear that at pH=2, which is a pH commonly encountered at acid 

mine sites containing pyrite, the lipids provide a very strong inhibition of pyrite oxidation 

(Figure 5C).   

 

SUMMARY 
 

The effect of ferrous hydroxy complexes on pyrite oxidation inhibition was studied over 

a wide pH range. While the contribution of ferrous hydroxy complex in reducing pyrite 

oxidation has been well documented at high pH, their effect (if any) at low pH is unclear. 

Our study involving the use of silicate as a coating agent on pyrite indicates that at low 

pH the presence of silica exacerbate pyrite oxidation. It is possible that the presence of 

silica at low pH may have reduced the formation of the pyrite/ surface-[Fe(OH)n
n-3+] 

 

Figure 5B: Lipid over pyrite at pH=6  
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complex as some of the [Fe(OH)n
n-3+] is replaced by silica, albeit weak, on the pyrite 

surface. While this complex may also form at pH ≥ 2, it is possible that the coating of 

pyrite surfaces by silicates takes precedence over coating by charged Fe hydroxide 

species [Fe(OH)2+ and Fe(OH)2
+]. It is also possible that silica may form complexes with 

pyrite at low pH that increases the pyrite formation. While our study did not focus 

specifically on the mechanism of pyrite oxidation at low pH, evidence suggests the 

likelihood of ferric hydroxide complexes playing an important role at this phase of the 

reaction. In case of bi-layer lipids, the results indicate that pyrite oxidation is suppressed 

at low pH. In this case it is possible that any role played by the positively charged species 

[Fe(OH)2+ and Fe(OH)2+] at pH=2 is overwhelmed by the strong coating action of the 

bi-layer lipids at these low pHs.  Additional studies involving XPS and SEM data of 

pyrite surface at low pH in absence of silica would help in getting a definitive answer to 

the mechanism of ferric hydroxide interaction at low pH.  
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