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Abstract 

The effluent quality from mining & processing operations is monitored to ensure that maximum 

allowable limits are not exceeded. Recently, copper concentration levels in the effluent discharge 

flows of a copper and nickel mining company in Ontario have indicated increasing trends. A 

chemical particular to the problem is use of diethylenetriamine (DETA) in the process. 

 

Adsorption tests were conducted to investigate the ability of various adsorbents to remove and 

retain copper complexed with DETA and triethylenetetramine (TETA) in solutions.  The tests 

were divided into two sections: gangue adsorbents (silica and pyrrhotite) and high capacity 

adsorbents (natural bentonite, peat, zeolite Y and zeolite ZSM-5). 

 

Pyrrhotite as a sulphide gangue had a greater adsorption capacity than silica for the concentration 

range studied.  At 1 ppm initial concentration, over 80% of copper chelate was removed by minus 

400 mesh pyrrhotite compared to 72% of the same size silica. Freundlich and Langmuir isotherm 

models of adsorption are applicable. However, the Langmuir adsorption isotherm was found to 

more closely represent the experimental data with a maximum adsorption capacity of 129.9 μg/g 

for copper complexed with DETA on pyrrhotite. 

 

For the high capacity adsorbents, natural bentonite, zeolite Y and peat each worked well at 

removing the copper chelates.  Zeolite Y had the highest capacity for copper chelates and a 

maximum adsorption capacity of 55.9 mg/g.  Freundlich and Langmuir adsorption isotherm 

models were studied with the Langmuir isotherm model more closely representing the 

experimental data.   
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Studies were also conducted on the effect of temperature. This led to a thermodynamic analysis of 

adsorption and estimation of activation energies. The standard free energies estimated for 

adsorption of copper chelated on adsorbents studied were nearly always negative, typically 

varying from around -2 kJ/mol to -7 kJ/mol with increasing temperature. The activation energy 

was found to be highest for the natural bentonite system suggesting a strong adsorption (e.g. 40.5 

kJ/mol for CuTETA). Desorption experiments on the peat indicated very poor reversal for the 

process, confirming that the adsorption of copper chelates on high capacity adsorption was indeed 

very strong. Settling experiments indicated copper chelates were highly effective as coagulants on 

bentonite. 
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Chapter 1 

Introduction 

1.1 Overview 

Canada is one of the countries where metal mining is practiced on a large scale with a highly positive 

impact on its economy. Undoubtedly, this activity can also have a number of negative implications 

for the Canadian environment. The companies are regulated to ensure minimizing and reversing their 

undesirable impact on the environment. One aspect of environmental impact relates to characteristics 

of the aqueous effluent. The effluent quality depends on ore type and the method utilized for its 

processing. In usual practice, waste slurry (tailings) leaving the process is allowed to settle in the 

sedimentation tanks as well as in the tailing environment to facilitate recycle of supernatant water to 

the process plant. The tailings site may be part of a much larger area with a network of isolated 

aqueous systems receiving fresh input at various levels. Consequently, excess water in the tailing 

environment is frequently released to natural sources of water (e.g., rivers and lakes). In order to 

ensure compositional compatibility, the quality of discharge water is monitored. Average 

concentrations of potential contaminants are compared to limits specified in the Provincial 

Environmental Protection Acts. The concentration limits set depend on the country and province. In 

Canada, metal mining effluent regulations, MMER apply to all metal mines that exceed an effluent 

flow rate of 50 m
3
 per day. They have been subjected to periodical updates. The most recent version 

of concentration limits [1] are presented in Table 1. The values specify the maximum prescribed 

limits under which these substances may be discharged in mine effluent. Recently, residual metal 

concentration levels in the effluent discharge flows of a mining company engaged in production of 

copper and nickel concentrates in northern Ontario, Canada indicated increasing trends. In a few 
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cases, the limit for copper set by MISA (Municipal/Industrial Strategy for Abatement) regulation was 

exceeded. It has been hypothesized that the increasing trends in the concentration of metal ions are 

linked to formation of complexes that are more stable in the aqueous phase than hydroxide 

precipitates of respective metals. 

 

Table 1. Authorized Concentration levels prescribed in the MMER [1] 

Deleterious 

Substance 

Maximum 

Monthly Mean 

Concentration 

Maximum level 

in a composite     

Sample 

Maximum 

concentration in a 

grab sample 

As (mg/L) 0.5 0.75 1.0 

Cu (mg/L) 0.3 0.45 0.6 

Ni (mg/L) 0.5 0.75 1.0 

Pb (mg/L) 0.2 0.3 0.4 

Zn (mg/L) 0.5 0.75 1.0 

CN
-
 1.0 1.5 2.0 

pH range 6.0 – 9.5 

Total suspended 

solids (mg/L) 
15 22.5 30 

 

The most probable candidate for formation of aqueous complexes was suspected to be polyamine(s) 

that are used in the process. These are DETA (diethylentriamine) and TETA (triethylenetetramine), 

which, as part of their action in flotation slurries of complex nickel and copper sulphide ores, are 

known to form stable aqueous species with copper and nickel ions [2] [3] [4].  

 

After two decades of operation with no known environmental issues, on July11, 2005, INCO 

Limited was charged with violating nine of the Metal Mining Effluent Regulations.  Five of these 

charges were related to elevated metal levels in the discharge at the Copper Cliff Waste Water 
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Treatment Plant.  Specifically, the charges asserted that chelated copper was being discharged in 

the tailings stream. 

 

The organic compound, DETA, has been used in the flotation process as a depressant for 

pyrrhotite, an iron sulphide gangue mineral that needs to be removed from nickel concentrate 

streams. Sequestration by DETA of active copper-nickel sites on pyrrhotite from its surface into 

liquid phase is regarded as a deactivation step leading to depression of pyrrhoite. Sequestered 

copper species form  a polyamine complex (chelated copper compound), copper DETA.  If the 

use of DETA was avoidable in the process, then the copper ions would precipitate out as copper 

hydroxide when the pH was raised above 9.5.  Therefore, the chelated copper stayed in solution 

and was discharged with the tails.  Too much copper in water has been found to damage marine 

life. 

 

TETA and DETA are reagents that are generally categorized as ‘flotation modifiers’.  These 

polyamines along with sodium metabi/sulphite are used to assist in the selective separation of 

pentlandite from pyrrhotite.  In solution, the chelated copper compounds formed from reacting 

Cu(II) with DETA and TETA are very stable and do not readily react.  Accordingly, raising the 

solution pH above 9.5 will not precipitate the copper from solution [5]. 

Presently, adsorption is one of the favored ways of removing toxic contaminants from waste 

waters.  It has been found to be very effective, economical and applicable at low concentrations 

[6].  Thus, it has been considered as a reasonable technique to remove chelated copper from the 

tailings stream. 
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This thesis presents analyses on the ability of various adsorbents to remove and retain chelated 

copper from solutions.  The first analysis is presented in Chapter 3 and involves adsorbing 

chelated copper onto the gangue minerals (pyrrhotite and quartz).  This is analogous to diverting 

the tailings effluent to old tailings areas containing the gangue minerals where the chelated 

copper would adsorb onto these minerals. The second analysis is presented in Chapter 4 and 

involves removing low copper chelate concentrations by way of adsorption onto high capacity 

adsorbents.  This is analogous to adding various high adsorption capacity adsorbents to the 

tailings effluent to adsorb the chelated copper. 

1.2 Research Objectives 

The first objective of the research work undertaken in the chelated copper adsorption onto gangue 

minerals is the theoretical validation of chelation phenomena under conditions relevant to the 

process. The second objective of the work undertaken here is the characterization of adsorptive 

capacities of principal mineral components in the tailing environment. 

 

The first objective of the work undertaken in the chelated copper adsorption onto high capacity 

adsorbents is to characterize the adsorptive capacities of natural bentonite, peat, zeolite Y and 

zeolite ZSM-5 with respect to copper chelated from DETA and TETA.  The adsorption was 

studied as a function of time, temperature and chelated copper concentration. The next objective 

is to investigate the settling characteristics and zeta potential of natural bentonite in the chelated 

copper solutions.  The settling characteristics and zeta potential were investigated at ambient 

temperature with different concentrations of copper chelates. 
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1.3 Thesis Organization 

Chapter 1 presents the introduction to the thesis.  The chapter is separated into three sections: 

overview, research objectives and thesis organization.  The overview section presents a history of 

the problem and a lead into the reasoning for research.  The research objectives section presents 

the objectives that this thesis attempts to accomplish.  Finally, the thesis organization section 

presents a description of each section in the thesis. 

 

Chapter 2 presents a review of existing literature for the work in this thesis.  The chapter is 

separated into four main sections: adsorption, chelating agents, adsorbents and settling and zeta 

potential.  The adsorption section provides a brief review of the principles of adsorption.  The 

chelating agents section discusses material relating to DETA and TETA, their metal chelates and 

other metal chelates adsorbing onto other adsorbents not studied here.  The adsorbents section 

discusses the adsorbents studied in this thesis and reviews the adsorption of Cu(II) ions, chelated 

coppers and various other chelated heavy metals onto the reviewed adsorbents.  Finally, the 

settling and zeta potential section is broken down into two subsections: settling and zeta potential.  

Settling presents literature on the settling characteristics of bentonite in solution and zeta potential 

presents literature on zeta potential measurements of bentonite in solution. 

 

Chapter 3 presents a study on the adsorption of chelated copper onto the gangue minerals, 

pyrrhotite and quartz.  The chapter begins with 3.1 Materials, Methods and Procedures which 

presents descriptions of the reagents and experimental techniques used.  The section is divided 

into five parts: reagents, mineral samples, characterizing chemical equilibrium of aqueous 

species, adsorption experiments and analytical work.  In this section, the characteristics of the 
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adsorbents, the preparation of the adsorbents and the metal solutions used are outlined along with 

the experimental methods for each of the experiments conducted.  The next section, 3.2 Results 

and Discussion presents the results and discussion of the experiments described in 3.1 Materials, 

Methods and Procedures.  The results and discussion are presented in five parts: effect of pH on 

equilibrium concentration, predominant species under Eh-pH equilibrium, interaction between 

polyamines with minerals and adsorption and fundamental studies on adsorption of copper-DETA 

chelates on selected minerals.  The last section, 3.3 Summary and Conclusions, presents a 

conclusion to the experiments in this section. 

 

Chapter 4 presents a study on the adsorption of chelated copper onto high capacity adsorbents.  

The chapter begins with 4.1 Materials and Methods which gives a detailed description of the 

experimental techniques used for adsorption, settling tests and zeta potential measurements.  The 

section is separated in to two parts: materials and procedures.  The materials part outlines the 

characteristics of the adsorbents, the preparation of the adsorbents and the metal solutions used.  

The procedure part describes the experimental methods followed for each of the experiments and 

provides a list of experiments conducted.  The next section, 4.2 Results and Discussion, presents 

the results and discussion of the testing described in 4.1 Materials and Methods.  The results are 

presented in three parts: adsorption, desorption and, settling and zeta potential.  The adsorption 

part is divided into five parts: effect of contact time, effect of kinetics, adsorption isotherms, 

activation energy and adsorption thermodynamics.  The desorption section presents the results 

and discusses the desorption of chelated copper from peat.  And, settling and zeta potential 

presents and discusses the settling characteristics of natural bentonite as well as, the zeta potential 
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of natural bentonite with respect to different solutions.  The last section, 4.3 Summary and 

Conclusions, presents a conclusion to the experiments in this section. 

 

Finally, chapter 5 presents the conclusion of this thesis.  The chapter also outlines potential areas 

of future investigations. 
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Chapter 2 

Literature Review 

2.1 Overview 

This literature review is to identify and summarize some of the researchV regarding the 

adsorption of free copper ions and chelated copper ions from aqueous solutions onto low cost 

adsorbents. 

2.2 Adsorption 

Adsorption is defined as the tendency of molecules within a fluid to adhere to the surface of a 

solid [7].  There are two main types of adsorption: physisorption and chemisorption.  With 

physisorption, the forces of adsorption are weak and involve mostly van der Waals interactions 

which are often complemented by electrostatic contributions from field gradient-dipole 

interactions.  The adsorption can be either monolayer or multilayer with little specificity and may 

be reversible.  With chemisorption, the adsorption forces are very strong since there is an electron 

transfer between the molecules and the adsorbent.  These interactions are both stronger and more 

specific than physisorption forces since a chemical bond is formed.  Since bonds are formed in 

chemisorption, it is highly specific, slow for irreversibility and limited to monolayer coverage. 

2.3 Chelating Agents 

A chelating agent contains two or more electron donor atoms that can form coordinate bonds with 

a single metal atom.  These are usually atoms of oxygen, nitrogen, sulfur and phosphorous [8].  

After the first coordinate bond is formed, each successive donor atom binds to the metal atom 
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creating a ring around the metal atom.  This cyclic structure is referred to as a chelation complex 

or chelate [9]. 

 

Chelated metals usually have properties that are distinctly different from both the free metal ion 

and the chelating agent.  They are more stable than compounds of similar composition and the 

more extensive the chelation (larger number of ring closures to the metal atom) the more stable 

the compound [10]. 

2.3.1 DETA and TETA 

Copper complexes with DETA and TETA were investigated.  The DETA molecule is smaller 

than the TETA molecule.  However, both DETA and TETA are strong chelating agents that form 

very stable complexes with heavy metal ions in solution and specifically, copper ions.  The 

copper ions are bound to three or four nitrogen atoms to form a violet blue complex [11].  The 

stability constant for CuTETA (copper - triethylenetetramine polyamine complex) is nearly 

10,000 times greater than that of CuDETA (copper - diethylenetriamine polyamine complex).  

Consequently, TETA forms a much stronger chelate with copper ions than DETA and has a 

greater capacity to solubilize copper than DETA.  Figure 2-1 and Figure 2-2 present the 

molecular structures for DETA and TETA, respectively [10]. 

 

Figure 2-1. DETA [12] 
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Figure 2-2. TETA [12] 

 

At alkaline conditions, free copper ions (Cu(II)) will precipitate out as copper hydroxide.  

However, at alkaline conditions, copper complexes of DETA and TETA will not precipitate out 

due to hydroxide ions being unable to form bonds with the copper ions [12].  Figure 2-3 and 

Figure 2-4 present the molecular structures for CuDETA and CuTETA, respectively. 

 

 

Figure 2-3. CuDETA [12] 
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Figure 2-4. CuTETA [12] 

 

In mineral processing DETA and TETA are used as selective depressants for nickeliferous 

pyrrhotite (Fe8S9) during the flotation of pentlandite ((NiFe)9S8) and chalcopyrite (CuFeS2).  Iron 

sulphides are the dominant gangue mineral encountered in many complex sulphide ores [13].  

Pyrrhotite contains about 40% sulphur with nickel content usually less than 1% by weight.  In 

these ores, pentlandite is 5-15 times less abundant than pyrrhotite, the main nickel bearing 

mineral, which contains around 36% nickel by weight and 33% sulphur.  Based on these 

percentages, it is estimated that there is about 44 times more sulphur associated with pyrrhotite 

than with pentlandite.  As such, rejecting pyrrhotite during the milling stage is important [12]. 

 

The ore is often milled twice, once to liberate the chalcopyrite and a second time to liberate the 

pentlandite.  After the first milling, the chalcopyrite is floated.  The chalcopyrite float does not 

require a collector since it has surface chemistry that holds some type of buffering effects that 

result in stability and consistency in terms of collectorless flotation kinetics.  However, a 

depressant is needed to depress pyrrhotite and pentlandite; either DETA or TETA is used as the 

depressant.  Next, to liberate the pentlandite from the pyrrhotite, the ore is milled a second time.  
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For the pentlandite float a collector is required, potassium amyl xanthate.  And, to depress the 

pyrrhotite, either DETA or TETA is used.  Issues occur when the depressant, DETA or TETA, is 

added to the process.  The DETA or TETA molecules bond with liberated and unfloated copper 

ions [14].  As such, since the copper ions bond with the DETA or TETA molecules before the pH 

can be raised above 9.5, the copper ions stay in solution and leave with the tailings water. 

2.3.2 Chelated Copper Adsorption 

Little work has been completed on the adsorption of CuDETA and CuTETA onto any of the 

adsorbents to be discussed in section 2.4 Adsorbents.  The majority of the research on chelate 

copper adsorption has been on polymer modified adsorbents where Cu(II) is chelated on 

adsorption. 

 

Liu and Bai [15] conducted experiments with the adsorption of Cu(II) onto a diethylenetriamine-

functionalized polymeric adsorbent with poly (glycidyl methacrylate) or PGMA.  The adsorption 

onto the substrate occurred rapidly and within 50 minutes equilibrium was reached.  The system 

followed a Langmuir isotherm.  From Fourier Transform Infrared Spectroscopy, ‘FTIR’, results 

on the system, the adsorption mechanism occurred by Cu(II) forming coordination bonds with the 

nitrogen atoms in the amine groups of DETA.  The adsorption mechanism of how Cu(II) forms 

coordination bonds with nitrogen atoms in the amine groups is similar to how DETA reacts in 

solution to form a chelate with Cu(II) [15]. 

 

Chang and Ku [16] investigated the effect of adsorbing copper chelated with EDTA on activated 

carbon.  EDTA is a strong chelating agent with amine groups similar to DETA and TETA.  The 

adsorption isotherms were found to follow both the Langmuir and Freundlich isotherms and to be 
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a strong function of the ratio of Cu(II) to EDTA.  Further, the adsorption of Cu(II) chelates was 

found to be more favourable than the adsorption of Cu(II) onto activated carbon.  They concluded 

that the adsorption varied over the pH range likely due to electrostatic interactions between the 

activated carbon surface and the charge on the species being pH dependent.  Further, they 

observed that chelated copper species exhibit better adsorption than Cu(II) species but excess 

chelating agents may cause competition for the adsorption sites and lead to an overall decrease in 

chelated copper adsorption. 

2.4 Adsorbents 

2.4.1 Bentonite 

Bentonite is an abundant natural clay found throughout most of the world and its basic clay 

mineral is montomorillonite [17].  Montmorillonite is part of the smectite group of clays where all 

members have a three layer structure [18].  Each layer is about 1 nm thick and is composed of a 

central sheet of octahedrally coordinated cations.  When sodium ions are only in exchange on the 

montmorillonite surface, the clay is known as montmorillonite.  Otherwise, the clay is known as 

bentonite.  The ideal formula for montmorillonite is Al2O3·(SiO2)·H2O. 

 

The structural framework of bentonite is made of layers consisting of silica and alumina sheets 

joined together and piled on top of each other.  The atomic lattices of bentonite have two 

structural units: a tetrahedral sheet and an octahedral sheet.  The tetrahedral sheet consists of 

silica tetrahedrons.  Each tetrahedron consists of a silica atom that is equidistant from four oxygen 

atoms or hydroxyl groups to balance the structure.  A hexagonal network is formed from the 

silica tetrahedral groups and is repeated to form a sheet with a composition of Si4O6(OH)4.  The 

octahedral sheet consists of two closely packed sheets of oxygen atoms and hydroxyl groups 
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where aluminum, iron or magnesium atoms are embedded in an octahedral coordination, such 

that they are equidistant from six oxygen atoms or hydroxyl groups [19].  The tetrahedral and 

octahedral sheets combine such that the tips of the tetrahedral of each silica sheet form a common 

layer.  This unit is called a 2:1 type.  The structural framework of bentonite is presented in Figure 

2-5.  The atoms of this layer, which are common to both sheets, become oxygen rather than 

hydroxyl.  Consequently, montmorillonite is referred to as a three layer clay mineral tetrahedral – 

octahedral – tetrahedral layers comprising the structural unit. 

 

Figure 2-5. Layer Structure of Bentonite [20] 

 

In the ‘a’ and ‘b’ crystallographic directions, the silica-alumina units are continuous.  And, in the 

‘c’ direction, the units are stacked one above the other.  In the stacking, oxygen layers of each 



 

15 

 

unit are adjacent to oxygen of the neighbouring units.  The result is a very weak bond and also 

cleavage between the units.  Due to the cleavage between the units, water and other polar 

molecules can enter between these layers and cause the lattice to expand in the ‘c’ direction. 

 

Montmorillonite possesses a net negative structural charge due to the isomorphic substitution of 

cations in the crystal lattice (i.e. Al for Si in the tetrahedral sheet and Mg for Al in the octahedral 

sheet) [21].  Exchangeable cations in the 2:1 layers balance the negative charges by isomorphic 

substitution.  As a result of the negative charge, clays have little or no affinity for anionic species.  

The uptake kinetics of cation exchange is fast and the cations form outer-sphere surface 

complexes that can be easily exchanged with solute ions through varying the cationic 

composition of the solution.  There is also a pH-dependent uptake of metal ions on 

montmorillonite.  The adsorbate ions are bound to the clay surface by sharing ligands (often 

oxygen) with adsorbent cations as isolated complexes.  As the pH or cation concentration 

increases, metal precipitation may occur. 

 

Interlayer swelling occurs when montmorillonite is exposed to water.  Only a small portion of the 

inorganic cations balancing the negative layer charge are located on external surfaces.  Most of 

these cations are located in the interlayer space between the clay platelets.  Electrostatic forces 

between the alternate layers of bridging cations, usually sodium ions, hold together the thin 

negatively charged sheets [19].  On contact with water, the cations hydrate and are ordered in a 

plane between the layers.  When the cations are hydrated the water molecules orient their 

negative dipole toward the cations, thus weakening the electrostatic interaction between 

negatively charged layers and the interlayer cations.  The intercrystalline water is loosely ordered 
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around the cations and with increasing hydration energies, the order of the water molecules also 

increases [22].  This is presented in Figure 2-6. 

 

Figure 2-6. Order of water molecules adsorbed in bentonite [22] 

 

The swelling depends on the valences and the atomic radii of the exchangeable cations.  Al and Si 

atoms are exposed to the crystallite edges and are partially hydrolyzed to silanol (SiOH) and 

aluminol (AlOH).  These unsaturated edge sites are reactive.  In montmorillonite, adsorption can 

occur both at the edge sites (leads to inner-sphere metal complexes) and at the planar (internal) 

sites of the clay mineral (leads to outer-sphere metal complexes).  Figure 2-7 presents an image of 

montmorillonite expanding with water. 
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Figure 2-7. Edge view of two montmorillonite layers with interlayer and water [18] 

 

2.4.1.1 Copper Adsorption onto Bentonite 

Little work has been performed on the adsorption of chelated metals onto bentonite, specifically 

with CuDETA and CuTETA.  However, extensive research has been conducted on the adsorption 

of heavy metals such as Cu(II) onto bentonite. 

 

The adsorption of Cu(II) onto bentonite has been shown to follow a Langmuir isotherm indicating 

the adsorption to be monolayer.  The retention of Cu(II) onto bentonite has been found to be 

favoured by increasing the pH.  Lin and Juang tried to modify the adsorptive properties of 

bentonite by adding sodium dodecylsulfate before adsorbing Cu(II) and the adsorption increased 

with the solution pH but did not increase the number of adsorption sites.  Next, Zeng and Jiang 

[20] tried to modify bentonite with the polymeric species HDTMA 

(hexadecyltrimethylammonium) and adsorb Cu(II) onto modified bentonite.  The HDTMA 

modified bentonite had increased maximum uptakes of around 10 times compared to untreated 

bentonite and they felt this increased uptake was due to the hydrophobic properties of HTDMA.  
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The interactions of Cu(II) on bentonite are very rapid and Garcia-Sanchez found that 95% of the 

Cu (II) uptake onto natural bentonite occurs within 30 min [23].  Finally, the Cu(II) interaction on 

bentonite has generally been found to follow a second order reaction mechanism indicating 

chemisorption to be the adsorption mechanism. 

 

From Sen Gupta [24], the amount of Cu(II) adsorbed onto bentonite increased with increasing 

temperatures.  This suggests an endothermic reaction that is driven by an entropy increase and a 

Gibbs free energy decrease [24]. 

2.4.2 Zeolite 

Zeolites are natural or synthetic microporous crystalline aluminosilicates.  They are alkali or 

alkaline earth metals with the following stoichiometry MxO·Al2O3·y SiO2·z H2O where M is a 

non-framework exchangeable cation and the zeolite framework is made of Al2O3·y SiO2.  Their 

basic unit is a tetrahedron comprised of aluminum, silicon and oxygen atoms [25]. 

 

The presence of aluminum ions in the zeolite framework introduces negative charges into the 

crystal structure.  The negative charges are balanced by cations (either alkali metals or alkaline 

earth metals) in the inner volume of the zeolite.  These cations are exchangeable with certain 

cations in solution and are relatively safe in the environment [26].  Therefore, zeolites are suitable 

for removing toxic heavy metal ions from water. 

 

Zeolites do not burn and are stable at room temperatures.  Depending upon the zeolite, they 

become unstable at temperatures between 700°C and 1000°C.  Due to these characteristics 

zeolites can be used for cleaning purposes.  Zeolites react with acids however; higher silicon 
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content will improve the resistance against strong acids.  The higher silicon content will make 

zeolites more reactive with strong bases [25]. 

 

2.4.2.1 Zeolite Y 

Zeolite Y, also known as faujasite, is both a natural and synthetic zeolite.  Very little zeolite y 

occurs naturally so most of it is synthesized.  A unique property of zeolite Y is that it has the most 

open framework of all known zeolite structures [27].  Zeolite Y has the following formula for a 

typical unit cell Na56[(AlO2)56(SiO2)136] [25]. 

 

The zeolite Y framework is three-dimensional consisting of SiO4 and AlO4 tetrahedra which are 

connected by oxygen bridges.  A single oxygen bridge is formed by two neighbouring tetrahedra.  

The tetrahedra are the primary building blocks and their combinations lead to the secondary 

building blocks of twelve membered oxygen rings [28]. 

 

Combining the twelve membered oxygen rings results in a three-dimensional channel structure.  

Connections between individual tetrahedral control the formation of channels and their 

dimensions along with the presence or absence of cavities.  The diameter of the channels is 

dictated by the number of SiO4 and AlO4 tetrahedra at the entrance window to the zeolite channel 

system [28].  The result is a cage structure. Figure 2-8 presents an image of the zeolite Y cage 

structure.  In the zeolite Y cage structure, the average channel diameter is around 0.74 nm. 

 



 

20 

 

 

Figure 2-8. Cage Structure of Zeolite Y [29] 

 

The channel diameter of the cages can be prepared so that only molecules with smaller diameters 

can enter - this is contingent on both the type of zeolite and the diameter of the exchanged ions.  

The result is a sieve effect [25]. 

 

Zeolites high in aluminum content are more hydrophilic and typically adsorb polar compounds 

well.  This is due to the greater negative charge of aluminum [25]. 

 

The effective channel diameter of the zeolite cage determines whether or not a molecule can 

diffuse into the cage and be adsorbed [25].  The internal adsorption of small molecules will 

exclude large molecules.  In the event of competition over available sites for adsorption, the 

polarity of the adsorbate molecules and their electrostatic interaction with the framework charge 

will determine which molecule is favoured [30]. 
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2.4.2.1.1 Free Copper (II) Adsorption onto Zeolite Y 

Much research has been completed on the adsorption of Cu(II) onto zeolite.  Most recently 

Krobba et. al. [31] investigated the adsorption of Cu(II) onto zeolite Y.  They studied the effects 

of pH, initial concentration and temperature.  The optimum pH for adsorbing Cu(II) onto zeolite 

Y was determined to be around 5 and at pHs both lower and higher, the uptake of Cu(II) was 

always lower.  As the initial solution concentration increased, the uptake adsorption of Cu(II) 

decreased indicating the active sites on the adsorbent had become saturated.  To reach 

equilibrium about 60 min were required.  The data was fit to Langmuir and Freundlich isotherms 

and the Langmuir isotherm best described the data suggesting monolayer adsorption.  The effect 

of kinetics was studied and the data was modeled to both a pseudo-first order model and a 

pseudo-second order model.  The data best fit the pseudo-second order model indicating 

chemisorption to be the type of adsorption.  Overall, Zeolite Y was found to be effective at 

removing Cu(II). 

 

2.4.2.1.2 Chelated Copper Adsorption onto Zeolite Y 

Work has been performed on the adsorption of CuDETA onto zeolite by Dong and Xu [5] but to 

date no work has been completed on the adsorption of CuTETA onto zeolite Y. 

 

Dong and Xu [5], investigated the adsorption of CuDETA from flotation waste water onto zeolite 

Y.  The adsorption of CuDETA occurred very quickly and equilibrium was reached within about 

30 min.  The data was fit to Langmuir isotherm model to determine the maximum adsorption 

capacities and they were lower for CuDETA than Cu(II).  Lastly, the experiments determined that 

the rate of adsorption of CuDETA was slower than that of Cu(II) on the zeolite. 
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2.4.2.2 Zeolite ZSM-5 

Zeolite ZSM-5 (ZSM-5) is a synthetic zeolite high in silica content developed by Mobil scientists.  

A typical unit cell formula for ZSM-5 is Na3[(AlO2)3(SiO2)93] [25].  The high silica content in 

ZSM-5 makes it unusually hydrophobic [32]. 

 

ZSM-5 is formed by including nitrogenous organic molecules, such as tetrapropylammonium 

bromide, in the reaction mixtures to yield very high SiO2/Al2O3 ratios.  There is no secondary 

source of aluminum that needs to be added to the solution.  The organic molecules are built into 

the structure as it is formed which results in synthesized materials referred to as ‘nitrogeneous 

zeolites’ or ‘organosilicates’.  ZSM-5 can then be freed from the organic molecule by heating the 

nitrogeneous zeolite to a high temperature (< 550°C) – this does not change the framework of 

ZSM-5 [32].   

 

The nitrogeneous structure and organic free ZSM-5 do not have a natural counterpart and have 

properties that set the crystals apart from other more common kinds of zeolites.  ZSM-5 has been 

synthesized with ratios of differing SiO2/Al2O3 ranging from 20:1 to 8000:1 and the most 

siliceous natural zeolites are: ferrierite, clinoptilolite and mordenite, which all have a 10:1 

SiO2/Al2O3 ratio.  ZSM-5 in its least silicate form has about twice the SiO2/Al2O3 mole ratio as 

the most siliceous natural zeolite, mordenite [32]. 

 

The framework of ZSM-5 has a unique configuration of linked tetrahedral consisting of eight 

five-membered rings.  The channel system is three-dimensional and defined by ten-membered 
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rings of tetrahedral resembling an elliptical shape and consisting of intersecting straight and 

sinusoidal channels [32].  Figure 2-9 presents an idealized channel system in ZSM-5. 

 

Figure 2-9. ZSM-5 idealized channel system [33] 

 

The ion exchange capacity of ZSM-5 varies with the SiO2/Al2O3 ratio.  With classical zeolites, 

the ion exchange capacity is equivalent to the aluminum in the zeolite’s tetrahedral structure and 

the non-frame work or impure aluminum yields a cation/aluminum equivalence ratio of less than 

1.  This is true for siliceous zeolites with very low aluminum content as well. 

 

The hydrophobicity of ZSM-5 varies with the SiO2/Al2O3.  The hydrophobicity of ZSM-5 and 

dealuminized mordenite was demonstrated by Chen [32].  And, for the dealuminized mordenite 

Chen was able to demonstrate that the hydrophobicity is dependent on the SiO2/Al2O3 ratio.  

Figure 2-10 presents the amount of water adsorbed in ZSM-5 with varying SiO2/Al2O3 ratios.  

There is a linear dependence on the amount of water sorbed with respect to the amount of 

alumina and based on the low sorption values, all the samples are hydrophobic [32]. 
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Figure 2-10. Effect of alumina on water sorption at 100°C and pH2O = 4.6 Torr [32] 

 

Figure 2-11 presents the water adsorption isotherm for ZSM-5 with a SiO2/Al2O3 ratio of 1600.  

The low water sorptions compared to the pore capacities point to ZSM-5 being hydrophobic [32]. 
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Figure 2-11. Water adsorption isotherms for ZSM-5 and silicalite [32] 

 

Due to the unique combination of chemical nature and pore structure, ZSM-5 is a highly effective 

dehydration, isomerization and polymerization catalyst [29].  ZSM-5 is used in the conversion of 

methanol to gasoline, dewaxing distillates and the interconversion of aromatic compounds.  There 

are potential applications of ZSM-5 in the separation of hydrocarbons from polar compounds, for 

example, water and alcohols [32]. 

 

2.4.2.2.1 Free Copper (II) and Chelated Copper Adsorption onto Zeolite ZSM-5 

There has been no research on the adsorption of Cu(II) or chelated copper onto ZSM-5.  

Theoretically, the adsorption of Cu(II) and chelated copper onto ZSM-5 should not work since 

ZSM-5 has such a high ratio of SiO2/Al2O3.  This results in ZSM-5 being very hydrophobic or 
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nonpolar.  The purpose of the research into ZSM-5 is to confirm that ZSM-5 should not work as 

an adsorbent for copper. 

2.4.3 Peat 

Peat is an inexpensive spongy organic material widely available. The largest peat deposits are 

found in the northern hemisphere.  It is formed by the partial decomposition of organic matter in 

environments constituting of low oxygen, low temperatures, high acidity, low nutrient supply and 

water logged conditions.  The decomposition usually occurs in wetlands such as swamps, bogs 

and muskegs [34]. 

 

Peat is a complex material with lignin, cellulose and humic substances as the major components.  

Lignin is a natural macromolecule which consists of alkylphenols and has an amorphous cross-

linked resin with an aromatic three-dimensional polymer structure [35].  The functions of lignins 

are to provide structural strength to the molecular structure and sealing of water conducting 

systems that link roots and leaves.  Lignin is insoluble in water, has a strong resistance to 

chemical reactions and has a large surface area.  The molecular weight of polymeric lignin varies 

from 2000 g/mol to 15000 g/mol [34].  Figure 2-12 presents the molecular structure for lignin. 

 



 

27 

 

 

Figure 2-12. Lignin molecular structure [36] 

 

In peat, the lignin and humic substances contain the main functional groups responsible for the 

adsorption of metal ions: alcohols, aldehydes, ketones, acids, phenolic hydroxides and ethers [6].  

These functional groups are polar or negatively charged which allows for a strong attraction with 

metal ions.  Additionally, peat is a highly porous material and therefore has a relatively large 

surface area.  As such, the sorption potential for dissolved metal ions onto peat is high. 

 

Peat is used to remove impurities from wastewaters.  Examples are suspended solids, organic 

matter and heavy metals.  Solids that are larger than interstitial channels in the peat need to be 

filtered out.  The other impurities are removed by two mechanisms: ion exchange and the 

formation of complexes [37].  The adsorption process using porous peat has four stages:  

1. impurities from the bulk solution are transported to the exterior surface of the peat; 
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2. the pollutant is moved across the interface and adsorption occurs on external surface 

sites; 

3. the pollutant molecules migrate within the pores of the peat, and; 

4. the pollutant molecules interact with the available sites on the interior surfaces, bounding 

the pore and capillary spaces of the peat. 

Many authors, [37] [36] [38] have suggested possible interactions between contaminants and 

peat: cation exchange with hydrogen ions found in the carboxylic acid, phenolic hydroxyl and 

heterocyclic groups; the interaction of metallic cations to form chelate complexes; the formation 

of hydrogen bonds between polyvalent cations and the hydroxyl, lignin, cellulose and 

hemicellulose groups within the porous structure; and, the formation of anion cation bonds due to 

the presence of ionogeneous groups with coordinately non saturated oxygen atoms.  All of these 

interactions are contingent on the characteristics of the peat and the impurities.  As well, the 

nature of impurities in the peat influences the cation exchange capacity.  Cations are selectively 

adsorbed by peat in the following order of affinity: Pb
2+

 > Cu
2+

 > Zn
2+

 > Mn
2+

. 

 

Investigations have been conducted into the mechanisms of metal ions binding to peat but a 

general consensus on the binding mechanisms has yet to be reached [37].  Mostly, there is a 

strong correlation between the content of unesterified polyuronic acids in the cell wall of peat and 

the cation exchange capacity [39].  The presence of humic acids (unesterified polyuronic acids) is 

considered to be primarily responsible for metal ion adsorption onto peat.  The reaction between 

copper ions and humic acid is believed to involve chelate ring formation between adjacent 

aromatic carboxylate and phenolic hydroxyl groups.  Bencheikh-Lehocine [37] has shown that 

the sorption of zinc onto peat was chemisorption and irreversible at a low pH but at a moderate to 
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high pH the sorption was reversible. These studies showed a different mechanism was responsible 

for the adsorption.  Accordingly, authors have different theories for the mechanisms but most 

authors do agree that the adsorption mechanism for copper is different than other metals such as 

zinc, cadmium and other divalent metals [39]. 

 

The natural capacity for peat to retain cations is related to the pH of the solution.  At a pH above 

8.5, peat is unstable.  And, at a pH below 3, metals adsorbed onto the peat will be leached from 

the peat.  Between these pH values peat is known to adsorb most metals efficiently and up to 4% 

of the weight of dry peat [36]. 

 

2.4.3.1 Copper Adsorption onto Peat 

Similar to bentonite, little work has been completed on the adsorption of chelated metals onto 

peat, specifically with CuDETA and CuTETA.  However, extensive research has been conducted 

into the adsorption of heavy metal ions such as Cu(II) onto peat. 

 

Gundogan et. al. [40] researched the adsorption of aqueous Cu(II) onto herbaceous peat.  The 

research examined different initial concentrations, temperatures, and pH.  The amount of Cu(II) 

adsorbed onto the peat increased with increasing Cu(II) concentration but was not affected by 

temperature or pH.  At lower initial concentrations there was a higher percentage of Cu(II) 

removed.  Rapid adsorption occurred in a short time of around 15 min and the equilibrium time 

for adsorption was around 150 min.  The data was fit to isotherms and was found to follow both a 

Langmuir isotherm and a Freundlich isotherm suggesting both monolayer adsorption and 
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multilayer adsorption may have occured.  Kinetic plots on the system showed that the system 

followed a pseudo-second order rate model indicating chemisorption. 

 

Ringqvist and Oborn [38] studied the effect of pH, ionic strength (CaCl2 and NaCl) 

concentrations and the aqueous Cu(II) concentration for the adsorption of Cu(II) onto poorly 

humified sphagnum peat.  Sphagnum peat contains a high amount of uronic acid compared to 

other peats.  It was found that both a lowered pH and an elevated pH did not affect the Cu(II) 

adsorption onto the peat.  The amount of Cu(II) adsorbed was mainly influenced by the initial 

metal solution concentration - at higher initial metal solution concentrations, more Cu(II) was 

adsorbed.  The ionic strength of the solution did not affect the results for Cu(II).  The authors 

believe this was due to Cu(II) displacing any adsorbed Ca(II) and Na from the adsorbent.  The 

data was fit to isotherms where the Langmuir isotherm best described the data. 

 

McKay and Porter [39] studied the adsorption of Cu(II) onto peat.  They determined the most 

appropriate isotherm for the system to be a Langmuir isotherm suggesting monolayer adsorption.  

Further, they concluded that among the following heavy metals - Zn, Cd and Cu, - copper had the 

highest adsorption capacity, likely due to its high electronegativity compared to other heavy 

metals. 

2.5 Settling and Zeta Potential 

The behavior of colloids in water is heavily influenced by their electrokinetic charge.  Each 

colloidal particle carries a like charge which is usually negative.  These like charges cause 

adjacent particles to repel one another and prevent agglomeration and flocculation.  

Consequently, charged colloids are discrete, dispersed and in suspension. 
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The electric double layer model is used to visualize the ionic environment in the vicinity of a 

charged colloid.  Surface charge influences the distribution of nearby ions in a polar medium.  

Ions of opposite charge (counter-ions) are attracted to the surface, whereas ions of like charge 

(co-ions) are repelled.  With mixing, the electric double layer is formed.  The electric double 

layer may be viewed with the following layers: an inner layer (or Stern layer) and a diffuse layer.  

The stern layer consists of counter-ions.  The counter-ions are attracted by the oppositely charged 

colloid and cause them to form a firmly attached layer around the surface of the colloid.  

Additional counter-ions are still attracted to the negative colloid but they are now repelled by the 

positive Stern layer and other nearby counter-ions trying to approach the colloid.  The result is a 

dynamic equilibrium where a diffuse layer of counter-ions is formed.  The diffuse positive ion 

layer has a high concentration near the colloid that gradually decreases with distance until 

equilibrium is reached with normal counter-ion concentration in the solution [41].  This is 

presented in Figure 2-13. 
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Figure 2-13. Electric double layer [42] 

 

If the charge on the particles is reduced or eliminated, then the colloids will start to agglomerate.  

Initially the particles agglomerate into small groups, and then larger aggregates and finally large 

visible floc particles form.  These floc particles will settle rapidly [42]. 

 

To promote coagulation and settling, the energy barrier needs to be lowered or removed.  This 

happens by either compressing the double layer or reducing the surface charge.  To compress the 

double layer salts need to be added to the system.  With increasing ionic strength the double layer 

and repulsion curves are compressed until there is no longer an energy barrier.  Under these 

conditions agglomeration between the particles will occur rapidly.  To lower the surface charge 

coagulants are added resulting in the zeta potential being lowered.  The coagulants are positively 

charged and adsorb to the colloid resulting in the surface charge of the colloid being neutralized.  
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The goal of neutralizing the surface charge is to lower the energy barrier such that the particles 

overwhelm it and agglomerates start to form but not making the energy barrier zero [42]. 

 

Clay minerals have two types of electric charges: a permanent charge on the interlayer surface 

and variable charges on the broken edges.  The permanent charges are structural charges that do 

not vary with pH and they originate from isomorphic substitutions in the octahedral and 

tetrahedral sheets.  The surface charges on the broken edges have surface groups of Al-OH and 

Si-OH that may be protonated or deprotonated depending on the pH of the solution and can have 

variable charges.  The aqueous solution pH can affect both of the permanent charge on the 

interlayer surface and variable charges on the broken edges.  The high affinity for H
+
 ions can 

neutralize the permanent negative charges and reduce or prevent the formation of a dominant 

electric double layer on the surfaces.  The species H
+
 and OH

-
 can be provided to the surface 

protolytic reactions on the edge sites where the pH dependent electrical double layer forms [43]. 

2.5.1 Settling 

The settling rate of cohesive sediments like bentonite is strongly dependent on the flocculation.  

As the flocculation increases, the particle size and settling velocity increase.  Flocs will grow 

larger in size until shearing forces break them up.  In clay suspensions, the settling behavior is 

largely governed by the water chemistry, electrolyte concentration and pH.  The effect of salinity 

on the settling of clays has been the subject of many studies [44]. 

 

When bentonite settles in water with no additives, the particles do not aggregate and take a long 

time to settle.  Aggregates cannot form since bentonite particles carry a structural negative charge 

(discussed in 2.4.1 Bentonite) and like charges repel each other.  The individual particles take a 
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long time to settle due to their dispersed state, fine nature and the effect of gravity being 

negligible.  To increase the settling rate, the particles need to form aggregates [45]. 

 

Much work has been completed on the settling rates of bentonite suspensions in NaCl.  However, 

little work can be found on bentonite suspensions with polymeric compounds. 

 

Akther et al. [43] investigated the settling of an untreated bentonite suspension with different 

concentrations of NaCl and different pH values.  They determined that the settling rate increased 

with increased NaCl concentration and the floc diameter was directly related to the NaCl 

concentration.  At high NaCl concentrations, the flocs were larger in diameter.  At lower pH 

values the bentonite suspension was flocculated and unstable.  However, at higher pH values the 

bentonite suspension was unflocculated and well dispersed. 

 

Miyahara et. al. [44] investigated the settling rate of a montmorillonite suspension with different 

concentrations of NaCl.  The results were similar to Akther et al. [43] where it was reported that 

the settling rate increased with increasing NaCl concentration. 

2.5.2 Zeta Potential 

Zeta potential is a measure of electrokinetic potential in colloidal systems and is a point of 

measure at the junction of the Stern layer and the diffuse layer [42].  Research has been 

performed on the zeta potential in bentonite suspensions with both salts and surfactants. 

 

Niriella and Carnahan [46] determined the zeta potential on bentonite particles by varying pH 

levels and NaCl concentrations from 0.001 M to 0.1 M.  The zeta potential in all the tests was 
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negative and there were no charge reversals observed.  The zeta potential values displayed a low 

sensitivity to pH in salt solutions.  However, the zeta potentials increased when the pH was above 

8 – this is likely due to charge development at the edges by direct transfer of H
+
 from the 

bentonite to the water.  At low salt concentrations the zeta potential of bentonite was unaffected 

but at higher salt concentrations the zeta potential of bentonite increased.  The authors 

hypothesized the zeta potential of bentonite at low salt concentrations was unaffected due to poor 

charge contributions from edge sites in the presence of salt solutions. 

 

Yalcin et al. [47] investigated the influence of the addition of two anionic surfactants, sodium 

dodecyl sulfate and ammonium lauryl sulfate, on the zeta potential in bentonite suspensions.  

Yalcin et al. found the zeta potential values increased with increasing concentration of both 

sodium dodecyl sulfate and ammonium lauryl sulfate.  This is due to the clay particles adsorbing 

surfactants where aggregation is caused due to interactions between the hydrophilic tails of the 

surfactants and the positive edges of the clay particles. 

 

Gu et al. [48] studied the effects of pH, ionic strength, Cd concentration and chelating agents on 

the zeta potential of bentonite.  Cadmium was chelated with amine based chelating agents.  The 

zeta potential increased with the ionic strength of the background solution due to double layer 

compression.  The zeta potential of the particle surfaces decreased with increased pH and the 

addition of chelating agents. This is likely due to the adsorption of the negative charged chelating 

agents on the clay particle surfaces and the dissolution and substitution of multivalent cations by 

univalent cations in the liquid phase.  
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Chapter 3 

Chelated Copper Adsorption onto Gangue Minerals 

3.1 Materials, Methods and Procedures 

3.1.1 Reagents 

The DETA used was of reagent grade and was obtained from J.T. Baker Chemicals Co. Aqueous 

solutions of 200 ppm DETA were prepared with deionized water to use as stock solution in 

preparation of their copper chelates. Copper sulphate pentahydrate was also obtained from Fisher 

Scientific as reagent grade. As adsorbate, polyamine-copper solutions were prepared based on 

copper concentrations of 10, 5, 2.5, 1 and 0.5 ppm mixed at 1 to 1 ratio for each case. 

3.1.2 Mineral samples 

The two mineral types that were used as adsorbents to examine the adsorbability of copper-

polyamine chelates were pyrrhotite (Po; Fe7S8) from the Sudbury region, Ontario and ground 

quartz (available as silica flour) from Unimin Canada, Midland-Ontario. Both minerals were 

ground in the shutter box to pass 400 mesh sieve (38 m) before use. This particle size is 

compatible with target size for pyrrhotite tailings from the Sudbury plants, which are currently 

operating at a bit coarser size range (about 75% passing 400 mesh, 38 m). An X-Ray Diffraction 

(XRD) pattern for each is given in Figure 3-1, for Po (a) and Qz (b). The first one represents bulk 

of the complex nickel sulphide ores processed in Canada. It is considered as a sulphide gangue 

(waste) with no commercial value despite a nickeliferous nature. 
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Figure 3-1. Results of X-Ray Diffraction analysis of the samples used 

 

The Po sample used indicated some copper (0.62%) and nickel (2.47%) corresponding to 

chalcopyrite and pentlandite as sulphide impurities, which occur as fine inclusions as well as 

some non-sulphide rock. However, the XRD results indicated no other sulphides due possibly to 

very low concentrations, but indicated a peak for Clinochlore, (Mg,Fe)6(Si,Al)4O10(OH)8 as an 

impurity representing a member of complex silicates. The second mineral, quartz (Qz; crystalline 

SiO2), was used as a representative of bulk non-sulphide rock associated with these ores.  These 

ores contain significant amounts of silicates which were rejected in the process as a separation 

product (i.e., waste). The quartz sample used indicated a trace amount of calcite as an impurity. 
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The surface areas determined according to BET method [49] were 3.54 m
2
/g and 2.74 m

2
/g for 

pyrrhotite and quartz, respectively. 

3.1.3 Characterizing Chemical Equilibrium of Aqueous Species 

Electrochemical equilibrium for aqueous systems is often expressed in terms of species 

distribution diagrams and Eh-pH diagrams which have been useful for improved understanding of 

complex systems involving a variety of chemical/electrochemical components. Such diagrams 

have found applications in geochemistry, leaching, corrosion as well as in flotation chemistry [3] 

[50] , where metastable phases are involved.  

 

SOLGASWATER computer program was employed for the construction of diagrams in the 

current work. This program was developed by Dr. Eriksson at the University of Umea, Sweden. 

Theory of computations on equilibrium composition in multi-phase aqueous systems is based on 

minimization of the free-energy of species as detailed out previously [51]. Use of this program, 

requires arrangement of fundamental thermodynamic data [50] in a specific format, involving 

formation constants for chemical species relevant to the system. 

3.1.4 Adsorption Experiments 

Adsorption experiments were performed at room temperatures (23°C). A 2 g sample of the 

mineral under investigation was introduced into a 50 mL centrifuge tube, which was then filled 

up with an aqueous solution containing a known amount of the adsorbate at its natural pH. The 

tube was tightly closed while some excess solution was allowed to overflow to ensure that no air 

bubbles were trapped inside. The solution was then agitated at about 80 rpm by placing the tube 

into a rotating mechanical device. After a certain agitation period the tube was centrifuged to 

settle the suspended mineral particles. The clear liquid was used to determine the final 



 

39 

 

concentration of the copper chelates and to measure the pH and redox potential. The difference 

between the initial and the final concentration was then taken as the amount adsorbed on the 

mineral based on 1 hour of equilibration time. 

3.1.5 Analytical Work 

UV spectroscopy was the analytical method used for determination of copper chelates. Copper 

(II) was found to form deep blue complexes with DETA and TETA, which exhibit an absorption 

peak at a wavelength of 245-246 nm.  This has provided an excellent linearity for quantification 

of low concentrations down to 0.1-0.2 ppm. Adsorption data was also obtained through 

determination of copper using atomic absorption spectroscopy. Measurements of pH and redox 

potentials were carried out using a portable unit (Model 3000) from VWR Scientific. 

3.2 Results and Discussion 

3.2.1 Effect of pH on Equilibrium Concentration 

3.2.1.1 In the Absence of Polyamines 

As part of the work carried out towards the first objective, pH dependence on formation of 

relevant species was studied. When water samples from slurries of nickel-copper sulphide ores 

were analyzed for nickel and copper, it was observed that the nickel concentration was always 

higher than the copper concentration. This observation is linked to the following theoretical 

results [10] presented in Figure 3-2. Two different concentrations were considered in construction 

of this graph, namely 1.5 mg/L and 15 mg/L both for copper and nickel in their oxidized states. It 

can be noted that the equilibrium concentrations of both metal ions are strictly controlled by pH. 

Compared to copper, nickel has a greater solubility, which continues in alkaline solutions up to 

about pH 9.5. As long as the pH is above 5.5 the two metals will follow their own distinct paths 
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as dictated by solubility requirements of their hydroxides. The minimum pH for virtual 

elimination of copper ions from water is about 7.5 whereas it is close to 10 for nickel. The pH 

used in a water treatment plant is about 11, which is well above the highest theoretical pH value 

to ensure that the concentration levels are maintained below the authorized limits (Table 1). 

 

Figure 3-2. Variation of equilibrium concentration of copper and nickel as a function of pH 

at a total concentration of 1.5 mg/L and 15 mg/L [10] 

 

3.2.1.2 In the Presence of Polyamines 

Figure 3-3 shows variation of copper species concentrations as a function of pH based on a total 

concentration of 1.5 mg/L and with respect to the absence or the presence of DETA [10]. As can 

be noted, copper is completely chelated when DETA is present above pH 7. Thus, control of the 

copper ion concentration below the limit is not possible under the operating conditions of the 

water treatment plant. It is important to note that although the overall concentration of soluble 

copper species in the presence of DETA is always greater than in the absence of DETA, the 

concentration of free copper ions in the presence of DETA is considerably less. 
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Figure 3-3. Variation of equilibrium concentration of copper in the presence and absence of 

DETA as a function of pH at a total concentration of 135 mg/L [10] 

Although this behaviour is restricted to acidic pH range, it is still a relevant observation in that it 

is usually the free metal ions that have toxicity. Since the presence of a chelating agent has this 

capability to decrease the concentration of active metal ions, a chelated aqueous system should 

have less overall metal toxicity.  

3.2.2 Predominant Species Under Eh-pH Equilibrium 

3.2.2.1 In the Absence of Polyamines:   

Since the process slurry has some electroactive species, some Eh–pH predominance diagrams 

were also constructed. Figure 3-4 shows one for copper species in the absence of DETA as a 

baseline case. The favourable Eh-pH conditions for the formation of copper ions involve a pH 

value less than 6.5 and Eh values higher than about 125 mV. At lower Eh levels and higher pH 

levels various solid phases involving copper will be dominant. Effluent treatment plant probably 

involves conditions where copper will be fixed in the form of copper hydroxide and/or cuprous 
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oxide. Based on this diagram, no problem of copper exceedances should be taking place in the 

absence of complexation reactions. 

 

Figure 3-4. Eh-pH equilibria for Cu species (total concentrations of Cu(II), Fe(II), HS- 

taken as 1.5*10-5 M) [10] 

 

3.2.2.2 In the Presence of Polyamines:  

Figure 3-5 shows the Eh–pH predominance diagram for copper species in the presence of DETA 

[10]. The total concentration of species was set at 1.5x10
-5

 M which is relevant to the dosage 

levels used in industrial processing of these ores. As can be noted from this figure, in the presence 

of DETA, copper is solubilized in its chelate forms under a wide range of Eh and pH conditions. 

The pH value used in process plants is around 9.2 while the pH used in an effluent plant is even 

higher at around pH 11. The redox measurements indicated a range of 100 to 250 mV (according 

to silver/silver chloride reference electrode). Under such conditions, two forms of copper DETA 

chelates are CuDETA
2+

 and its hydroxylated form, CuOHDETA
+
 that starts to become dominant 
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at pH 9.5. Similar work was performed for equilibria involving nickel ions and 

triethylenetetramine (TETA) as another polyamine of interest. However, these results along with 

other details involving the case of copper equilibria are reported elsewhere [10]. 

 

Figure 3-5. Eh-pH equilibria for copper species in the presence of DETA (total 

concentrations of Cu(II), Fe(II), HS- and DETA taken as 1.5*10-5 M) [10] 

 

3.2.3 Interaction Between Polyamines with Minerals and Adsorption 

3.2.3.1 Formation and Characteristics of Metal-Polyamine Chelates in Process Slurries:  

An important function of the polyamines (DETA and TETA) in the process is believed to be the 

sequestration of copper ions from the pyrrhotite which is otherwise excessively floatable that 

leads to major problems in its separation from the minerals in the ore.  In a previous FTIR study, 

there were no traces of DETA adsorbed onto pyrrhotite [13].  The process slurries of nickel-

copper ores are known to contain such metal ions, which form stable chelates with polyamines. 
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The process of chelate formation in water between metal ions such as copper, nickel, and 

polyamines such as DETA and TETA is instantaneous due to a large thermodynamic driving 

force, as can be witnessed in laboratory experiments by deep blue color development upon 

mixing solutions of these metal ions and polyamines. These metal-polyamine chelates are all 

charged species in water, i.e., positively charged (Figure 3-5). In the sections that follow this 

charge is omitted for the sake of brevity. It is also known that many types of particulate solids in 

aqueous environments are negatively charged in a wide range of pH. This covers even part of the 

acidic pH range since the point of zero charge for many sulphides, oxides, and silicates are in the 

acidic range; for example, pH 2-6 [52] [53] [54]. Polyamines can also participate in the formation 

of coordination bonds and hydrogen bonds, which can lead to their adsorption onto surfaces. 

These considerations led to the examination of adsorption phenomena involving DETA in some 

tests, which were carried out under dynamic conditions of flotation. 

 

3.2.3.2 Adsorption under Flotation Conditions: 

Flotation is a dynamic phenomenon. Adsorption of certain heteropolar reagents that is allowed 

during the conditioning stage induces hydrophobicity on selected minerals to achieve efficient 

separation of minerals. Functional mechanisms of reagents added vary depending on the ore and 

type of reagents. Reagents like DETA and TETA are helpful in separation of pyrrhotite by 

preventing (or minimizing) its co-flotation with other sulphides. Since improved understanding is 

required in relation to flotation, these initial adsorption tests were done in a flotation cell [14]. 

Some of the pertinent results from this previous work are briefly reported here. Figure 3-6 shows 

the variation of DETA concentration following its addition into flotation cell. The peaks shown 

by blank symbols point out the maximum calculated concentration after each incremental 
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addition of DETA. The mill and media used for grinding the ore sample were mild steel (MS) in 

the first case and stainless steel (SS) in the other case, which involved also the use of 1.5 kg/tonne 

sulphur dioxide. Regardless of the type of grinding media and the use of sulphur dioxide, the 

adsorption trends of DETA are almost identical at the overall dosage of 200 g/tonne. A 

substantial amount of DETA disappears from the liquid phase within three minutes after its 

addition into the pulp.  For example, first addition rate of DETA corresponds to a theoretical 

maximum of about 62 mg/L. At the end of the conditioning period for 3 minutes only about 7 

mg/L DETA is left in the pulp solution phase. The residual DETA concentration in the tailing 

filtrates is 3-3.5 mg/L, based on which the adsorption of DETA has been estimated as 92.5% 

(MS) and 93% (SS). The amount of residual DETA left in the pulp solution increased as the 

dosage of DETA was increased in the tests. These observations suggest that electrostatic 

adsorption mechanisms may have a significant role, although the involvement of stronger 

attractive forces under certain conditions (i.e. via presence of active metal/acidic sites on the 

mineral surfaces) is not ruled out. 
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Figure 3-6. DETA concentration of aqueous phase as a function of time (mild steel media, 

MS: 200 g/tonne; stainless steel media, SS: 1.5 kg/tonne SO2 & 200 g/tonne) [14] 

 

3.2.4 Fundamental Studies on Adsorption of Copper-DETA Chelates on Selected Minerals 

An incident of increased copper concentration levels in the effluent water released to the 

environment rejuvenated interest for adsorptive capacity of principal mineral components for 

copper chelates. In the main process, copper chelates are primarily associated with pyrrhotite rich 

tails, rather than non-sulphide rock tails. Thus, adsorption tests involving copper-polyamine 

chelates and primary minerals were carried at a more fundamental level. 

 

3.2.4.1 Adsorption Behaviour  

Figure 3-7 shows adsorption isotherms obtained for pyrrhotite and quartz. The adsorbate 

solutions were copper chelate of DETA for both cases. The adsorption densities (in g/m
2
) were 

plotted as functions of equilibrium concentration (Ce in mg/L) and initial concentration (Ci in 

mg/L).  The range of concentrations was kept low in order to be most relevant to conditions in the 
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tailings area. The pH range was 7 to7.5. As can be noted from the isotherms, the amount of 

copper-DETA chelate adsorbed onto the pyrrhotite sample is greater than that on crystalline silica 

(i.e., quartz).  

 

Figure 3-7. Adsorption isotherms of copper chelates of DETA on pyrrhotite and quartz at 

about 23°C and natural pH (7-7.5) 

 

Adsorption densities appear to be similar when plotted with respect to initial concentration (Ci). 

Simlar to other sulphides, pyrrhotite is known to adsorb copper ions. In fact, this is practiced as 

copper activation (by addition of copper sulphate in the conditioning stage) when it is desirable to 

recover pyrrhotite and other slow-floating sulphides for various reasons [55], especially when 

they are the carrier of precious metals such as gold and platinum. Pyrrhotite has also been used as 

an adsorbent for the purpose of water treatment. Forssberg and Jönsson [56] investigated various 
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natural pyrrhotites from Northern Sweden and reported high levels of metal ion adsorption (e.g., 

0.88-4.95 mg copper/g Po). A feature that contributed to high uptake rate was considered to be 

presence of iron vacancies in the crystal structure of pyrrhotite that can be filled with other metal 

ions of suitable size. Results in the current case indicate a much lower capacity of   pyrrhotite for 

adsorption of copper in chelated form. Ion size may have played a role here. The sample used in 

the current investigation is quite fine (top size 38 m) compared to the case referred to above, 

where the top size is 1.18 mm. A higher level of oxidation may have involved in generation of a 

finer material, although the pyrrhotite sample in the current work was freshly used immediately 

after pulverising in a shutter box after its preparation. Adsorption of copper DETA chelate quartz 

is lower than that on pyrrhotite, which may be attributed to weaker forces of attraction (affinity) 

and/or smaller surface area. 

 

3.2.4.2 Variation of Removal Rate by Particle Size  

The adsorption data in Figure 3-7 were used to show the variation of percent removal of copper-

polyamine chelates as a function of the initial copper chelate concentration. Results are shown in 

Figure 3-8 as a function of particle size for pyrrhotite. A linear trend in data points is apparent. 

The removal rate is greater at the lower initial concentration and smaller particle size, which is 

expected on the basis of available surface area relative to the amount of adsorbable species. The 

maximum removal level at minus 400 mesh is around 83% when the initial concentration is 0.5 

ppm. At an exceedance level of 1 ppm, the removal level decreases from 80% to about 60% as 

the particle size increases from minus 400 mesh (below 38 m) to the plus 270 mesh (i.e., minus 

200 mesh plus 270 mesh for a mean size of about 60 m).  Since the allowable concentration 
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limit is 0.3 ppm for copper, this reduction level achievable with the finer two sizes is sufficient to 

bring the concentration of chelated copper under control. 

 

Figure 3-8. Removal of copper chelate of DETA by adsorption on pyrrhotite as a function of 

its initial concentration and particle size 

 

The percent removal of CuDETA by quartz as a function of particle size and initial concentration 

is shown in Figure 3-9. Unlike the case with pyrrhotite, no linear trend is apparent between the 

percent removal and initial concentration for quartz. The second point is the maximum adsorption 

level that was experienced with pyrrhotite at the lowest concentration significantly decreased as 

the particle size did get coarser. This suggests that the adsorptive capacity of quartz for CuDETA 
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species is much lower than that of pyrrhotite. Only, at the finest size (i.e., -400 mesh) is the 

pyrrhotite capable of reducing the concentration level below the allowable limit, as noted 

previously in Table 1. 

 

 

Figure 3-9. Removal of copper chelate of DETA by adsorption on quartz as a function of its 

initial concentration and particle size 

 

3.2.4.3 Adsorption Models  

Two models of adsorption isotherms were examined for their applicability to the experimental 

adsorption data obtained. The models are those of Freundlich and Langmuir. One of the first 
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models proposed for analysis of adsorption data is the Freundlich model, which has long been 

considered and treated as empirical in character. Skopp [57] demonstrated  its derivation from 

kinetics. The Freundlich adsorption isotherm in linearized form is expressed in equation 1. 

                     ⁄          (1) 

where: 

Kf is the empirical Freundlich constant or capacity factor (μg
1-N

g
-1

ml
N
); 

Ce is the equilibrium ion concentration in solution after adsorption (μg/mL); 

1/n is the Freundlich isotherm constant; and, 

qe is the amount of metal ions adsorbed at equilibrium per unit weight of adsorbent (μg/g). 

 

If the experimental data is applicable, a plot of log(qe) as a function of log(Ce) will yield a straight 

line, which will enable estimation of adsorption parameters from the slope (i.e., value of n from 

1/n) and Kf from the intercept. The values Kf and n are the constants which indicate the capacity 

and intensity of the adsorption, respectively. If qe is expressed μg g
-1

 and Ce in μg ml
-1

 (i.e., ppm), 

then the unit of Kf is μg
1-N

g
-1

ml
N
. Here N is taken as 1/n (i.e., the slope value). When the 

adsorption data is reported in a standard way, e.g., in the mole fraction format, these constants 

serve as useful parameters in characterization of adsorption systems and adsorbent materials to 

make comparisons. Bowman [58] demonstrated how Freundlich adsorption Kf values can be 

converted from various units in the literature to the mole fraction format. 

 

The Langmuir model was introduced to explain adsorption of gas molecules onto metal surfaces. 

It has a sound theoretical basis [49]. As such, it was later used to describe adsorption of many 
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other species on a variety of solids. The Langmuir model in the Lineweaver-Burk linearized form 

is expressed in equation 2. 

 

  
 (

 

      
) (

 

  
)  

 

    
 (2) 

where: 

KL is the Langmuir equilibrium constant (L/mol); 

Ce is the equilibrium concentration of the adsorbate in solution after adsorption (mg/L); 

qe is the amount of metal ions adsorbed at equilibrium per unit weight of adsorbent (mg/g); and, 

qmax is the maximum adsorption capacity (mg/g). 

 

When the experimental data over a wide range of concentrations fit the Langmuir model, KL 

which can be obtained graphically through analysis of slope and intercept, may be related to 

adsorption free energy for the adsorption process [49].  This is presented in equation 3. 

               (3) 

where: 

R is the gas constant (8.314 J/mol·K); 

T is the temperature (K); and, 

ΔG is the free energy change (kJ/mol). 

 

3.2.4.4 Pyrrhotite-CuDETA System 

Figure 3-10 presentes the Freundlich plots, log(qe) versus log(Ce), for adsorption of CuDETA 

onto pyrrhotite for various particle sizes. As can be noted, despite scatter of some data, 

conformity of the data points to the Freundlich model appears to be reasonable. The slope and 

intercept values obtained are reported in Table 2. The linear correlation coefficients (R
2
) listed 
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range from 0.904 to 0.990 indicating the degree the Freundlich isotherm model is followed. The 

values of n and Kf determined from the analysis of slope and intercept show systematic variations 

with particle size. The value of n was found to be greater than 1, suggesting that CuDETA is 

favorably adsorbed by pyrrhotite. Decreasing values of Kf with particle size is related to the fact 

that the adsorption capacity deceases as the particles get coarser and the specific surface area 

available for adsorption becomes smaller. 

 

Figure 3-10. Adsorption of CuDETA on pyrrhotite (qe in μg/g and Ce in ppm) as a function 

of particle size plotted according to Freundlich Model 
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Table 2. The Freundlich isotherm parameters and correlation coefficients determined for 

adsorption of CuDETA on pyrrhotite at various particle sizes 

Particle Size Freundlich Model 

(Mesh) Slope (N) intercept n Kf* R
2
  

-400 0.7099 1.7912 1.41 61.8 0.990  

-325 + 400  0.5423 1.5873 1.84 38.7 0.905  

-270 + 325  0.5293 1.4962 1.89 31.3 0.938  

-200 + 270 0.5215 1.3928 1.92 24.7 0.949  

* in units of g
1-N

g
-1

ml
N
 

    1/n = N     

 

Figure 3-11 shows the same experimental data plotted according to the Langmuir model, 1/qe 

versus 1/Ce, for the removal of CuDETA from aqueous solution onto quartz at various particle 

sizes. The isotherms of all four particle sizes were found to be linear over the concentration range 

studied. Adsorption parameters and correlation coefficients are presented in Table 3. As can be 

noted, despite scatter in some cases, the correlation coefficients (R
2
) are even higher at 0.978 to 

0.995 than the case corresponding to the Freundlich isotherm (Table 2). As in the previous case, 

adsorption parameters vary with the particle size. The sensitivity of adsorption capacity, qmax to 

variation of particle size is greater as in the case of Freundlich model (i.e., designated with Kf). 

The change in the Langmuir equilibrium constant, KL is relatively small (0.73 to 1.10). In a way, 

this is similar to the change in “n” values of the Freundlich isotherm varying between 1.41 and 

1.92.  The values of n and KL values may have a significance related to the nature of adsorbent 

and adsorbate with a probable linkage of attractive interactions/affinity between the two while Kf 

and qmax may have more of a physical significance, related to availability of specific surface area 

interaction. 
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Figure 3-11. Adsorption density of CuDETA on pyrrhotite ( in g/g and Ce in ppm) as a 

function of particle size plotted according to Langmuir Model 

 

Table 3. The Langmuir isotherm parameters and correlation coefficients determined for 

adsorption of CuDETA on pyrrhotite at various particle sizes 

Particle Size Langmuir Model 

(Mesh) Slope intercept KL
*
 qmax

✫ R
2
 

-400 0.0078 0.0077 0.99 129.9 0.984 

-325 + 400  0.0116 0.0085 0.73 117.6 0.995 

-270 + 325  0.0126 0.0138 1.10 72.5 0.988 

-200 + 270 0.0167 0.0171 1.02 58.5 0.978 

*
 in units of mL/g 

    ✫ in units of g/g
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3.2.4.5 Quartz-CuDETA System 

Figure 3-12 shows the adsorption of CuDETA on quartz for various particle sizes plotted 

according to Freundlich model. The scatter of the data points for the intermediate particle sizes 

appears to be worse than in the previous cases. The slope and intercept values obtained are 

reported in Table 4. The linear correlation coefficients (R
2
) listed has low values from 0.500 to 

0.841 and high values from 0.975 to 0.997.  The reason for this inconsistent behaviour is not 

known. Obviously, there is significant lack of fit of data for the intermediate sizes for the 

Freundlich isotherm. The values of n vary inconsistently to a much higher level, as noted in the 

case of pyrrhotite. However, interestingly, the variation in the Kf values seems to be consistent in 

comparison with the pyrrhotite data and on the basis of a smaller specific surface area. 
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Figure 3-12. Adsorption of CuDETA on quartz ( in g/g and Ce in ppm) as a function of 

particle size plotted according to Freundlich Model 

 

Table 4. The Freundlich isotherm parameters and correlation coefficients determined for 

adsorption of CuDETA on quartz at various particle sizes 

Particle Size Freundlich Model 

(Mesh) Slope (1/n) intercept N kf* R
2
  

-400 0.6732 1.5464 1.49 35.2 0.9974  

-325 + 400  0.2701 1.1363 3.70 13.7 0.8415  

-270 + 325  0.1623 0.9093 6.16 8.1 0.5004  
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Regression of the experimental data on quartz according to the Langmuir model is shown in 

Figure 3-13. The data points appear to conform to the linearity better for this model. The slope 

and intercept values obtained are reported together with the corresponding correlation coefficients 

in Table 5, where KL values for the intermediate particle size show some anomaly indicating 

much higher values for the two intermediate size. Although the R
2
 values are better than the 

Freundlich case, they are still lower than the values for the other two particle sizes that seem to be 

very good at 0.989 and 0.996. One reason for the relatively poor conformity could be related to 

impurity effects (heterogeneity) specific to these sizes. The parameters related to adsorption 

capacity, i.e., qmax (Langmuir) and Kf (Freundlich) appear to be immune to this anomaly at 

intermediate particle sizes since they both show regular decreases with respect to size. They 

decrease about tenfold as the particle size increases from -400 mesh to the - 200 +270 mesh. 
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Figure 3-13. Adsorption density of CuDETA on pyrrhotite ( in g/g and Ce in ppm) as a 

function of particle size plotted according to Langmuir Model 

 

Table 5. The Langmuir isotherm parameters and correlation coefficients determined for 

adsorption of CuDETA on quartz at various particle sizes 

Particle Size Langmuir Model 

(Mesh) Slope intercept KL
*
 qmax

✫ R
2
 

-400 0.0135 0.0116 0.86 86.2 0.989 

-325 + 400  0.0182 0.0434 2.38 23.0 0.956 

-270 + 325  0.0282 0.0849 3.01 11.8 0.845 

-200 + 270 0.1293 0.1148 0.89 8.7 0.996 

*
 in units of ml/g 

✫ in units of g/g
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3.3 Summary and Conclusions 

Chemical equilibria for a case of mining, which involves processing of nickel-copper sulphide 

ores and use of polyamines such as DETA have been briefly discussed. In the absence of DETA, 

concentration control levels of copper and nickel ions under environmental regulation limits are 

possible with adjustment of pH to sufficiently high levels, where such metal ions that may have 

been solubilised during mining/processing activities are fixed in their hydroxide forms. However, 

in the presence of polyamines, this control mechanism is no longer effective due to formation of 

copper polyamine chelates such as CuDETA
2+

 and CuOHDETA
+
, which are stable in aqueous 

forms even at elevated pH levels. This kind of situation can potentially interfere with effluent 

quality standards adopted by the environmental division of mining companies.  

 

Such complexed copper species are retainable by mineral components of the ores, regardless of 

their sulphide or oxide origin as demonstrated by development of adsorption isotherms for 

pyrrhotite and quartz. Adsorption parameters for both Freundlich and Langmuir models were 

determined. The Langmuir model was found to better represent the experimental data. It is 

concluded that gangue minerals such as pyrrhotite and quartz offer limited adsorption capacities 

for CuDETA species although the pyrrhotite appears to be a better adsorbent. This implies that as 

the use of DETA (or TETA) in the flotation circuits of plants continues, the maximum adsorption 

capacities of solids in the tailing area will be exceeded at some point of time due to their limited 

surface area in the particle sizes they operate. However, since the exceedance levels are not 

substantially above the allowable limits, the generation of new adsorption sites for the chelated 

copper in the general tailing environment is expected to be helpful for keeping the concentration 

levels under control. Diverting the CuDETA containing streams to new areas, e.g., old tailing 
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areas that may be new to these species can be viewed as a simple tentative solution to the 

problem. 
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Chapter 4 

Chelated Copper Adsorption onto High Capacity Adsorbents 

4.1 Materials and Methods 

4.1.1 Materials 

4.1.1.1 Adsorbents 

Four adsorbents were compared for their effectiveness at adsorbing chelated copper: natural 

bentonite, zeolite ZSM-5, sodium zeolite Y and peat.   

 

The natural bentonite came in large pieces that were over 30 cm in length and 20 cm in width.  

First, the natural bentonite was crushed and ground down to -400 mesh or 37 µm.  The surface 

area and average pore size of natural bentonite were determined from a Quantachrome Autosorb-

1 Series Instrument to be 18.30 m
2
/g and 12.04 A°, respectively.  An XRD scan was performed 

on the natural bentonite which confirmed the sample was bentonite (beidellite) with a small 

amount of quartz.  The XRD scan for natural bentonite is presented in below in Figure 4-1.  A 

second XRD scan for natural bentonite is presented in Appendix B, Figure B 1. 
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Figure 4-1. XRD scan of natural bentonite 

 

A particle size analysis was conducted on the natural bentonite with a Fritisch Particle Size 

Analysette and the average particle size of the natural bentonite was determined to be 5.44 µm.  

The particle size scan for natural bentonite is presented in Figure 4-2. 
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Figure 4-2. Particle size distribution for natural bentonite 

 

The natural bentonite was analyzed by x-ray fluorescence (XRF) with an instrument 

manufactured by Oxford Instruments (X-Supreme8000) and the results are presented below in 

Table 6. 
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Table 6. XRF results of natural bentonite 

Analyte Concentration 

Na2O 1.371 wt% 

MgO 2.889 wt% 

Al2O3 23.784 wt% 

SiO2 63.186 wt% 

P2O5 0.152 wt% 

SO3 0.403 wt% 

Cl 176 mg/kg 

K2O 0.323 wt% 

CaO 1.656 wt% 

TiO2 0.291 wt% 

Mn2O3 0.053 wt% 

Fe2O3 5.79 wt% 

ZnO 176 mg/kg 

SrO 0.066 wt% 

 

Laboratory grade sodium zeolite Y was supplied by Alfa Aesar.  It was screened down to -400 

mesh or 37 µm.  The surface area and average pore size of zeolite Y were determined from a 

Quantachrome Autosorb-1 Series Instrument to be 683.07 m
2
/g and 21.54 A°, respectively.  An 

XRD scan was performed on zeolite Y and confirmed the sample was pure zeolite Y (faujisite).  

The XRD scan for zeolite Y is presented in Figure 4-3. 
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Figure 4-3. XRD scan of zeolite Y 

 

A particle size analysis was conducted on the zeolite Y with a Fritisch Particle Size Analysette 

and the average particle size of the zeolite Y was determined to be 8.35 µm.  The particle size 

scan for zeolite Y is presented in Figure 4-4. 

 

 

Figure 4-4. Particle size distribution for zeolite Y 
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The zeolite Y was analyzed by x-ray fluorescence (XRF) with an instrument manufactured by 

Oxford Instruments (X-Supreme8000) and the results are presented below in Table 7. 
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Table 7. XRF results of zeolite Y 

Analyte Concentration 

Na2O 5.246 wt% 

MgO 0.156 wt% 

Al2O3 19.679 wt% 

SiO2 73.618 wt% 

P2O5 0.052 wt% 

SO3 0.703 wt% 

Cl 0.088 wt% 

K2O 0.067 wt% 

CaO 0.266 wt% 

TiO2 305 mg/kg 

Cr2O3 22 mg/kg 

Mn2O3 17 mg/kg 

Fe2O3 0.089 wt% 

SrO 14 mg/kg 

 

Laboratory grade zeolite ZSM-5 was supplied by Fisher Scientific.  It was screened down to -400 

mesh or 37 µm.  The surface area and average pore size of ZSM-5 were determined from a 

Quantachrome Autosorb-1 Series Instrument to be 271.57 m
2
/g and 18.26 A°, respectively.  An 

XRD scan was performed on ZSM-5 and confirmed the sample was pure ZSM-5.  The XRD scan 

for ZSM-5 is presented in Figure 4-5. 
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Figure 4-5. XRD scan of ZSM-5 

 

The ZSM-5 was analyzed by x-ray fluorescence (XRF) with an instrument manufactured by 

Oxford Instruments (X-Supreme8000) and the results are presented below in Table 8. 
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Table 8. XRF results of ZSM-5 

Analyte Concentration 

Na2O 1.031 wt% 

MgO 0.141 wt% 

Al2O3 1.604 wt% 

SiO2 95.377 wt% 

P2O5 0.406 wt% 

SO3 0.804 wt% 

Cl 263 wt% 

K2O 187 wt% 

CaO 0.422 wt% 

TiO2 0.055 wt% 

Cr2O3 50 mg/kg 

Mn2O3 17mg/kg 

Fe2O3 0.105 wt% 

SrO 26 mg/kg 

 

The peat came in large clumps.  It was dried and then ground to -400 mesh or 37µm.  The surface 

area of peat was determined from a Quantachrome Autosorb-1 Series Instrument to be 9.47 m
2
/g.  

A particle size analysis with the Fritisch Particle Size Analysette could not be conducted with the 

peat since the peat stayed agglomerated while in the Fritisch Particle Size Analysette.  Therefore, 

the peat particle sizes could not be read. 

4.1.1.2 Metal Solutions 

The adsorption of copper ions chelated with diethylenetriamine (DETA) and triethylenetetramine 

(TETA) at natural pH, pH 11 and pH 11 with a high ionic strength were investigated in this study.  

Six 1 L stock solutions of 200 ppm chelated copper were prepared: CuDETA at natural pH 
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(CuDETA), CuDETA at pH 11 (CuDETA pH 11), CuDETA at pH 11 with a high ionic strength 

(CuDETA pH 11 high ionic strength), CuTETA at natural pH (CuTETA), CuTETA at pH 

11(CuTETA pH 11) and CuTETA at pH 11 with a high ionic strength (CuTETA pH 11 high ionic 

strength).  The high ionic strength stock solutions had 500 ppm of Ca(OH)2 and 120 ppm of 

MgSO4·7H2O in the solution.  Table 9 presents the stock solutions with the reagents used. 

Table 9. Preparation of stocks solutions 

 

 

The stock solutions for CuDETA and CuTETA were prepared by first dissolving analytical grade 

CuSO4·5H2O from Fischer Scientific into deionized water.  Next, to chelate the copper, DETA 

from J.T. Baker or TETA from Huntsman Chemicals was then added to the solution in a 1:1 ratio 

of CuSO4·5H2O to DETA or TETA, depending on whether a CuDETA solution or a CuTETA 

solution was being prepared. 

 

Stock  Solutions 

of 200 ppm Cu

Mass of 

CuSO4·5H2O

Chelating 

Agent 

Mass

Mass of Ca(OH)2 Mass of MgSO4 7H2O
pH 

Modification

Free Cu 0.7858 g

CuDETA 0.7858 g 0.3150 g

CuDETA pH 11 0.7858 g 0.3150 g Yes

CuDETA pH 11 

High Ionic 

Strength

0.7858 g 0.3150 g 0.9244 g 1.217 g Yes

CuTETA 0.7858 g 0.3941 g

CuTETA pH 11 0.7858 g 0.3941 g Yes

CuTETA pH 11 

High Ionic 

Strength

0.7858 g 0.3941 g 0.9244 g 1.217 g Yes
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For CuDETA pH 11 and CuTETA pH 11, the same steps for preparing the stock solutions at 

natural pH were followed with the additional step of adding 1 molar NaOH from Fischer 

Scientific to the solution after chelation until pH 11 was reached. 

 

And, for CuDETA pH 11 high ionic strength and CuTETA pH 11 high ionic strength, the same 

steps for preparing the stock solutions at natural pH were followed with the additional steps of 

adding Ca(OH)2 from EM Industries at 500 ppm and MgSO4·7H2O from Fischer Scientific at 120 

ppm after chelation and then 1 molar NaOH until pH 11 was reached. 

4.1.2 Procedures 

Five sets of experiments were conducted: adsorption kinetics, adsorption isotherms, desorption 

tests, settling tests and zeta potential tests. 

4.1.2.1 Adsorption 

4.1.2.1.1 Adsorption Kinetics 

Adsorption kinetic tests were conducted with all variants of chelated copper and with the 

following adsorbents: natural bentonite, zeolite ZSM-5 and peat.  Table 10. presents a list of the 

kinetic experiments.  The adsorption kinetic experiments were performed in 125 mL Erlenmeyer 

flasks at five different temperatures: 5°C, 12°C, 23°C, 30°C and 40°C (kinetic data for peat was 

only obtained at 23°C) with four different concentrations of chelated copper solution: 1 ppm, 5 

ppm, 10 ppm and 20 ppm.  A known mass of adsorbent (0.02 g natural bentonite, 0.02 g zeolite 

ZSM-5 and 0.2 g peat) was contacted in the flask with 50 mL of the chelated copper solution and 

agitated at 80 rpm with a mechanical shaking table.  Samples were removed after the following 

time intervals: 0.5 min, 1 min, 2.5 min, 5 min, 10 min, 15 min, 20 min, 25 min, 60 min and 120 
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min.  The samples were then separated in a centrifuge with the exception of peat which was 

filtered with a Whatman 2 filter.  After separation, the residual chelated copper concentrations 

were determined with a Perkin Elmer Atomic Absorption Spectrometer 3300. 

 

Table 10. List of kinetic experiements 

Chelated Copper Solution Adsorbents 

CuDETA natural bentonite, peat, zeolite ZSM-5 

CuDETA pH 11 natural bentonite, peat 

CuDETA pH 11 High Ionic Strength natural bentonite, peat 

CuTETA natural bentonite, peat, zeolite ZSM-5 

CuTETA pH 11 natural bentonite, peat 

CuTETA pH 11 High Ionic Strength natural bentonite, peat 

 

4.1.2.1.2 Adsorption Isotherms 

For the adsorbents tested in the adsorption kinetics section, adsorption isotherms were created 

from the data collected.  Due to separation issues with zeolite Y, adsorption kinetic experiments 

were not conducted with zeolite Y.  As such, isotherm experiments only needed to be performed 

with zeolite Y.  They were conducted with all variants of chelated copper and zeolite Y.  Table 11 

presents a list of the isotherm experiments for zeolite Y. 
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Table 11. List of isotherm experiments 

Chelated Copper Solution Adsorbent 

CuDETA zeolite Y 

CuDETA pH 11 zeolite Y 

CuDETA pH 11 High Ionic Strength zeolite Y 

CuTETA zeolite Y 

CuTETA pH 11 zeolite Y 

CuTETA pH 11 High Ionic Strength zeolite Y 

 

Similar to the adsorption kinetic experiments, the adsorption isotherm experiments were 

performed in 125 mL Erlenmeyer flasks at five different temperatures: 5°C, 12°C, 23°C, 30°C 

and 40°C and with four different concentrations of chelated copper solution: 1 ppm, 5 ppm, 10 

ppm and 20 ppm.  A known mass of adsorbent (0.02 g zeolite Y) was contacted in the flask with 

50 mL of the chelated copper solution and agitated at 80 rpm with a mechanical shaking table.  

Samples were removed after 120 min.  The samples were then separated in a centrifuge.  After 

separation, the residual chelated copper concentrations were determined with a Perkin Elmer 

Atomic Absorption Spectrometer 3300. 

4.1.2.2 Desorption Tests 

Desorption tests were conducted with peat and all variants of the chelated copper solutions at 

23°C.  Table 12 presents a list of the desorption experiments. 
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Table 12. List of desorption experiments 

Chelated Copper Solution Adsorbent 

CuDETA Peat 

CuDETA pH 11 Peat 

CuDETA pH 11 High Ionic Strength Peat 

CuTETA Peat 

CuTETA pH 11 Peat 

CuTETA pH 11 High Ionic Strength Peat 

 

The first section of the desorption tests was identical to the isotherm tests, up to the samples being 

removed from the shaking table; however, peat was used rather than zeolite Y.  The second 

section started with separating the peat from the solution by filtering with a Whatman 2 filter.  

While still on the filter, the peat was then washed three separate times with 50 mL of deionized 

water.  After each wash, the filtered out solution was collected.  The copper concentration of the 

filtered out solution was determined with a Perkin Elmer Atomic Absorption Spectrometer 3300. 

4.1.2.3 Settling Tests 

Settling experiments occurred with natural bentonite and three concentrations of copper chelate 

solutions: 20 ppm, 45 ppm and 70 ppm.  Table 13 presents a list of the settling experiments. 
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Table 13. List of settling experiements 

Chelated Copper Solution Adsorbent 

Free copper natural benonite 

CuDETA natural bentonite 

CuDETA pH 11 natural bentonite 

CuDETA pH 11 High Ionic Strength natural bentonite 

CuTETA natural bentonite 

CuTETA pH 11 natural bentonite 

CuTETA pH 11 High Ionic Strength natural bentonite 

 

In 250 mL graduated cylinders, 250 mL of copper chelate solution was added to the graduated 

cylinder.  A known mass of adsorbent (0.2 g natural bentonite) was then well mixed into the 

graduated cylinder.  Settling was then allowed to occur.  Readings were recorded at varying time 

intervals from 0.5 min to 120 min.  After settling, the metal concentration of the residual solution 

was determined with a Perkin Elmer Atomic Absorption Spectrometer 3300.  The experiments 

took place at 23°C. 

4.1.2.4 Zeta Potential Tests 

The zeta potential was measured for natural bentonite in each of the copper chelate solutions at 

varying concentrations.  Table 14 presents a list of the zeta potential experiments. 

 

 

 

 



 

77 

 

Table 14. List of zeta potential experiments 

Chelated Copper Solution Adsorbent 

CuDETA natural bentonite 

CuDETA pH 11 natural bentonite 

CuDETA pH 11 High Ionic Strength natural bentonite 

CuTETA natural bentonite 

CuTETA pH 11 natural bentonite 

CuTETA pH 11 High Ionic Strength natural bentonite 

 

A stock solution consisting of deionized water and natural bentonite was prepared by adding 0.8 g 

of natural bentonite into a 1 L volumetric flask.  The flask was then filled to the 1 L mark with 

deionized water and mixed vigorously.  This bentonite – deionized water solution was mixed with 

varying amounts of copper chelate solutions in 25 mL volumetric flasks to make different 

concentrations of a bentonite copper chelate solution.  Nine different concentrations of bentonite 

copper chelate solutions were created: 1 ppm, 2.5 ppm, 5 ppm, 10 ppm, 15 ppm, 20 ppm, 25 ppm, 

30 ppm, 45 ppm, 70 ppm.  A small portion of the bentonite copper chelate solutions were poured 

into a cuvette and analyzed with a Malvern Zetasizer Nano series.  The experiments were all 

conducted at 23°C. 

4.1.3 Bentonite Cation Exchange Capacity 

A simple alternative method for determining the cation exchange capacity of bentonite was 

presented in a paper by Meier and Kahr [11].  The methods and procedures Meier and Kahr were 

followed to give an estimate of the cation exchange capacity for the natural bentonite. 
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As discussed above, a 0.01 M CuTETA solution was prepared in a 1 L volumetric flask.  Two 

hundred milligrams of the natural bentonite was added to 35 mL of distilled water and dispersed 

with ultrasonic treatment for 20 min.  This suspension was then diluted in a 50 mL volumetric 

flask.  Next, the solution was transferred to a 100 mL beaker where, while stirring, 10 mL of the 

0.01 M CuTETA solution was added.  The solution was allowed to react for 3 min and was then 

centrifuged for 3 min.  The supernatant solution was removed and the extinction was measured at 

620 nm in a UV spectrometer.  To determine the cation exchange capacity with reference to the 

dry clay weight, equation 4 was used: 

                          
    

    
          

   

  
  (4) 

where: 

Eb is the extinction without sample; and, 

Em is the extinction of the supernatant solution. 

 

The cation exchange capacity for the natural bentonite was found to be 97.8 mmol/100g.  Meier 

and Kahr found similar cation exchange capacities for bentonites with similar compositions.  The 

results from this method for similar bentonites are in strong agreement with the conventional 

ammonium acetate method.   
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4.2 Results and Discussion 

4.2.1 Adsorption  

4.2.1.1 Effect of Contact Time 

The effect of contact time was studied for the adsorption of each of the metal solutions at 

different concentrations onto the following adsorbents: natural bentonite, peat and ZSM-5 in the 

range of 0.5 min to 120 min at all temperatures.  The trends for CuDETA adsorbed onto natural 

bentonite, CuTETA adsorbed onto ZSM-5, CuDETA pH 11 high ionic strength adsorbed onto 

peat and CuDETA pH 11 adsorbed onto natural bentonite are presented below in Figure 4-6, 

Figure 4-7, Figure 4-8 and Figure 4-9, respectively. 

 

 

Figure 4-6.  Kinetic curves for CuDETA adsorbed onto natural bentonite at 23° 
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Figure 4-7.  Kinetic curves for CuTETA adsorbed onto ZSM-5 at 5°C 

 

 

Figure 4-8. Kinetic curves for CuDETA pH 11 high ionic strength solution adsorbed onto 

peat at 23°C 
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Figure 4-9. Kinetic curves for CuDETA pH 11 adsorbed onto natural bentonite at 40°C 

 

As presented in the figures above, increasing the contact time had a positive effect on the metal 

adsorption.  The initial adsorption rate was rapid, but over time the adsorption of the copper ions 

reached equilibrium (little to no increase in metal ion adsorption) after 10 to 25 min.  This time 

was contingent on the initial solution concentration.  If the initial solution concentration was low, 

then equilibrium was reached sooner since there were fewer ions to adsorb.  Conversely, if the 

initial solution concentration was high, then equilibrium was reached later since there were more 

ions to adsorb.  Irrespective of the combination of adsorbent and metal solution, these trends 

prevail.  Tables containing data for similar trends are presented in Appendix B, Kinetic Data 

Tables (Table B 1 to Table B 39). 
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The initial adsorption rates were high because at the start of adsorption since all the adsorption 

sites on the adsorbent were vacant and the metal solution concentration was high.  During the 

course of the adsorption, the adsorption sites filled up and the metal solution concentration 

decreased until equilibrium was reached.  After equilibrium was reached all the adsorption sites 

were filled with adsorbate, resulting in unchanged metal ion concentrations in the adsorbent.  The 

solutions with lower initial concentrations reached equilibrium sooner since there were fewer 

metal ions to adsorb.  More metal ions adsorbed at higher initial concentrations than lower initial 

concentrations since adsorption is thermodynamically more favourable with a higher ratio of 

metal ion to adsorbent.  As the metal ion concentration increased, there were more copper ions 

available to bind to the adsorbent [59].  After equilibrium was reached it is probable that there 

were vacant adsorption sites that were difficult to occupy due to repulsive forces between the 

adsorbed solute ions and the bulk phase [60]. 

4.2.1.2 Effect of Kinetics 

To analyze the adsorption rates and the controlling mechanism of the metal ions solutions onto 

the adsorbents, two different kinetic models were studied: the pseudo-first-order kinetic model 

and the pseudo-second-order kinetic model. 

 

The pseudo-first-order rate expression is commonly known as the Lagergren equation.  It is 

described in equation 5 below: 

  

  
             (5) 

where: 

qe is the amount of metal ion adsorbed at equilibrium per unit weight of adsorbent (mg/g); 

qt is the amount of metal ions adsorbed at any time (mg/g);  
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t is time (min) and, 

kad is the rate constant (min
-1

). 

 

Integrating and applying boundary conditions from t = 0 to t = t and q = 0 to q = qt on equation 5 

yields equation 6. 

                       (6) 

To determine the rate constant, straight line plots of ln(qe-qt) versus t were created.  The slope of 

these plots results in kad and the intercept of these plots results in ln(qe). 

 

The pseudo-second-order rate expression is described in equation 7. 

  

  
          

  (7) 

where: 

qe is the amount of metal ion adsorbed at equilibrium per unit weight of adsorbent (mg/g); 

qt is the amount of metal ions adsorbed at any time (mg/g);  

t is time (min) and, 

k2 is the rate constant (g/(min·mg)). 

 

Integrating and applying boundary conditions from t = 0 to t = t and q = 0 to q = qt on equation 7 

yields equation 8 

 

  
 

 

    
  

 

  
  (8) 

To determine the rate constant, straight line plots of t/qt versus t were created.  From the slope 

and intercept of these plots 1/qe and k2 can be determined. 
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The adsorption rates were studied for the adsorption of each of the metal solutions at different 

concentrations onto the following adsorbents: natural bentonite, peat and ZSM-5 in the range of 

0.5 min to 120 min at all temperatures. 

 

Figure 4-10 and Figure 4-11 present plots for the pseudo-first-order kinetic rate equations and the 

pseudo-second-order kinetic rate equations for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite at four different concentrations. 

 

Table 15 and Table 16 present the rate equation constants for the pseudo-first-order kinetic rate 

equation and the pseudo-second-order kinetic rate equation for CuTETA pH 11 high ionic 

strength adsorbed onto natural bentonite at four different concentrations.  Linear trends are 

observed in both the pseudo-first-order rate equation plots and the pseudo-second-order rate 

equation plots where both ln(qe-qt) and t/qt are proportional to time. 
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k  

Figure 4-10. Pseudo-first-order kinetic rate equation plot for CuTETA pH 11 high ionic 

strength adsorbed onto natural bentonite 

 

Table 15. Pseudo-first-order kinetic rate equation constants for CuTETA pH 11 high ionic 

strength adsorbed onto natural bentonite 

Concentration 
kad 

(1/min) 

qe (mg / g 

adsorbent) 
R

2
 

Standard 

Error for 

Slope 

Upper 95% 

Confidence 

interval 

Lower 95% 

Confidence 

Interval 

1 ppm 0.002 1.26 0.593 0.001 -0.001 -0.004 

5 ppm 0.004 2.23 0.782 0.001 -0.002 -0.005 

10 ppm 0.007 1.02 0.346 0.004 0.002 -0.015 

20 ppm 0.003 19.1 0.383 0.001 0.000 -0.006 
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Figure 4-11. Pseudo-second-order kinetic rate equation plot for CuTETA pH 11 high ionic 

strength adsorbed onto natural bentonite 

 

Table 16. Pseudo-second-order kinetic rate equation constants for CuTETA pH 11 high 

ionic strength adsorbed onto natural bentonite 

Concentration 

k2 (g 

/(min 

mg)) 

qe (mg / g 

adsorbent) 
R

2
 

Standard 

Error for 

Slope 

Upper 95% 

Confidence 

interval 

Lower 95% 

Confidence 

Interval 

1 ppm 0.595 1.39 0.998 0.010 0.741 0.693 

5 ppm 0.132 10.8 0.999 0.010 0.094 0.090 

10 ppm 0.286 24.3 0.999 0.000 0.041 0.041 

20 ppm 0.025 34.8 0.998 0.000 0.029 0.027 

 

Based on the fits, the pseudo-second-order rate equation generally fits better than the pseudo-

first-order rate equation.  At each concentration, the pseudo-second-order rate equation has a 

correlation coefficient, R
2
, value closer to unity than the pseudo-first-order rate equation.  The 

standard error of the slope is generally smaller for the pseudo-second-order rate equation and the 

confidence intervals on the slopes are narrower for the pseudo-second-order rate equation.  These 
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trends follow for all the combinations of metal solutions (CuDETA, CuTETA, etc.) and 

adsorbents (peat and ZSM-5) at the different temperatures.  A good fit to the pseudo-second-order 

rate equation can indicate chemisorption as the mode of adsorption [61].  Similar trends were 

observed by Liu and Bai [15], McKay and Porter [39] and Zeng and Jiang [20].  Further 

coefficients for the pseudo-first-order and pseudo-second-order rate equation can be found in 

Appendix B, Rate Equation Constants in Table B 40 to Table B 84. 

 

For each of the adsorbents, as the solution concentration increases, the pseudo-second-order rate 

equation constants do not change significantly.  This follows with the rate constant being a 

constant and if the concentration is increased on one side of the reaction, then the concentration 

will be increased on the other side of the reaction to keep the rate constant from changing.  The 

amount of metal ions adsorbed at equilibrium increase indicating faster rates of adsorption at 

higher concentrations [62]. 

 

The pseudo-second-order rate equation constants are highest for peat, then bentonite and lastly 

ZSM-5.  This indicates the adsorption is occurring most rapidly on peat and slowest on ZSM-5.  

An explanation for this trend is the polar functional groups in peat are significantly more 

negatively charged than the negative charge in the bentonite crystal lattice [6].  As such, the metal 

ions will gravitate towards peat faster than bentonite.  The very low rate of adsorption is ZSM-5 

is due to the hydrophobicity of ZSM-5 which results in little attraction between the metal ions and 

ZSM-5 [32]. 
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The reaction constants are highest in the solutions at pH 11 followed by the solutions at pH 11 

with high ionic strength and then the natural pH solutions.  An explanation for this trend is the 

increased number of hydroxide ions provides increased electroneutrality to the copper chelates 

resulting in fewer repulsive forces between the chelated copper ions and adsorbent during 

adsorption [17].  A further discussion of this trend is presented in section 4.2.1.3 Adsorption 

Isotherms. 

 

With increasing temperatures, the reaction rate constants increase.  This trend is presented in 

Table 17 for the pseudo-second-order rate constants for CuTETA pH 11 adsorbed onto natural 

bentonite.  The reaction rate constants increase with increasing temperatures since at higher 

temperatures more molecules have sufficient energy to react thereby increasing the number of 

collisions [63].  Further, the temperature dependency of the reaction rate constant is governed by 

the Arrhenius equation.  This is discussed further in 4.2.1.4 Activation Energy. 

 

Table 17. Pseudo-second-order rate constants for CuTETA pH 11 adsorbed onto natural 

bentonite at various temperatures 

Temperature (K) k2 (g /(min mg)) 

278 0.185 

285 0.150 

296 0.232 

303 0.223 

313 0.708 
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4.2.1.3 Adsorption Isotherms 

Adsorption isotherms were studied at five different temperatures (5ºC, 12ºC, 23ºC, 30ºC and 

40ºC) for three different adsorbents (natural bentonite, zeolite Y and ZSM-5) with each of the 

copper ion solutions.  Peat was only studied at 23ºC.  Figure 4-12 and Figure 4-13 present 

adsorption isotherms for chelated copper ions onto natural bentonite and zeolite Y, respectively. 

 

 

Figure 4-12. Adsorption isotherm for CuDETA adsorbed onto natural bentonite at 5°C 
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Figure 4-13. Adsorption isotherm for CuTETA pH 11 high ionic strength adsorbed onto 

zeolite Y at 40°C 

 

The isotherms were analyzed with the Langmuir and Freundlich isotherm models.  These are the 

two most frequently used models to describe adsorption characteristics.  The equation for the 

Langmuir isotherm is presented in equation 9. 

        
    

      
  (9) 

where: 

KL is the Langmuir equilibrium constant (L/mg); 

Ce is the equilibrium concentration of the adsorbate in solution after adsorption (mg/L); 

qe is the amount of metal ions adsorbed at equilibrium per unit weight of adsorbent (mg/g); and, 

qmax is the maximum adsorption capacity (mg/g). 
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Linearizing the Langmuir isotherm equation according to the Langmuir linear regression model 

[59], yields equation 10. 

 

  

  
  

  

    
  

 

      
  (10) 

To determine the Langmuir equilibrium constant, straight line plots of Ce/qe versus Ce were 

created.  From these plots KL and qmax can be determined. 

 

The equation for the Freundlich isotherm is presented in equation 11. 

        
 

 ⁄   (11) 

where: 

Kf is the empirical Freundlich constant or capacity factor (mg/g); 

Ce is the equilibrium ion concentration in solution after adsorption (mg/L); 

1/n is the Freundlich isotherm constant; and, 

qe is the amount of metal ions adsorbed at equilibrium per unit weight of adsorbent (mg/g). 

 

The linearized Freundlich isotherm equation was previously presented in 3.2.4.3 Adsorption 

Models and the result was yielded in equation 1. 

             ⁄       (1) 

To determine the Freundlich equilibrium constant, straight line plots of log(c) versus log(q) were 

created.  From these plots KF and n can be determined.  The constants Kf and n are empirical 

constants that are characteristic of the system and depend on the properties of the adsorbent, 

adsorbate, the temperature and the pressure. 
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From the linearized isotherm plots, the values for each model, the correlation coefficient, R
2
, the 

standard error of the slope and the confidence interval were calculated.  The linearity of these 

plots indicates the applicability of the two models.  At each of the conditions, the adsorption 

isotherms were calculated.  Figure 4-14 and Figure 4-15 present linearized isotherms for 

CuDETA pH 11 high ionic strength adsorbed onto peat. 

 

 

Figure 4-14. Linearized Langmuir isotherm for CuDETA pH 11 high ionic strength 

adsorbed onto peat 
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Figure 4-15. Linearized Freundlich isotherm for CuDETA pH 11 high ionic strength 

adsorbed onto peat 

 

Table 18 presents the Langmuir isotherm constants for CuTETA adsorbed onto natural bentonite, 

peat, zeolite Y and ZSM-5.  And, Table 19 presents the Freundlich isotherm constants for 

CuTETA adsorbed onto natural bentonite, peat, zeolite Y and ZSM-5.  Further Langmuir and 

Freundlich isotherm constants are located in Appendix B, Isotherm Constants in Table B 85 to 

Table B 104. 
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Table 18. Langmuir isotherm constants at 23ºC for CuTETA adsorbed onto different 

adsorbents 

Adsorbent 
qmax 

(mg/g) 
KL R

2
 

Standard 

Error of 

Slope 

Upper 95% 

Confidence 

interval 

Lower 95% 

Confidence 

Interval 

Natural 

Bentonite 
37.8 0.229 0.536 0.0175 0.102 -0.049 

Peat 
-14.8 -0.273 0.055 0.198 0.785 -0.921 

Zeolite Y 
55.9 47.7 0.967 0.002 0.028 0.008 

ZSM-5 4.58 0.237 0.890 0.054 0.452 -0.015 

 

Table 19. Freundlich isotherm constants at 23ºC for CuTETA adsorbed onto different 

adsorbents 

Adsorbent 1/n KF R
2
 

Standard 

Error of 

Slope 

Upper 95% 

Confidence 

interval 

Lower 95% 

Confidence 

Interval 

Natural 

Bentonite 
0.688 7.87 0.531 0.457 2.65 -1.27 

Peat 
1.12 5.95 0.798 0.399 2.84 -0.590 

Zeolite Y 
0.401 99.4 0.977 0.044 0.590 0.212 

ZSM-5 0.373 1.25 0.959 0.054 0.608 0.137 

 

For natural bentonite, based on the statistical parameters, the Langmuir isotherm fit the data better 

than the Freundlich isotherm.  The correlation coefficient, R
2
, is closest to unity in the linearized 

Langmuir isotherm plot.  Further, for the linearized Langmuir isotherm plot, the standard error of 

the slope is lower and the confidence interval is narrower.  This can indicate the adsorption 
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process is monolayer.  Similar trends were observed for the adsorption of Cu(II) onto both 

bentonite and modified bentonite [20] [64]. 

 

For peat, based on the above statistical parameters, the Freundlich isotherm is a better fit to the 

data than the Langmuir isotherm.  The correlation coefficient, R
2
, is closest to unity in the 

linearized Freundlich isotherm plot.  For the linearized Freundlich isotherm plot, the standard 

error of the slope is lower and the confidence interval is narrower.  Further, the average intercept 

and slope values are negative for some of the solutions adsorbed onto peat.  This is unusual to 

have negative adsorption values and may be indicative of the instability of peat at a high pH or a 

species dissolving from the surface of peat when in contact with an aqueous phase [36].  During 

the experiments, it was noted that the supernatant had turned a light yellow colour and the colour 

change was likely caused by the alkaline solution attacking the lignite portion of the peat as noted 

by Kelebek et al. [65]. 

 

Zeolite Y fits both the Langmuir and Freundlich isotherms well.  The correlation coefficient, R
2
, 

is close to unity in both cases; however, it is slightly closer in the linearized Freundlich isotherm 

plot.  The standard error of slope is lowest in the linearized Langmuir isotherm plot.  And, the 

confidence interval is narrower in the linearized Langmuir isotherm plot.  Similar trends were 

observed by Dong and Xu [5]. 

 

Similar to zeolite Y, ZSM-5 fits both isotherms well.  The correlation coefficient is closest to 

unity for the linearized Freundlich isotherm.  The standard errors of the slope are very close for 

both isotherms; however, the linearized Langmuir isotherm has a slightly lower standard error of 
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the slope.  The confidence interval for the linearized Langmuir isotherm is narrower and spans 

zero, thus making the linearized Langmuir isotherm a slightly better model for ZSM-5. 

 

The model fits were generally better at an elevated pH and with increased ionic strengths.  The 

Langmuir and Freundlich isotherm models used in this study do not account for solution 

chemistry.  It may be suggested that there are processes other than or in addition to adsorption 

that could be contributing to the metal removal. 

 

The above trends follow for each of the adsorbents in the different copper ion solutions: 

CuDETA, CuDETA pH 11, CuTETA pH11, CuDETA pH 11 high ionic strength and CuTETA 

pH 11 high ionic strength (i.e. zeolite Y favours a Langmuir isotherm for each of the metal ion 

solutions).  And, based on the trends following for the adsorption of each of the metal ion 

solutions onto the different adsorbents, it can be concluded that the Langmuir isotherm model is 

generally more suitable for predicting the adsorption of copper and its chelated compounds onto 

natural bentonite, zeolite Y and ZSM-5 and the Freundlich isotherm model is generally more 

suitable for predicting the adsorption of copper and its chelated compounds onto peat. 

 

If the Langmuir isotherm is the best fit, then the adsorption process is more likely to be 

chemisorption and monolayer with homogeneity of the active sites [25].  The Langmuir isotherm 

was the best fit for the natural bentonite, zeolite Y and ZSM-5 systems.  However, if the 

Freundlich isotherm is the best fit then the adsorption process is likely to be multilayer with 

physisorption on a rough surface [25].  The Freundlich isotherm was the best fit for the peat 

systems. 
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With the same chelating agent in different solutions (e.g. CuDETA, CuDETA pH, CuDETA high 

ionic concentration) adsorbing onto the same adsorbent there was better performance at an 

elevated pH together with high ionic concentrations than at natural pH with no ionic 

concentrations.  This may seem contradictory to existing adsorption principles since an increase 

in concentration of ions would introduce more ions to compete with CuDETA or CuTETA for the 

adsorption sites.  Ultimately, this would result in a reduction of the adsorbent capacity.  Others 

such as Navarro [66] have noticed this trend too.  An explanation is that metals chelated by 

amines have unique qualities that distinguish them from metals chelated by non-amines.  Amines 

have no negatively charged components and consequently, they need to rely on neighboring 

anions to preserve electroneutrality.  The increase in 
–
OH ions would allow more of the chelated 

metals to participate in metal sequestration since the 
–
OH ions would neutralize repulsive forces 

between the chelated metals [17]. 

 

Based on the adsorption isotherms, similar quantities of CuDETA and CuTETA adsorb onto each 

of the adsorbent and any differences in the amount of CuDETA and CuTETA adsorbed can be 

attributed to experimental error.  The similarities in the adsorption of CuDETA and CuTETA 

may be due to both molecules carrying the same charge; this was noted by Kelebek [10].  Table 

20 presents the maximum adsorption capacities of natural bentonite, zeolite Y and ZSM-5 for 

selected chelated copper ion solutions. 
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Table 20. Maximum adsorption capacities natural bentonite, zeolite Y and ZSM-5 for 

selected chelated copper ion solutions 

Adsorbent CuDETA CuTETA 

CuDETA pH 

11 high ionic 

strength 

CuTETA pH 

11 high ionic 

strength 

Natural Bentonite 18.8 (mg/g) 20.7 (mg/g) 38.2 (mg/g) 46.8 (mg/g) 

Zeolite Y 51.9 (mg/g) 55.9 (mg/g) 46.0 (mg/g) 47.2 (mg/g) 

ZSM-5 6.11 (mg/g) 9.23 (mg/g) NA NA 

 

With increasing temperatures, the amount of adsorbent adsorbed increased.  The greatest increase 

in adsorption density occurred with CuDETA adsorbed onto natural bentonite.  The isotherms for 

CuDETA adsorbed onto natural bentonite at 5ºC and 30°C are presented below in Figure 4-16.  

Many of the systems had marginal adsorbate adsorbed increases with increased temperature.  The 

increased adsorption capacity may be attributed to the enlarged pore sizes in the adsorbent at 

higher temperatures or to an increased activation of the pore size.  Further discussion on 

temperatures is presented in 4.2.1.4 Activation Energy and 4.2.1.5 Adsorption Thermodynamics. 
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Figure 4-16. Adsorption isotherms for CuDETA adsorbed onto natural bentonite at 5°C 

and 30°C 

 

4.2.1.4 Activation Energy 

The activation energies of the metal ion solutions were calculated with the Arrhenius equation.  

This is presented in equation 12. 

     
   

    (12) 

where: 

k2 is the pseudo-second-order rate constant (g/(min·mg)) 

Ao is the rate constant of adsorption 

Ea is the activation energy for adsorption (J/mol) 

R is the gas constant (8.314 J/molK) 

T is the temperature (K) 
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Linearizing the Arrhenius equation yields equation 13. 

           
  

  
  (13) 

To determine the activation energy, straight line plots of ln(k2) versus 1/T were constructed.  The 

plots have linear trend lines and, accordingly, ln(k2) is proportional to 1/T.  From the slope and 

the intercept of these plots, Ea can be determined. 

 

Adsorption occurs when the chelated copper ions and the adsorbents collide.  Not all collisions 

are effective in causing the adsorption to occur.  Adsorption only occurs when the chelated 

copper ions and the adsorbent have the enough energy.  This energy is represented by the 

activation energy.  Increasing the number of successful collisions may be done by raising the 

temperature, raising the concentrations of the reacting species or by adding a catalyst to the 

system [63]. 

 

The activation energies were determined at different concentrations for the adsorption of all the 

solutions onto natural bentonite and ZSM-5.  Many of the activation energies were difficult to 

determine since with bentonite, most of the ions were adsorbed and with ZSM-5, very little of the 

ions were adsorbed.  Figure 4-17 presents the Arrhenius plot for CuTETA adsorbed onto ZSM-5 

and Figure 4-18 presents the Arrhenius plot for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite.  Further activation energies may be found in Appendix B, Activation Energies 

in Table B 105 to Table B 112. 
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Figure 4-17. Arrhenius plot of CuTETA adsorbed onto ZSM-5 

 

 

Figure 4-18. Arrhenius plot of CuTETA pH 11 high ionic strength adsorbed onto natural 

bentonite 
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From Figure 4-17, the activation energy CuTETA adsorbed onto ZSM-5 was determined to be 

16.62 kJ/mol.  From Figure 4-18, the activation energy for CuTETA pH 11 high ionic strength 

adsorbed onto natural bentonite was determined to be 40.50 kJ/mol.  These activation energies are 

similar to the activation energies determined by Krishna et al, who adsorbed chromium ions onto 

montmorillonite [21], Jaman et al. who adsorbed copper ions onto rice husks [67] and Bereket et 

al. who adsorbed copper ions onto bentonite [68].  Overall, the activation energies of the solutions 

adsorbing onto natural bentonite were larger than the activation energies of the solutions 

adsorbing onto ZSM-5.  Smaller activation energies can indicate physisorption and higher 

activation energies can indicate chemisorption [69].  This furthers the notion of chemisorption 

being the driving adsorption mechanism for the copper chelates being adsorbed onto natural 

bentonite and also indicates that physisorption may be the adsorption mechanism for the copper 

chelates onto ZSM-5. 

4.2.1.5 Adsorption Thermodynamics 

The standard free energy change, ΔG°, the enthalpy change, ΔH°, and the entropy change, ΔS°, 

were determined with equation 14 and equation 15. 

      
   

 
  

   

  
  (14) 

    
   

  
  (15) 

where: 

Ce is the equilibrium ion concentration in solution after adsorption (mg/L); 

Cea is the equilibrium ion concentration adsorbed (mg/L); 

KC is the equilibrium constant 

R is the gas constant (8.314 J/mol·K) 
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T is the temperature (K) 

ΔH° is the enthalpy change (J/mol) 

ΔS° is the entropy change (J/mol·K) 

 

To determine the enthalpy change and the entropy change, straight line plots of ln(KC) versus 1/T 

were created.  From the slope and intercept of these plots ΔH° and ΔS° can be determined.  The 

standard free energy change can be written in terms of enthalpy change and entropy change at 

equilibrium.  This is presented in equation 16. 

                (16) 

 

The standard free energy change, ΔG°, the enthalpy change, ΔH° and the entropy change, ΔS° 

were determined for the metal chelates adsorbed onto natural bentonite and ZSM-5.  Figure 4-19 

presents a plot of ln(KC) versus 1/T for the adsorption of CuTETA pH 11 high ionic strength onto 

natural bentonite. 
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Figure 4-19. Plot of ln(kC) versus 1/T for the adsorption of CuTETA pH 11 high ionic 

strength solution onto natural bentonite 

 

From Figure 4-19, the enthalpy changes and entropy changes for CuTETA pH 11 high ionic 

strength solution adsorbed onto natural bentonite are presented below in Table 21 and Table 22 

presents the error.  Table 23 presents the standard free energy changes for CuTETA pH 11 high 

ionic strength solution adsorbed onto natural bentonite at different temperatures.  Further tables 

for the enthalpy, entropy and standard free energy changes may be found in Appendix B, 

Thermodynamic Parameters in Table B 113 to Table B 128. 

Table 21. Enthalpy change and entropy change for CuTETA pH 11 high ionic strength 

solutions adsorbed onto natural bentonite at 23ºC 

ΔH (J/mol) ΔS (J/mol K) 

12.6 J/mol 60.4 J/molK 
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Table 22. Graphical Error for Enthalpy and Entropy 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.615 693.56 690.12 -3724.31 

 

Table 23. Standard free energy change for CuTETA pH 11 high ionic strength solution 

adsorbed onto natural bentonite at different temperatures 

Temperature (K) ΔG (kJ/mol) 

278 -4.25 

285 -4.67 

296 -5.34 

303 -5.76 

313 -6.37 

 

For the adsorption of each of the copper chelates onto natural bentonite and ZSM-5 the following 

trends were observed.  The entropy change was always positive and this is representative of 

increased randomness and disorder in the system.  The enthalpy change tended to be positive 

indicating an endothermic reaction and energy being consumed.  The standard free energy change 

was determined to be generally negative and indicates that the adsorption was spontaneous.  The 

results are in good agreement with various base metals that were adsorbed onto bentonite [21], 

[68], [68] and copper ions that were adsorbed onto various adsorbents [67].  As temperature 

increased, the standard free energy decreased indicating an increasing driving force towards 

equilibrium, resulting in more ions being adsorbed at higher temperatures [70]. Morcali et al. 

noted similar trends for the adsorption of other heavy metals and hypothesized that adsorbent 

pores were enlarging at higher temperatures, thereby allowing more ions to adsorb [59]. 
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4.2.1.6 Adsorption Errors 

Errors in the adsorption process were most likely a result of using low initial chelated copper 

solution concentrations relative to the quantity of adsorbent used.  The residual chelated copper 

solution concentrations, which were read by atomic absorption to determine the amount of copper 

chelate adsorbed, often contained very little copper and this resulted in some very low atomic 

absorption readings.  If the ratio of initial chelated copper solution to adsorbent used were higher, 

then some of the trends may be more prevalent and easier to define. 

 

4.2.2 Desorption 

The effect of desorption of each of the metal solutions was studied on peat to determine the 

strength of adsorption onto peat.  The adsorbent was washed three times, with the first wash 

desorbing the most copper and very little copper being desorbed in the second and third washes.  

Figure 4-20 presents the percent of copper desorbed as a function of the initial solution 

concentration for CuDETA, CuDETA pH 11 and CuDETA pH 11 high ionic strength. Figure 

4-21 presents the percent of copper desorbed as a function of the initial solution concentration for 

CuTETA, CuTETA pH 11, CuTETA pH 11 high ionic strength. 
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Figure 4-20. Concentration of CuDETA, CuDETA pH 11 and CuDETA pH 11 high ionic 

strength desorbed as a function of initial solution concentration 

 

 

Figure 4-21. Concentration of CuTETA, CuTETA pH 11, CuTETA pH 11 high ionic 

strength desorbed as a function of initial solution concentration 
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As the initial solution concentration increases, the percentage of metal chelates desorbed 

increases.  At higher initial solution concentrations there are more copper chelates adsorbed onto 

the adsorbent and as such, there are more copper chelates that did not completely adsorb onto the 

adsorbent.  Therefore, more copper chelates will desorb from the adsorbent at higher initial 

solution concentrations. 

 

Less desorption occurred with CuDETA than CuTETA and this is illustrated in Figure 4-22.  A 

possible cause is due to the CuDETA molecule being smaller than the CuTETA molecule, as 

noted in section 2.3.1 DETA and TETA.  The smaller CuDETA molecule may be able to reach 

areas of the peat that the larger CuTETA molecule is unable to reach due to its smaller size and 

thus, resulting in less CuDETA desorption from the peat. 

 

Figure 4-22. Percent of CuDETA and CuTETA desorbed as a function of initial solution 

concentration 
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4.2.3 Settling and Zeta Potential 

4.2.3.1 Settling 

The settling characteristics of natural bentonite in each of the metal solutions were investigated 

and the settling rates were determined for natural bentonite in each of the solutions.  Figure 4-23 

presents the settling curves for CuDETA, CuTETA and bentonite in water, Figure 4-24 presents 

the settling curves for CuTETA pH 11 high ionic strength at different concentrations and Figure 

4-25 presents the settling curves for CuDETA, CuDETA pH 11 and CuDETA pH 11 high ionic 

strength at 20 ppm.  Further settling curves may be found in Appendix B, Settling in Figure B 2 

to Figure B 7. 

 

 

Figure 4-23. Settling curves for 20 ppm CuDETA, 20 ppm CuTETA and 0 ppm Cu on 

natural bentonite 
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As depicted in Figure 4-23, bentonite does not settle in water on its own since the bentonite 

particles are negatively charged [71].  However, once copper ions or complexed copper are added 

to the solution, rapid settling starts to occur. 

 

Figure 4-24. Settling curves for CuTETA pH 11 high ionic strength at different 

concentrations on natural bentonite 
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Figure 4-25. Settling curves for CuDETA, CuDETA pH 11 and CuDETA pH 11 high ionic 

strength at 20 ppm on natural bentonite 

 

In each of the cases, the settling was similar to the settling presented in Figure 4-23, Figure 4-24 

and Figure 4-25.  The settling started immediately and occurred very rapidly and within the first 5 

minutes, the majority of the particles settled.  For the remaining 115 minutes very little settling 

occurred and the height of the settled particles barely changed. 

 

To determine the settling rate, plots of the linear section of the height versus time were 

constructed.  The result was straight-line plots and the value of the slope represented the settling 

rate.  The settling rates for bentonite in different solutions are presented in Table 24.  The settling 

rate generally increased with increasing pH, increasing the ionic strength and increasing the 

concentration of the solution.  This is due to there being more ions in the solutions at a higher pH, 

ionic strength and concentration which allowed for surface charge neutralization [43].  



 

112 

 

Neutralizing the charge allowed aggregates to form in higher quantities and faster.  Additional 

settling rate curves are presented in Figure B 8 through to Figure B 13. 

 

Table 24. Settling rates for bentonite in different solutions 

 Settling Rate 

(cm/min) 

20 ppm 

Settling Rate 

(cm/min) 

45 ppm 

Settling Rate 

(cm/min) 

70 ppm 

Cu (II) 0.46 2.76 19.78 

CuDETA 12.48 10.01 13.91 

CuTETA 19.20 17.28 20.35 

CuDETA pH 11 22.08 19.58 36.48 

CuTETA pH 11 8.64 20.16 14.40 

CuDETA pH 11 high 

ionic strength 14.40 19.20 9.12 

CuTETA pH 11 high 

ionic strength 42.24 38.40 19.58 

 

The settling rates of the CuDETA and CuTETA solutions were comparable.  As such, it is likely 

that the CuDETA and the CuTETA ions neutralized similar amounts of surface charge on the 

adsorbent to result in comparable settling rates. 

4.2.3.2 Zeta Potential 

The effect of zeta potential was studied for natural bentonite in each of the metal chelate 

solutions.  Zeta potential measurements were recorded for each of the metal chelate solutions at 

different concentrations.  The trends for zeta potential as a function of adsorbed CuTETA, 

CuTETA pH 11 and CuTETA high ionic strength, are presented in Figure 4-26.  And, the trends 
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for zeta potential as a function of adsorbed CuDETA, CuDETA pH 11 and CuDETA high ionic 

strength are presented in Figure 4-27. 

 

 

Figure 4-26. Zeta potential of natural bentonite as a function of adsorbed CuTETA, 

CuTETA pH 11 and CuTETA high ionic strength 
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Figure 4-27. Zeta potential of natural bentonite as a function of adsorbed CuDETA, 

CuDETA pH 11 and CuDETA high ionic strength 

 

In each instance, as the solution concentration increases, the zeta potential increases.  At low 
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range of 3 to 12 [71].  For example, Niriella et al. 2006, found that the zeta potential is around -30 

mV at pH 3 and it becomes slightly less negative when the pH goes to 11.  This trend was 

illustrated by Dillard et al. 1984 with the electrophoretic mobility reported in Figure 4-28 [73].  In 

the experimental case with CuDETA solutions, the pH level is around 7.  Zeta potential 

corresponding to the lowest concentration of CuDETA is around -35 mV. However, as the 
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Figure 4-28. Electrophoretic Mobility of Montmorillonite in water [73] 

 

7 is effectively neutralized with increasing concentration of CuDETA
2+

 species. As can be noted 

from the data in Figure 4-29, the electrokinetic mobility versus pH curve for bentonite is flat for 

pH values greater than 7 (although there is no data beyond pH 10). Interestingly, data by Niriella 

et al. 2006 did indicate zeta potentials becoming less negative as the pH is increased in the 

alkaline range to about pH 11. This was also observed in the current experimental work, starting 

point at pH 11 is less negative in the presence of CuDETA and of the added electrolyte, the high 

ionic strength case at pH 11. When the concentration of CuDETA is increased the charge 

neutralization is taking place in both cases. This occurs to a greater extent in the case of high 

ionic strength experiment at pH 11, which makes sense because of the presence of additional 

divalent species such as Ca
2+

 and Mg
2+

 in addition to CuDETA species.   
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4.3 Summary and Conclusions 

Adsorption equilibriums were reached after 10 to 25 min depending on the initial solution 

concentration with lower initial solution concentrations reaching equilibrium sooner and higher 

initial solution concentrations reaching equilibrium later. 

 

Two models were used to study the adsorption kinetics: a pseudo-first-order rate expression and a 

pseudo-second-order rate expression.  The pseudo-second-order rate expression was a better fit to 

the data than the pseudo-first-order rate expression suggesting chemisorption to be the mode of 

adsorption.  Based on the pseudo-second-order rate constants, the rates of adsorption were fastest: 

at higher initial solution concentrations and on solutions adsorbing onto peat.  The rates of 

adsorption were slowest on solutions adsorbing onto ZSM-5; solutions at pH 11 followed by 

solutions at pH 11 with high ionic strength; and, the CuDETA and CuTETA solutions both 

adsorbed at similar rates.  The pseudo-second-order rate constants increased with increased 

temperatures since at higher temperatures more molecules have sufficient energy to react thereby 

increasing the number of collisions. 

 

The adsorption data was fit to both Langmuir and Freundlich isotherms.  The Langmuir isotherm 

generally fit the data better than the Freundlich isotherm with the exception of high pH solutions 

adsorbing onto peat.  The Langmuir isotherm fits on natural bentonite, zeolite Y and ZSM-5 

suggest the adsorption to be monolayer.  Solutions at natural pH adsorbed onto peat follow a 

Langmuir isotherm; however, solutions at an elevated pH adsorbed onto peat follow a Freundlich 

isotherm likely due to additional surface activity on peat showing at least partial dissolution in 

solutions at pH 11. Based on the isotherms, solutions at an elevated pH with high ionic strength 
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adsorbed the most chelated copper followed by solutions at an elevated pH and then by solutions 

at natural pH.  At the same concentrations, the adsorbents adsorbed similar amounts of CuTETA 

and CuDETA.  The amount of copper chelate adsorbed was found to increase with temperature. 

 

The activation energies for the adsorption of many of the solutions onto bentonite and ZSM-5 

were estimated using the Arrhenius equation.  The activation energies for solutions adsorbing 

onto natural bentonite were around 40 kJ/mol and the activation energies for solutions adsorbing 

onto ZSM-5 were around 16 kJ/mol.  As such, the activation energies for solutions adsorbing 

onto ZSM-5 were smaller than the activation energies for solutions adsorbing onto natural 

bentonite.  This suggests that ions were physisorbing onto ZSM-5 and chemisorbing onto natural 

bentonite. 

 

Based on the Eyring equation, standard free energy change, the enthalpy change, and the entropy 

change were determined.  The entropy change was always positive which is representative of the 

adsorption leading to randomness and the enthalpy change tended to be positive indicating the 

reaction to be endothermic.  Furthermore, in almost all cases, the standard free energy was 

negative indicating the reaction to be spontaneous.  As the temperature increased, the amount of 

ions adsorbed slightly increased too and this may be a result of the adsorbent pores enlarging at 

higher temperatures. 

 

Desorption tests were conducted on loaded peat from each of the solutions.  Greater amounts of 

desorption were occurring at higher initial solution concentrations than at lower initial solution 

concentrations with more CuTETA being desorbed than CuDETA. 
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Settling rates were determined for natural bentonite in each of the copper chelate solutions.  The 

settling rates were generally highest for solutions at an elevated pH with high ionic strength 

followed by solutions at an elevated pH and then solutions at the natural pH.  Additionally, the 

settling rates increased with increasing solution concentrations. 

 

Similar trends to the settling rates were exhibited with the zeta potential readings.  The zeta 

potential was the least negative for solutions at an elevated pH with high ionic strength followed 

by solutions at an elevated pH and then solutions at the natural pH. In all cases, the absolute value 

of zeta potentials decreased with increasing solution concentrations, which can be taken as an 

indication of decreasing repulsive force that promoted aggregation and therefore more efficient 

settling.  
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Chapter 5 

Conclusions and Recommendations 

5.1 Summary 

This thesis presented analyses on the ability of various adsorbents to remove and retain chelated 

copper from solutions.  The first analysis was presented in Chapter 3 and involved adsorbing 

chelated copper onto pyrrhotite and quartz.  This is analogous to diverting the tailings effluent to 

old tailings areas containing the gangue minerals, pyrrhotite and quartz, where the chelated 

copper would adsorb onto these minerals. The second analysis was presented in Chapter 4 and 

involved adsorbing chelated copper onto high capacity adsorbents.  This is analogous to adding 

various high adsorption capacity adsorbents to the tailings effluent to adsorb the chelated copper. 

5.2 Chelated Copper Adsorption onto Gangue Minerals 

Equilibrium diagrams showing variation of the copper concentration levels with respect to pH in 

the absence and presence of this reagent were constructed along with relevant Eh-pH diagrams. 

The results demonstrated how the formation of DETA-copper complexes can be a potential cause 

of this problem.  It was determined that pyrrhotite has a greater adsorption capacity for the copper 

chelates than quartz in the concentration range studied.  Both Freundlich and Langmuir models of 

adsorption isotherm are applicable in the low concentration range studied. However, the 

Langmuir model was found to more closely represent the experimental data.  Adsorption 

parameters such as maximum adsorption densities and equilibrium constants were determined. 

According to both adsorption models, as the particle size became coarser, the adsorption 

capacities regularly decreased. 
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5.3 Chelated Copper Adsorption onto High Capacity Adsorbents 

Four adsorbents were investigated: natural bentonite, zeolite Y, ZSM-5 and peat.  Natural 

bentonite, zeolite Y and peat (with solutions at natural pH) each worked well at removing the 

copper chelates.  Zeolite Y was the identified as the adsorbent with the highest capacity for 

copper chelates.  At elevated temperatures, the amount of chelated copper adsorbed increased 

marginally.  ZSM-5 did not work well at removing the copper chelates and should not be studied 

further as an effective method for removing copper chelates from solution.  Both Freundlich and 

Langmuir adsorption isotherm models were studied with the Langmuir isotherm model more 

closely representing the experimental data.  Adsorption parameters such as maximum adsorption 

densities and equilibrium constants were determined with solutions at an elevated pH with high 

ionic strength adsorbing the most chelated copper and solutions at a natural pH adsorbing the 

least chelated copper. Details on various aspects of the topics can be found in specific sections 

under summary and conclusions following related sections. 

5.4 Recommendations for Future Studies 

The objectives of the thesis were met and insights were gained into the adsorption mechanisms of 

chelated copper onto natural bentonite, zeolite Y, ZSM-5 and peat.  Based on the research work 

carried out in this thesis, the following list presents recommendations for future investigations in 

related areas that can potentially be undertaken: 

 Perform adsorption tests on real flotation tailings effluent carrying the metal chelates to 

test and evaluate the effects on various adsorbents; 

 Extend adsorption tests on nickel chelated with DETA and TETA; 

 Investigate the pH dependence of adsorption on selected absorbents; 

 Perform Raman and XPS studies on adsorbed metal chelates on various adsorbents; 
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 Long term chemical stability of metal chelates should be investigated; 

 Studies on long term stability of adsorbed metal chelates should include use of various 

bacteria to investigate biological degradation of the copper chelates into copper ions and 

organic molecules where the copper ions can then be precipitated by raising the pH; 

 Chemical stability studies may be furthered by including acid mine drainage which has a 

relatively high oxidation potentials due to ferric iron; 

 Adsorption column tests can be carried out for adsorption of the chelated copper ions 

onto selected adsorbents; and, 

 Further investigations on the activation energies and the thermodynamics of adsorption of 

chelated copper and nickel with a wider range of solution concentrations. 
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Appendix A 

Sample Calculations 

Nomenclature 

Ao is the rate constant of adsorption 

b is the intercept of a line 

Cd is the equilibrium ion concentration in solution after desorption from washes (mg/L); 

Ce is the equilibrium ion concentration in solution after adsorption (mg/L); 

Cea is the equilibrium ion concentration adsorbed (mg/L); 

Ci is the initial ion concentration in solution before adsorption (mg/L); 

Ea is the activation energy for adsorption (J/mol) 

ΔG° is the standard free energy change (kJ/mol) 

ΔH° is the standard enthalpy change (kJ/mol) 

hp is the Planck consant (6.626069 x 10
-34

 J·s) 

KL is the Langmuir equilibrium constant (L/mg); 

Kf is the empirical Freundlich constant or capacity factor (mg/g); 

kad is the pseudo-first-order rate constant (min
-1

). 

k2 is the pseudo-second-order rate constant (g/(min·mg)) 

kB is the Boltzmann constant (1.38065 x 10
-23

 J/K) 

ma is the mass of adsorbent used (mg); 

mi is the mass of ions adsorbed onto adsorbent (mg); 

m is the slope of a line 

1/n is the Freundlich isotherm constant; 

Pd is the percent of metal ion desorbed 
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qe is the amount of metal ions adsorbed at equilibrium per unit weight of adsorbent (mg/g);  

qmax is the maximum adsorption capacity (mg/g); 

qt is the amount of metal ions adsorbed at any time (mg/g);  

R is the gas constant (8.314 J/molK) 

ΔS° is the standard entropy change (J/mol·K) 

t is time (min) 

T is the temperature (K) 

Vs is the volume of solution used for adsorption (mL); 

 

Concentration of copper chelate adsorbed onto adsorbent: 

Time: 0.5 min 

Volume of metal chelate solution (Vs): 50 mL 

Starting solution concentration (Ci): 5 ppm 

Residual concentration after adsorption (Ce): 1.7559 ppm 

Mass of adsorbent used (ma): 0.0201 g natural bentonite 
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These steps are repeated at each time interval to create plots of qe versus time.  Below, a plot of qe 

versus time is presented for CuTETA pH 11 high ionic strength at 5 ppm. 

 

 

 

Langmuir Isotherm 

The Langmuir isotherm equation is presented below: 

        

    

      
 

Linearizing the Langmuir isotherm equation yields the following equation: 

  

  
  

  

    
  

 

      
 

To determine the Langmuir equilibrium constant (KL) and the maximum adsorption (qmax), 

straight line plots of Ce/qe versus Ce were created.  The values for Ce and qe are taken for different 

concentrations after 120 min of adsorption. 
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For the adsorption of CuTETA pH 11 high ionic strength onto zeolite Y, the values of Ce and qe 

are presented below in the table and plot, respectively. 

 

Ce Ce/qe 

0.015 0.00603 

0.081 0.00669 

0.456 0.01930 

2.981 0.06936 

 

 

From straight line plots of Ce/qe versus Ce 
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Freundlich Isotherm 

The equation for the Freundlich isotherm is presented below: 

        
 

 ⁄  

Linearizing the Freundlich isotherm equation yields the following equation 

               ⁄       

To determine the Freundlich equilibrium constant, straight line plots of log(Ce) versus log(qe) are 

created.  From these plots KF and n can be determined.  The values for Ce and qe are taken for 

different concentrations after 120 min of adsorption.  For the adsorption of CuTETA pH 11 high 

ionic strength onto zeolite Y, the values of Ce and qe are presented below in the table and plot, 

repectively. 

Ce qe 

-1.82391 0.39574 

-1.09151 1.08335 

-0.34103 1.37335 

0.47436 1.63324 
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From the straight line plots of Log(qe) versus Log(Ce): 

          

          

 

             

              

 

Pseudo 1
st
 order rate constants 

The pseudo 1
st
 order rate equation is presented below: 

  

  
             

Integrating and applying boundary conditions from t = 0 to t = t and q = 0 to q = qt on the above 

equation yields the following equation: 

                       

To determine the rate constant, straight line plots of ln(qe-qt) versus t were created.  The slope of 

these plots results in kad and the intercept of these plots results in ln(qe).  For the adsorption of 20 
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ppm CuTETA onto natural bentonite, the values for qe and qt at different times are presented 

below. 

 

Time (min) qe qt ln(qe-qt) 

0.5 45.1 8.07 3.61 

2.5 42.73 19.10 3.17 

5 42.73 20.83 3.09 

10 45.33 22.10 3.14 

15 46.51 23.59 3.13 

20 44.65 23.35 3.06 

25 44.21 22.30 3.09 

60 45.33 24.11 3.05 

120 45.33 24.88 3.02 

 

A straight line plot of ln(qe-qt) versus time is presented below. 

 

 

From the straight line plot of ln(qe-qt) versus time: 
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Pseudo 2
nd

 order rate constants 

The pseudo-second-order rate expression is presented below: 

  

  
          

  

Integrating and applying boundary conditions from t = 0 to t = t and q = 0 to q = qt yields the 

following equation: 

 

  
 

 

    
 
 

 

  
 

To determine the rate constant, straight line plots of t/qt versus t were created.  From the slope 

and intercept of these plots 1/qe and k2 can be determined.  For the adsorption of 20 ppm 

CuTETA onto natural bentonite, the values of t/qt at different times are presented below. 
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Time t/qt 

0.5 0.0620 

2.5 0.1314 

5 0.2401 

10 0.4524 

15 0.6358 

20 0.8567 

25 1.1210 

60 2.4885 

120 4.8228 
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Activation Energy 

The activation energy of the metal ion solutions were calculated with the Arrhenius equation.  

The Arrhenius equation is presented below: 

     
   
   

Linearizing the Arrhenius equation yields the following equation: 

           
  

  
 

To determine the activation energy, straight line plots of ln(k2) versus 1/T were constructed.  The 

plots have linear trend lines and, accordingly, ln(k2) is proportional to 1/T.  From the slopes of 

these plots, Ea can be determined.  For the adsorption of 10 ppm CuDETA onto natural bentonite, 

the values of lnk2 at different temperatures are presented below. 

 

T 1/T k2 ln(k2) 

278 0.003597 0.0498 -3.00 

285 0.003509 0.0551 -2.90 

296 0.003378 0.1261 -2.07 

303 0.003300 0.7101 -0.34 

313 0.003195 0.2448 -1.41 
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Enthalpy, Entropy and Free Energy 

The standard free energy change, ΔG°, the enthalpy change, ΔH°, and the entropy change, ΔS°, 

were determined with the equations presented below: 

      
   

 
  

   

  
 

    
   

  
 

To determine the enthalpy change and the entropy change, straight line plots of ln(kC) versus 1/T 

were created.  From the slope and intercept of these plots ΔH° and ΔS° can be determined.  For 

the adsorption of 10 ppm CuDETA onto natural bentonite, the values of ln(kC/T) at different 

temperatures are presented below. 
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T (K) kC 1/T ln(kC) 

278 0.675143 0.0036 1.85721 

285 0.854583 0.0035 1.579145 

296 0.847041 0.0034 1.589828 

303 0.378267 0.0033 2.502923 

313 0.583902 0.0032 2.023278 

 

 

            

         

 

                      

         (
  

  
)                



 

141 

 

The standard free energy change can be written in terms of enthalpy change and entropy change 

at equilibrium. 

               

The table below presents the standard free energy changes at different temperatures for the 

adsorption of CuDETA onto natural bentonite. 

T (K) ΔG (kJ/mol) 

278 -3.86 

285 -4.21 

296 -4.75 

303 -5.09 

313 -5.59 

 

Desorption calculations 

For the desorption of CuDETA pH 11 from peat: 

Cd = 19.54 ppm 

Ci = 20 ppm 

Ce = 0.4571 ppm 

 

    
  

     
              

 

Settling calculations 

At the time intervals, the settling points were recorded as at the milliliter marks on the graduated 

cylinder. 
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Plots of Height versus Time were created.  For these plots to be created, each of the settling points 

recorded in milliliters needed to be converted to centimeters. 

 

The conversion for the graduated cylinders used is presented below: 

             

      

     
               

 

Each of the settling points recorded in milliliters were divided by 10.4167 to yield the height in 

centimeters.  The figure below presents a plot of Height versus Time for natural bentonite settling 

with CuTETA at three different copper chelate concentrations. 
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To determine the settling rates, the data for the first minute was plotted.  This resulted in a 

straight-line graph.  The figure below presents a plot of Linear Section of Height versus Time for 

natural bentonite settling with CuTETA at three different copper chelate concentrations. 

 

The settling rates were determined by calculating the slopes of the lines in the Linear Section of 

Height versus Time plots. 

 

For 20 ppm CuTETA: 
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Appendix B 

Figures and Tables 

XRD Scans 

 

Figure B 1. Natural bentonite XRD scan 
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Kinetic Data Tables 

Table B 1. Kinetic data for CuDETA adsorbed onto natural bentonite at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.6862 5.5560 9.2376 3.7254 

2.5 1.0063 7.8578 9.0584 10.9888 

5 1.7113 10.2360 13.2394 13.2221 

10 1.7346 10.5280 14.3044 15.9783 

15 1.4948 9.9584 17.1485 18.3817 

20 1.4861 10.3029 16.2930 19.8146 

25 1.7370 10.4824 16.5194 19.6124 

60 1.6947 10.8018 16.3620 18.7279 

120 1.6817 10.7051 16.9013 19.6069 

 

Table B 2. Kinetic data for CuDETA adsorbed onto natural bentonite at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.647 6.3249 4.0292 1.486 

2.5 0.844 7.1644 9.18 15.8289 

5 0.8978 9.2753 16.0869 18.2271 

10 0.9183 9.9866 14.0825 18.2334 

15 0.9585 9.4996 16.4191 17.6535 

20 1.1738 9.334 16.2485 19.6816 

25 1.2453 9.613 14.077 19.4711 

60 1.2039 10.7504 15.9506 19.7392 

120 1.2224 10.2104 15.9975 19.4655 
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Table B 3. Kinetic data for CuDETA adsorbed onto natural bentonite at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.6992 5.4418 13.7400 21.8838 

2.5 0.7344 5.1702 13.0602 23.3646 

5 1.2393 9.9987 17.4984 29.5643 

10 0.9612 10.1071 17.2122 29.6204 

15 1.6915 10.4081 17.4567 31.0926 

20 1.2187 10.1637 17.0523 30.1930 

25 1.3392 10.2116 18.1930 30.1960 

60 1.2898 10.3874 18.5763 31.3096 

120 1.3284 10.4346 18.0375 31.7327 

 

Table B 4. Kinetic data for CuDETA adsorbed onto natural bentonite at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.7868 9.9923 21.4431 22.6770 

2.5 1.7616 12.2998 23.3805 30.0070 

5 1.6668 12.9201 21.3995 29.5610 

10 1.6794 13.0253 23.5842 31.2735 

15 1.7433 12.9942 23.5516 33.3937 

20 1.6812 13.3293 23.2238 33.8121 

25 1.6415 13.0995 24.4286 32.2354 

60 2.0201 13.3676 23.6082 33.2052 

120 1.9847 13.2620 23.6263 32.1881 
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Table B 5. Kinetic data for CuDETA adsorbed onto natural bentonite at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.6178 11.1477 15.5018 12.1359 

2.5 1.6378 12.6489 16.1183 14.5546 

5 1.8773 12.8646 14.6629 17.0472 

10 1.9427 12.7750 16.8696 16.8131 

15 1.9866 12.1834 18.2225 17.5109 

20 2.0993 12.6973 16.8416 17.6354 

25 2.0628 12.5827 17.8131 17.0409 

60 2.1264 12.8843 17.0115 16.9174 

120 2.2135 13.0054 17.4186 18.8780 

 

Table B 6. Kinetic data for CuTETA adsorbed onto natural bentonite at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.4605 8.4673 17.6269 17.1474 

2.5 1.7100 4.0912 19.8727 18.4227 

5 1.1888 11.4030 19.5394 19.6400 

10 1.5034 11.4535 20.6220 20.4133 

15 1.4077 9.1930 21.2558 20.5498 

20 1.3799 8.5977 21.0856 20.3094 

25 1.6589 10.3371 20.8516 21.9755 

60 1.6948 10.5599 21.2804 22.0916 

120 1.6911 10.2346 21.4254 22.1706 
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Table B 7. Kinetic data for CuTETA adsorbed onto natural bentonite at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.4575 5.9499 15.9494 17.5219 

2.5 0.9075 9.4727 18.4592 19.1645 

5 1.0131 10.1698 19.1546 20.5567 

10 1.0126 9.9244 19.6082 21.4309 

15 0.9078 9.5083 19.9639 19.9308 

20 1.0321 9.5613 19.6572 22.8066 

25 1.0399 10.4390 20.7984 21.9111 

60 0.9669 9.8710 21.0743 22.4396 

120 1.0100 9.9777 21.0331 23.3335 

 

Table B 8. Kinetic data for CuTETA adsorbed onto natural bentonite at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.0863 7.3658 11.5537 23.1836 

2.5 1.2449 9.0255 15.4451 20.0371 

5 1.4179 9.8626 16.9718 22.8670 

10 1.4584 10.2334 21.2706 24.7017 

15 1.4342 10.7405 20.6179 26.1264 

20 1.4517 10.6638 21.3936 24.9461 

25 1.4515 10.7661 20.9556 25.2301 

60 1.4358 10.7246 21.7776 25.3102 

120 1.4700 10.5611 21.8439 25.3203 
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Table B 9. Kinetic data for CuTETA adsorbed onto natural bentonite at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 2.0703 9.8927 14.0370 8.0672 

2.5 2.1126 11.8584 16.3810 19.0190 

5 1.6981 12.1033 18.8132 20.8268 

10 2.2790 12.0198 18.8515 22.1039 

15 1.9634 12.4808 20.3976 23.5925 

20 2.1160 11.7075 20.1284 23.3467 

25 2.2003 11.9447 19.4574 22.3021 

60 1.9850 11.5822 20.5203 24.1113 

120 2.1852 12.0035 20.5957 24.8816 

 

 

Table B 10. Kinetic data for CuTETA adsorbed onto natural bentonite at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.9849 9.6446 17.7631 16.5172 

2.5 1.0447 10.8468 19.7234 16.6119 

5 1.1812 10.7718 17.4875 17.0050 

10 0.9859 11.2534 18.1584 18.7224 

15 1.2895 10.4771 17.7826 18.4243 

20 1.1022 10.5473 19.9075 16.2390 

25 0.9387 11.4030 17.3012 15.1811 

60 1.1136 10.4884 19.9290 15.7998 

120 1.3340 11.0229 21.0066 16.6552 
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Table B 11. Kinetic data for CuDETA adsorbed onto ZSM-5 at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.4780 0.5872 0.5241 0 

2.5 0.4759 0.5851 0.1302 0.1109 

5 0.5464 0.8112 0.7243 0.2618 

10 0.6233 1.0073 1.0583 0.4466 

15 0.6865 1.0627 1.0141 1.0529 

20 0.8040 1.0704 1.6302 0.9771 

25 0.9961 1.0490 2.0722 1.1023 

60 0.9327 1.2072 2.0508 1.3546 

120 1.3536 1.5577 2.3546 1.3083 

 

Table B 12. Kinetic data for CuDETA adsorbed onto ZSM-5 at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.5386 0.3317 0.1334 0.0520 

2.5 0.8260 0.3538 0.2580 0.2336 

5 0.6264 0.9245 0.4656 0.3559 

10 0.7302 1.0652 0.9085 0.4903 

15 0.6930 0.8924 0.6296 0.6791 

20 0.8762 0.9085 1.1184 0.6531 

25 0.7483 1.1616 1.2897 0.7866 

60 1.0331 1.3607 1.2676 0.7782 

120 1.1564 1.1625 1.3033 0.8514 
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Table B 13. Kinetic data for CuDETA adsorbed onto ZSM-5 at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.7436 2.4923 5.7707 2.2274 

2.5 0.8964 2.8074 5.6679 2.4568 

5 0.7129 2.9033 5.8648 3.0353 

10 0.9907 3.1756 6.1144 2.8515 

15 0.8345 3.3862 6.5400 2.9539 

20 0.9874 3.1430 6.0681 3.0575 

25 1.3245 3.4986 6.7060 3.3920 

60 1.5800 3.8042 6.7604 3.6291 

120 1.9369 3.8151 7.0772 3.6431 

 

Table B 14. Kinetic data for CuDETA adsorbed onto ZSM-5 at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.1039 0.5503 0.8027 4.0752 

2.5 0.9905 0.1231 0.0218 3.7285 

5 0.8259 0.2463 0.2276 4.2707 

10 1.4133 0.0485 0.9192 4.1223 

15 1.2364 0.3488 0.7570 4.4598 

20 1.6865 0.5440 0.8804 4.8078 

25 1.4228 0.8646 0.8506 5.0011 

60 1.9918 1.1161 1.2400 5.5612 

120 1.9923 1.0335 1.1810 5.1646 
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Table B 15. Kinetic data for CuTETA adsorbed onto ZSM-5 at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.3830 0.4696 1.7132 0.4878 

2.5 0.2840 0.7451 1.8224 1.0099 

5 0.3539 0.7535 2.0714 1.4532 

10 0.1089 0.9599 2.2181 2.5495 

15 0.4236 1.3950 2.4158 2.3500 

20 0.3479 1.3568 2.5650 3.0531 

25 0.4159 1.4696 2.6990 2.5000 

60 1.0208 1.9287 3.1200 3.3171 

120 1.1498 1.8601 3.5796 3.4577 

 

Table B 16. Kinetic data for CuTETA adsorbed onto ZSM-5 at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.5974 0.3060 2.0584 0.2985 

2.5 0.3500 0.8542 1.4187 0.5250 

5 0.7073 1.5130 2.1276 0.5276 

10 0.7392 1.5780 2.2512 0.8500 

15 0.7374 1.5849 2.1078 1.0945 

20 0.6378 2.0683 2.1899 1.3547 

25 0.5842 1.5064 2.8039 2.0500 

60 0.7271 2.0058 3.1005 1.9951 

120 0.6849 2.0298 3.1348 1.9458 
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Table B 17. Kinetic data for CuTETA adsorbed onto ZSM-5 at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.2887 -0.9842 2.7158 13.7507 

2.5 0.2505 0.3432 2.8687 14.6450 

5 0.5742 -0.4694 3.5070 14.1473 

10 0.5294 -0.6455 3.7731 17.3770 

15 0.7959 0.4519 3.6376 17.5845 

20 0.1584 -0.8304 4.1507 17.4830 

25 0.5339 0.0973 4.7719 18.0775 

60 0.5004 0.1317 4.8673 16.5765 

120 0.5128 1.5411 5.8564 18.0045 

 

Table B 18. Kinetic data for CuTETA adsorbed onto ZSM-5 at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.7383 0.9255 0.5344 2.6829 

2.5 0.7253 1.1769 0.1335 3.1618 

5 0.6181 1.2566 1.0710 3.3092 

10 0.8223 1.1673 1.7801 3.4483 

15 0.7608 1.6690 1.8649 4.3095 

20 0.9251 1.6100 1.6003 5.3941 

25 0.9148 2.0305 2.3931 6.1836 

60 1.0851 1.7799 2.5721 6.7773 

120 1.0862 2.2287 2.4600 7.2038 
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Table B 19. Kinetic data for CuTETA adsorbed onto ZSM-5 at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.4483 0.1177 0.5442 2.1840 

2.5 0.3468 0.1391 1.3247 2.9565 

5 0.4462 0.2907 0.7361 3.7040 

10 0.4152 0.3308 1.6331 3.8220 

15 0.4722 0.4573 0.4145 4.7571 

20 0.4044 0.4716 1.7183 4.9530 

25 0.5258 0.8968 1.3929 5.0158 

60 0.4800 0.9396 1.6869 4.9512 

120 0.5924 0.9867 1.2340 5.0283 

 

Table B 20. Kinetic data for CuDETA pH 11 adsorbed onto natural bentonite at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 1.2285 9.0241 20.8636 

2.5 1.3499 8.7511 24.5240 

5 1.0858 9.5538 22.8106 

10 1.2702 9.3080 20.9832 

15 1.1188 9.0138 23.3360 

20 1.1757 8.2390 22.1627 

25 1.1334 8.4069 24.8655 

60 1.0102 8.3903 23.4022 

120 1.1524 8.7619 24.4737 
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Table B 21. Kinetic data for CuDETA pH 11 adsorbed onto natural bentonite at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 0.7598 7.9282 21.2974 

2.5 0.4721 8.6304 22.4195 

5 1.1761 8.0926 23.7887 

10 1.1599 8.8821 26.2873 

15 1.1355 8.3488 24.8200 

20 1.2539 8.8399 24.3848 

25 1.3785 8.3558 24.9979 

60 1.4732 8.0870 26.4266 

120 1.4719 10.1382 26.1603 

 

Table B 22. Kinetic data for CuDETA pH 11 adsorbed onto natural bentonite at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.3428 7.8157 15.4824 17.3869 

2.5 0.8915 8.2842 16.7898 25.8462 

5 0.9163 8.1626 17.4879 30.3672 

10 0.9439 7.9532 18.0548 30.5474 

15 1.0100 8.8794 17.3666 30.1236 

20 0.9743 9.2036 18.6083 31.2100 

25 1.0919 9.6221 18.8685 30.5533 

60 1.0978 9.1749 19.4675 31.4927 

120 1.1801 11.6287 21.2775 31.6351 
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Table B 23. Kinetic data for CuDETA pH 11 adsorbed onto natural bentonite at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 2.2582 12.1115 18.7540 2.6186 

2.5 2.3326 12.1801 21.4950 14.0978 

5 2.0652 12.0595 20.9341 14.2474 

10 1.9927 12.2420 21.7123 15.2274 

15 2.3489 11.6002 20.9875 18.0981 

20 2.2867 11.8873 21.5109 17.4841 

25 1.8644 11.4165 21.4533 18.3178 

60 1.2533 11.5228 22.3969 15.9988 

120 2.1292 12.7896 21.9745 18.8173 

 

Table B 24. Kinetic data for CuDETA pH 11 adsorbed onto natural bentonite at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.5307 10.4773 7.3241 11.6850 

2.5 1.3932 10.5512 8.1352 13.0046 

5 1.4506 10.6937 11.2917 16.5308 

10 1.4147 10.9085 12.4625 15.9753 

15 1.2985 10.8383 13.3480 17.5827 

20 1.0542 10.9718 14.0019 15.1765 

25 1.3659 10.9760 13.1877 15.8061 

60 1.5688 10.8887 13.3476 14.6012 

120 1.4621 10.9188 13.5524 16.4496 
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Table B 25. Kinetic data for CuDETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 0.7854 0.6211 11.1305 

2.5 0.8000 0.3040 13.1888 

5 0.8063 0.7259 12.2757 

10 0.7907 0.8816 9.7055 

15 0.8202 0.8888 14.7407 

20 0.8114 0.4842 14.7870 

25 0.8071 0.4067 12.8676 

60 0.8595 0.9092 14.3791 

120 0.9153 1.5342 15.8374 

 

Table B 26. Kinetic data for CuDETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 0.0086 1.7504 12.8351 

2.5 0.0933 1.9795 12.1621 

5 0.1183 2.1617 16.5238 

10 0.1839 2.2973 15.2831 

15 0.2371 2.3831 18.0057 

20 0.4852 2.4649 14.2688 

25 0.5103 2.5627 17.7350 

60 0.6671 2.8255 17.2684 

120 0.7386 2.8087 16.8002 
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Table B 27. Kinetic data for CuDETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 2.0960 11.5789 15.1720 24.3249 

2.5 2.1307 11.6311 21.3645 35.7150 

5 2.1425 11.4089 21.4000 28.7256 

10 2.1643 11.6812 20.4406 28.7562 

15 2.1471 11.6612 17.9894 23.4023 

20 2.1759 11.7774 21.2318 30.5832 

25 2.2030 11.7262 21.6000 31.3279 

60 2.2416 11.7818 22.2810 28.9582 

120 2.2180 11.7939 22.0387 30.7519 

 

Table B 28. Kinetic data for CuDETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 2.2233 11.3723 21.3609 24.5024 

2.5 2.2239 11.0605 21.8166 37.1912 

5 2.2489 10.9723 21.3869 36.9439 

10 2.1501 11.2483 22.4556 36.6826 

15 2.1498 10.9058 22.6564 39.4227 

20 2.1594 11.0004 23.0610 34.8560 

25 2.3183 11.3089 22.2158 37.9465 

60 2.3202 11.2574 23.6523 38.7116 

120 2.2996 11.3573 22.8016 37.5086 
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Table B 29. Kinetic data for CuDETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.2246 10.7630 19.7222 27.5312 

2.5 2.1017 11.0882 19.5608 32.0815 

5 2.3284 11.3501 20.0890 31.2089 

10 2.2799 11.1447 20.5596 33.7351 

15 2.2458 11.0256 20.5271 30.5058 

20 1.9805 11.1978 21.2030 32.2974 

25 2.2290 11.6482 21.0354 32.5766 

60 2.3624 11.6962 21.1759 33.5404 

120 2.3808 11.6490 21.3267 33.2411 

 

Table B 30. . Kinetic data for CuTETA pH 11 adsorbed onto natural bentonite at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 1.4993 10.1649 29.7558 

2.5 1.5018 10.4052 34.4244 

5 1.6743 10.5100 35.4234 

10 1.7433 10.6915 35.1935 

15 1.8223 10.7958 35.1808 

20 1.6431 11.0310 31.2707 

25 1.7091 10.9039 36.1931 

60 2.0059 11.0961 36.3838 

120 2.0928 11.3547 35.8631 
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Table B 31. Kinetic data for CuTETA pH 11 adsorbed onto natural bentonite at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 0.7401 8.9536 23.8913 

2.5 0.4775 9.6438 31.9574 

5 1.1785 10.6835 32.8973 

10 1.2580 9.9390 30.7022 

15 1.4459 10.0637 32.4988 

20 1.2395 10.5776 32.2376 

25 1.3494 10.0631 32.7543 

60 1.6100 10.8657 32.9884 

120 1.6434 10.7850 33.0194 

 

Table B 32. Kinetic data for CuTETA pH 11 adsorbed onto natural bentonite at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 0.9164 7.8564 20.7541 28.8629 

2.5 1.2677 8.7073 21.3172 31.6575 

5 1.2451 8.8287 20.9143 33.5085 

10 1.1482 8.4004 21.4104 33.7190 

15 0.9421 8.3418 21.7693 34.6706 

20 1.1798 8.6585 21.9436 35.6703 

25 0.9744 9.0238 21.5863 35.2942 

60 1.4627 8.6958 22.1798 35.5022 

120 1.3714 9.2411 22.1192 36.5835 
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Table B 33. Kinetic data for CuTETA pH 11 adsorbed onto natural bentonite at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.5009 10.6669 20.9951 19.1171 

2.5 1.7928 10.8893 21.6353 25.8632 

5 1.6532 10.7001 21.7566 26.8831 

10 1.6609 11.0339 22.0327 26.9290 

15 2.0477 10.7987 22.5543 28.1947 

20 1.9425 11.0967 21.8930 27.2113 

25 1.8911 11.3227 24.5961 26.3009 

60 1.8752 11.3641 21.7619 26.2884 

120 2.1733 11.2816 22.6225 27.4683 

 

Table B 34. Kinetic data for CuTETA pH 11 adsorbed onto natural bentonite at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 10 ppm 20 ppm 

0.5 1.0863 10.3405 19.2976 22.7110 

2.5 1.2037 10.4854 20.9629 27.4967 

5 1.3279 10.6033 21.2967 28.5600 

10 1.3678 10.5170 22.7179 28.4176 

15 1.3585 10.9655 21.1032 28.2012 

20 1.2863 10.9492 22.2288 27.6666 

25 1.3999 10.9275 22.1312 28.2315 

60 1.4179 10.9255 23.3453 28.2006 

120 1.4541 11.0646 22.8507 28.1482 
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Table B 35. Kinetic data for CuTETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 5°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 1.9193 6.5790 23.4074 

2.5 1.9974 9.2101 13.5249 

5 2.1169 10.4546 22.0628 

10 1.9912 10.4301 23.6816 

15 1.9615 10.5036 27.1029 

20 1.9392 10.3210 27.4696 

25 1.8834 10.8175 27.1195 

60 1.9664 10.5714 26.5560 

120 2.0128 10.8602 28.1227 

 

Table B 36. Kinetic data for CuTETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 12°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm 20 ppm 

0.5 0.8946 4.8942 19.5852 

2.5 1.2907 5.6287 21.9018 

5 1.1289 5.6141 22.8165 

10 1.0836 6.3577 24.2238 

15 1.3357 7.3549 23.4089 

20 1.2428 7.0126 14.3416 

25 1.3493 6.7913 23.6128 

60 1.6034 6.9850 25.0617 

120 1.6208 7.0733 27.0084 
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Table B 37. Kinetic data for CuTETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 23°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm  20 ppm 

0.5 1.1524 9.9588 22.4645 26.8843 

2.5 1.0831 10.1244 23.9126 32.4922 

5 1.2261 9.8377 24.0524 34.0756 

10 1.2633 10.2927 23.8929 28.4332 

15 1.3700 10.2931 23.9025 28.6814 

20 1.1189 10.4317 24.1566 34.9166 

25 1.3432 10.3545 24.0406 33.1368 

60 1.3611 10.2341 24.2766 33.4764 

120 1.3868 10.4861 24.3155 34.8197 

 

Table B 38. Kinetic data for CuTETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 30°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm  20 ppm 

0.5 1.5732 10.7550 15.3539 28.2082 

2.5 1.5157 11.0258 21.3459 29.1897 

5 1.5795 11.2530 22.0662 31.4233 

10 1.5349 11.4217 21.5712 30.2989 

15 1.4386 10.9903 21.9335 31.8334 

20 2.0262 11.3351 22.0425 30.7210 

25 1.8603 11.2281 21.8249 29.2525 

60 1.9764 11.3963 21.5817 30.5462 

120 1.7681 11.4601 22.1594 31.1439 
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Table B 39. Kinetic data for CuTETA pH 11 high ionic strength adsorbed onto natural 

bentonite at 40°C 

Time (min) 
Cu concentration in adsorbent (mg Cu / g adsorbent) 

1 ppm 5 ppm  20 ppm 

0.5 1.1059 9.6205 19.5911 23.6085 

2.5 1.2988 11.0683 20.9235 29.1555 

5 1.4066 10.3323 20.8564 29.7913 

10 1.5136 11.2060 21.8612 31.9768 

15 1.5469 11.2240 21.4926 31.1915 

20 1.3215 10.7627 20.7560 30.3822 

25 1.6735 11.3931 21.8256 31.0860 

60 1.5985 11.2295 21.7756 29.6809 

120 1.7871 11.2762 21.5230 30.8420 
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Rate Equation Constants 

Table B 40. Rate equation constants for CuDETA adsorbed onto natural bentonite at 5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00204992 0.942734 0.126822 0.002033 0.0027574 -0.00686 

5 ppm 0.00619151 3.061021 0.361702 0.003109 0.0011595 -0.01354 

10 ppm 0.00678829 7.885659 0.359599 0.003424 0.0013081 -0.01488 

20 ppm 0.00173978 34.14478 0.165081 0.001479 0.0017571 0.001757 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.79699447 1.695317 0.999055 0.006855 0.6060705 0.57365 

5 ppm 0.15006322 10.78267 0.999878 0.000388 0.0936589 0.091824 

10 ppm 0.04978575 17.0129 0.999521 0.000486 0.059929 0.057629 

20 ppm 0.02938716 19.82939 0.999163 0.000552 0.0517349 0.049125 
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Table B 41. Rate equation constants for CuDETA adsorbed onto natural bentonite at 12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.002459 1.572082 0.45946 0.001008 -7.5E-05 -0.00484 

5 ppm 0.00632 3.748529 0.427825 0.002762 0.000212 -0.01285 

10 ppm 0.00342 11.2126 0.161247 0.002948 0.003552 -0.01039 

20 ppm 0.002204 33.8049 0.285952 0.001317 0.000909 -0.00532 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.447491 1.24094 0.998667 0.011126 0.832149 0.779532 

5 ppm 0.112355 10.36987 0.998839 0.001243 0.099372 0.093495 

10 ppm 0.055054 16.1514 0.998984 0.000746 0.063679 0.060149 

20 ppm 0.032757 19.8823 0.997567 0.000939 0.052516 0.048076 
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Table B 42. Rate equation constants for CuDETA adsorbed onto natural bentonite at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00284 1.35402 0.21037 0.00208 0.00207 -0.00775 

5 ppm 0.00582 3.31783 0.18478 0.00462 0.00510 -0.01674 

10 ppm 0.00323 8.42930 0.28382 0.00194 0.00136 -0.00782 

20 ppm 0.00189 21.60080 0.22922 0.00131 0.00121 -0.00498 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.82588 1.33509 0.99744 0.01433 0.78290 0.71512 

5 ppm 0.12389 10.51294 0.99965 0.00067 0.09671 0.09353 

10 ppm 0.12668 18.20840 0.99961 0.00041 0.05589 0.05395 

20 ppm 0.04291 31.84988 0.99990 0.00012 0.03168 0.03111 
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Table B 43. Rate equation constants for CuDETA adsorbed onto natural bentonite at 30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00307566 1.53931 0.603101 0.000943 -0.000846 -0.00531 

5 ppm 0.00338667 1.286805 0.206092 0.002512 0.002554 -0.00933 

10 ppm 0.00474406 6.957115 0.620673 0.001402 -0.001429 -0.00806 

20 ppm 0.00083933 30.30312 0.094255 0.000983 0.001486 -0.00316 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.26130453 2.014645 0.997543 0.00931 0.518381 0.47435 

5 ppm 0.45483102 13.30144 0.999968 0.00016 0.075559 0.074801 

10 ppm 0.71009043 23.65387 0.999912 0.00015 0.042631 0.041922 

20 ppm 1.12585465 32.39306 0.999715 0.000215 0.031378 0.030363 
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Table B 44. Rate equation constants for CuDETA adsorbed onto natural bentonite at 40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.002807 1.276057 0.514113 0.001032 -0.000368 -0.00525 

5 ppm 0.00019 1.538185 0.037054 0.000365 0.000674 -0.00105 

10 ppm 0.000828 12.99461 0.067559 0.001162 0.00192 -0.00358 

20 ppm 0.000199 43.60753 0.031833 0.000414 0.00078 -0.00118 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.359032 2.220504 0.999595 0.003425 0.458447 0.442249 

5 ppm 0.19428 13.01877 0.999907 0.00028 0.077475 0.076149 

10 ppm 0.244827 17.39709 0.999698 0.000378 0.058374 0.056588 

20 ppm 0.038892 18.69568 0.997127 0.001085 0.056054 0.050922 
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Table B 45. Rate equation constants for CuTETA adsorbed onto natural bentonite at 5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 95% 
Lower 

95% 

1 ppm 0.00332 1.01119 0.32934 0.00179 0.00091 -0.00755 

5 ppm 0.00680 2.87258 0.24870 0.00447 0.00376 -0.01736 

10 ppm 0.00590 4.70288 0.51383 0.00217 -0.00077 -0.01104 

20 ppm 0.00098 29.63844 0.40437 0.00045 0.00008 -0.00205 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 95% 
Lower 

95% 

1 ppm 0.35088 1.71411 0.99834 0.00899 0.60465 0.56213 

5 ppm 0.08865 10.39276 0.99743 0.00185 0.10059 0.09185 

10 ppm 0.13222 21.46301 0.99997 0.00009 0.04681 0.04637 

20 ppm 0.05549 22.31003 0.99980 0.00024 0.04538 0.04426 
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Table B 46. Rate equation constants for CuTETA adsorbed onto natural bentonite at 12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00073 1.56316 0.05503 0.00115 0.00198 -0.00344 

5 ppm 0.00399 2.97213 0.18322 0.00318 0.00354 -0.01151 

10 ppm 0.00400 5.22372 0.25675 0.00258 0.00209 -0.01009 

20 ppm 0.00143 30.02492 0.44655 0.00060 -0.00001 -0.00285 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 2.86768 1.00637 0.99924 0.01035 1.01815 0.96919 

5 ppm 0.53135 9.98196 0.99977 0.00058 0.10155 0.09881 

10 ppm 0.07656 21.15067 0.99988 0.00019 0.04774 0.04682 

20 ppm 0.03933 23.37547 0.99941 0.00039 0.04371 0.04185 
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Table B 47. Rate equation constants for CuTETA adsorbed onto natural bentonite at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00135 1.14074 0.24569 0.00089 0.00076 -0.00347 

5 ppm 0.00506 2.56492 0.22941 0.00350 0.00323 -0.01334 

10 ppm 0.00898 6.22469 0.36221 0.00450 0.00167 -0.01962 

20 ppm 0.00075 25.44739 0.23240 0.00052 0.00047 -0.00198 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 2.06521 1.46832 0.99988 0.00280 0.68768 0.67442 

5 ppm 1.33647 10.60834 0.99989 0.00038 0.09516 0.09337 

10 ppm 0.05244 22.01406 0.99990 0.00017 0.04583 0.04502 

20 ppm 0.16625 25.38762 0.99993 0.00012 0.03967 0.03910 
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Table B 48. Rate equation constants for CuTETA adsorbed onto natural bentonite at 30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00287 0.86868 0.35248 0.00147 0.00061 -0.00634 

5 ppm 0.00091 1.24099 0.01489 0.00280 0.00571 -0.00753 

10 ppm 0.00674 3.72128 0.21355 0.00489 0.00482 -0.01831 

20 ppm 0.00214 24.83594 0.21313 0.00155 0.00153 -0.00581 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.64571 2.16135 0.99748 0.00879 0.48347 0.44188 

5 ppm 0.90416 11.93499 0.99964 0.00060 0.08521 0.08236 

10 ppm 0.07486 20.69305 0.99988 0.00020 0.04879 0.04786 

20 ppm 0.02866 25.02594 0.99959 0.00031 0.04068 0.03924 
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Table B 49. Rate equation constants for CuTETA adsorbed onto natural bentonite at 40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00067 1.34906 0.05876 0.00101 0.00172 -0.00305 

5 ppm -0.00042 1.23718 0.07343 0.00056 0.00176 -0.00091 

10 ppm 0.00568 7.07481 0.64358 0.00160 -0.00190 -0.00946 

20 ppm -0.00007 33.18261 0.00470 0.00037 0.00094 -0.00081 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.24684 1.31370 0.98680 0.03328 0.83990 0.68251 

5 ppm 0.36860 10.95128 0.99923 0.00096 0.09357 0.08906 

10 ppm 0.02704 21.04983 0.99787 0.00083 0.04947 0.04555 

20 ppm 0.75151 16.47530 0.99860 0.00086 0.06273 0.05867 
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Table B 50. Rate equation constants for CuDETA adsorbed onto ZSM-5 at 5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00479 1.90231 0.89365 0.00062 -0.00331 -0.00627 

5 ppm 0.00025 11.15741 0.06500 0.00036 0.00060 -0.00110 

10 ppm 0.00045 23.81261 0.26454 0.00029 0.00022 -0.00113 

20 ppm -0.00004 48.96883 0.01270 0.00014 0.00038 -0.00029 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.07349 1.35840 0.95597 0.05971 0.87736 0.59496 

5 ppm 0.09443 1.55975 0.98016 0.03447 0.72264 0.55961 

10 ppm 0.01905 2.75542 0.88899 0.04847 0.47754 0.24830 

20 ppm 0.04284 1.53085 0.93330 0.06601 0.80931 0.49715 
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Table B 51. Rate equation constants for CuDETA adsorbed onto ZSM-5 at 12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00269 1.76413 0.69957 0.00067 -0.00112 -0.00427 

5 ppm 0.00052 11.44516 0.23943 0.00035 0.00031 -0.00134 

10 ppm 0.00043 24.44617 0.23658 0.00029 0.00026 -0.00112 

20 ppm 0.00040 51.01069 0.36964 0.00020 0.00007 -0.00088 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.13603 1.18303 0.98617 0.03784 0.93476 0.75582 

5 ppm 0.29202 1.22555 0.98892 0.03264 0.89314 0.73878 

10 ppm 0.08712 1.40635 0.98468 0.03352 0.79032 0.63180 

20 ppm 0.15897 0.89842 0.99787 0.01943 1.15901 1.06713 
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Table B 52. Rate equation constants for CuDETA adsorbed onto ZSM-5 at 30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00678 2.27474 0.92938 0.00071 -0.00511 -0.00845 

5 ppm 0.00036 10.56260 0.36150 0.00018 0.00007 -0.00079 

10 ppm 0.00045 21.96968 0.21431 0.00033 0.00032 -0.00122 

20 ppm -0.00002 46.21036 0.00612 0.00010 0.00026 -0.00022 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.04349 2.02744 0.96403 0.03601 0.57838 0.40808 

5 ppm 0.13442 3.87050 0.99896 0.00316 0.26583 0.25090 

10 ppm 0.09821 7.09849 0.99916 0.00154 0.14452 0.13723 

20 ppm 0.12615 3.70381 0.99885 0.00347 0.27819 0.26179 
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Table B 53. Rate equation constants for CuDETA adsorbed onto ZSM-5 at 40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00640 1.89256 0.80303 0.00120 -0.00357 -0.00924 

5 ppm 0.00027 13.23444 0.02349 0.00066 0.00129 -0.00183 

10 ppm 0.00052 28.34159 0.46065 0.00021 -0.00002 -0.00102 

20 ppm 0.00022 54.66982 0.12862 0.00022 0.00029 -0.00073 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.08626 2.08159 0.99123 0.01708 0.52080 0.44001 

5 ppm 0.00659 1.87461 0.10359 0.59312 1.93595 -0.86906 

10 ppm 0.01138 1.85100 0.26906 0.33656 1.33609 -0.25559 

20 ppm 0.14881 5.28965 0.99776 0.00339 0.19706 0.18104 
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Table B 54. Rate equation constants for CuTETA adsorbed onto ZSM-5 at 5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00461 2.25247 0.85095 0.00073 -0.00288 -0.00633 

5 ppm 0.00093 11.55805 0.58298 0.00030 -0.00023 -0.00163 

10 ppm 0.00037 22.28834 0.13610 0.00035 0.00046 -0.00120 

20 ppm 0.00037 48.05780 0.53115 0.00013 -0.00037 -0.00037 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.01469 1.52585 0.49138 0.25201 1.25129 0.05946 

5 ppm 0.07898 1.97759 0.99283 0.01624 0.54407 0.46726 

10 ppm 0.04946 3.64017 0.99234 0.00912 0.29629 0.25314 

20 ppm 0.04453 3.62371 0.99582 0.00676 0.29194 0.25998 
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Table B 55. Rate equation constants for CuTETA adsorbed onto ZSM-5 at 12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00078 1.88286 0.22152 0.00055 0.00052 -0.00208 

5 ppm 0.00108 11.34994 0.31848 0.00060 0.00033 -0.00249 

10 ppm 0.00076 22.90403 0.53425 0.00027 -0.00013 -0.00140 

20 ppm 0.00040 49.72801 0.63097 0.00012 -0.00040 -0.00040 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 1.97064 0.69481 0.99683 0.03067 1.51177 1.36671 

5 ppm 0.13487 2.08672 0.99549 0.01220 0.50806 0.45038 

10 ppm 0.07213 3.23757 0.99461 0.00859 0.32919 0.28855 

20 ppm 0.04966 2.14053 0.98029 0.02504 0.52637 0.40797 
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Table B 56. Rate equation constants for CuTETA adsorbed onto ZSM-5 at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00074 2.28967 0.10266 0.00083 0.00122 -0.00270 

5 ppm 0.00109 12.79338 0.40688 0.00050 0.00009 -0.00228 

10 ppm 0.00080 19.66159 0.59439 0.00025 -0.00021 -0.00138 

20 ppm 0.00065 33.66512 0.22018 0.00046 -0.00065 -0.00065 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.33827 0.52715 0.86062 0.28854 2.57927 1.21470 

5 ppm 0.07858 0.58267 0.16484 1.46011 5.16883 -1.73639 

10 ppm 0.03053 5.90660 0.98895 0.00676 0.18529 0.15331 

20 ppm 0.07866 17.86459 0.99829 0.00088 0.05805 0.05391 
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Table B 57. Rate equation constants for CuTETA adsorbed onto ZSM-5 at 30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00217 2.06955 0.80191 0.00041 -0.00121 -0.00313 

5 ppm 0.00146 11.26822 0.74643 0.00032 -0.00070 -0.00222 

10 ppm 0.00131 24.90714 0.61259 0.00039 -0.00038 -0.00224 

20 ppm 0.00117 45.09082 0.74858 0.00026 -0.00117 -0.00117 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.26113 1.11620 0.99706 0.01838 0.93936 0.85244 

5 ppm 0.08689 2.23052 0.98474 0.02109 0.49820 0.39845 

10 ppm 0.02587 2.85511 0.86905 0.05139 0.47176 0.22874 

20 ppm 0.01992 7.54535 0.99207 0.00448 0.14312 0.12194 
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Table B 58. Rate equation constants for CuTETA adsorbed onto ZSM-5 at 40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00042 2.03844 0.10342 0.00047 0.00068 -0.00152 

5 ppm 0.00059 12.26970 0.61015 0.00018 -0.00017 -0.00102 

10 ppm 0.00028 23.29289 0.06496 0.00040 0.00067 -0.00123 

20 ppm 0.00035 44.86843 0.42182 0.00015 -0.00035 -0.00035 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.43771 0.58622 0.98636 0.07581 1.88510 1.52657 

5 ppm 0.05470 1.12762 0.96056 0.06792 1.04743 0.72622 

10 ppm 0.24180 1.33403 0.90115 0.09384 0.97149 0.52772 

20 ppm 0.13692 5.09231 0.99945 0.00174 0.20049 0.19226 
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Table B 59. Rate equation constants for CuDETA pH 11 adsorbed onto natural bentonite at 

5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm -0.00066 1.30250 0.07011 0.00090 0.00279 -0.00148 

5 ppm -0.00189 3.39587 0.31517 0.00105 0.00439 -0.00060 

20 ppm 0.00064 27.20464 0.13902 0.00060 0.00078 -0.00205 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 4.40388 1.12603 0.99528 0.02311 0.94271 0.83344 

5 ppm 0.69513 8.69287 0.10996 0.00114 0.11772 0.11235 

20 ppm 0.05343 24.43806 0.99920 0.00044 0.04195 0.03989 
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Table B 60. Rate equation constants for CuDETA pH 11 adsorbed onto natural bentonite at 

12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00400 1.46479 0.45789 0.00164 -0.00011 -0.00789 

5 ppm 0.00455 4.27232 0.64380 0.00128 -0.00152 -0.00757 

20 ppm 0.00112 26.25913 0.53133 0.00040 -0.00018 -0.00206 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.21916 1.51363 0.99812 0.01085 0.68632 0.63501 

5 ppm 0.04039 9.87762 0.98635 0.00450 0.11188 0.09059 

20 ppm 0.06349 26.31825 0.99976 0.00022 0.03853 0.03747 
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Table B 61. Rate equation constants for CuDETA pH 11 adsorbed onto natural bentonite at 

23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00214 1.63932 0.32799 0.00116 0.00060 -0.00487 

5 ppm 0.00275 4.04636 0.30301 0.00158 0.00098 -0.00648 

20 ppm 0.00514 7.29494 0.75830 0.00110 -0.00255 -0.00773 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.36152 1.18747 0.99853 0.01222 0.87101 0.81324 

5 ppm 0.02303 11.43335 0.98514 0.00406 0.09706 0.07786 

20 ppm 0.02288 21.25912 0.99778 0.00084 0.04902 0.04505 
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Table B 62. Rate equation constants for CuDETA pH 11 adsorbed onto natural bentonite at 

30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm -0.00793 0.28177 0.17343 0.00654 0.02340 -0.00754 

5 ppm -0.00322 0.39420 0.06341 0.00467 0.01426 -0.00783 

10 ppm 0.00456 4.22391 0.47051 0.00183 -0.00024 -0.00888 

20 ppm 0.00143 35.61675 0.14774 0.00129 0.00163 -0.00449 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.35121 1.91768 0.91225 0.06113 0.66601 0.37692 

5 ppm 0.06856 12.63997 0.99712 0.00161 0.08291 0.07532 

10 ppm 0.16337 22.09073 0.99984 0.00022 0.04579 0.04475 

20 ppm 0.02599 18.63641 0.99334 0.00166 0.05758 0.04973 
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Table B 63. Rate equation constants for CuDETA pH 11 adsorbed onto natural bentonite at 

40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00076 1.12327 0.07793 0.00098 0.00157 -0.00308 

5 ppm 0.00301 1.57175 0.48915 0.00116 -0.00026 -0.00576 

10 ppm 0.00255 13.40395 0.33825 0.00135 0.00064 -0.00574 

20 ppm -0.00005 33.75181 0.00091 0.00062 0.00152 -0.00142 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.45889 1.49161 0.99379 0.02002 0.71777 0.62307 

5 ppm 2.89602 10.91926 0.99999 0.00009 0.09179 0.09137 

10 ppm 0.09945 13.62836 0.99973 0.00045 0.07445 0.07230 

20 ppm 0.09352 16.17313 0.99619 0.00144 0.06525 0.05841 
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Table B 64. Rate equation constants for CuDETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00065 1.71934 0.80775 0.00012 -0.00037 -0.00093 

5 ppm 0.00093 9.01666 0.67042 0.00025 -0.00035 -0.00151 

20 ppm 0.00104 34.33111 0.43757 0.00045 0.00001 -0.00210 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.69804 0.91482 0.99862 0.01534 1.12938 1.05685 

5 ppm 0.03074 1.53954 0.71529 0.15489 1.01580 0.28329 

20 ppm 0.02406 15.87639 0.99519 0.00166 0.06690 0.05907 
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Table B 65. Rate equation constants for CuDETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00274 2.40730 0.77254 0.00056 -0.00141 -0.00407 

5 ppm 0.00030 10.35076 0.31189 0.00017 0.00010 -0.00070 

20 ppm 0.00079 35.27240 0.23775 0.00053 0.00047 -0.00205 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.02682 1.00676 0.90382 0.12247 1.28288 0.70369 

5 ppm 0.18514 2.85486 0.99927 0.00358 0.35876 0.34180 

20 ppm 0.12469 16.96011 0.99843 0.00088 0.06105 0.05687 
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Table B 66. Rate equation constants for CuDETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00240 0.34518 0.56079 0.00080 -0.00050 -0.00430 

5 ppm 0.00222 0.86107 0.35907 0.00112 0.00043 -0.00486 

10 ppm 0.00516 4.54742 0.24757 0.00340 0.00288 -0.01320 

20 ppm 0.00014 19.97686 0.00119 0.00151 0.00344 -0.00372 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 2.11854 2.22599 0.99994 0.00127 0.45224 0.44624 

5 ppm 0.85679 11.80194 1.00000 0.00005 0.08485 0.08461 

10 ppm 0.05414 22.22710 0.99920 0.00048 0.04613 0.04385 

20 ppm 0.03628 30.65761 0.99768 0.00059 0.03402 0.03121 
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Table B 67. Rate equation constants for CuDETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm -0.00025 0.28552 0.11947 0.00026 0.00087 -0.00036 

5 ppm 0.00252 1.42652 0.39935 0.00117 0.00024 -0.00529 

 0.00095 2.82753 0.04246 0.00170 0.00308 -0.00498 

20 ppm 0.00278 14.62689 0.17986 0.00225 0.00253 -0.00809 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 1.01714 2.31116 0.99978 0.00242 0.43841 0.42696 

5 ppm 0.33450 11.36253 0.99995 0.00023 0.08856 0.08746 

 0.47927 22.96253 0.99961 0.00032 0.04432 0.04278 

20 ppm 0.28346 37.74369 0.99949 0.00023 0.02703 0.02596 
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Table B 68. Rate equation constants for CuDETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.01217 0.35791 0.22911 0.00844 0.00778 -0.03212 

5 ppm 0.01023 1.32662 0.71124 0.00246 -0.00441 -0.01606 

10 ppm 0.00208 4.79597 0.61435 0.00062 -0.00061 -0.00356 

20 ppm 0.00091 18.36993 0.10575 0.00100 0.00145 -0.00327 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.21560 2.41993 0.99808 0.00685 0.42942 0.39705 

5 ppm 0.24961 11.69013 0.99992 0.00030 0.08624 0.08484 

10 ppm 0.14954 21.35910 0.99998 0.00008 0.04702 0.04662 

20 ppm 0.07884 33.38692 0.99983 0.00015 0.03030 0.02960 
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Table B 69. Rate equation constants for CuTETA pH 11 adsorbed onto natural bentonite at 

5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00596 0.85274 0.66993 0.00158 -0.00222 -0.00970 

5 ppm 0.00557 1.81946 0.78237 0.00111 -0.00294 -0.00820 

20 ppm 0.00163 16.27945 0.25205 0.00106 0.00088 -0.00413 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.18475 2.11312 0.99723 0.00943 0.49552 0.45095 

5 ppm 0.15236 11.35885 0.99986 0.00039 0.08897 0.08711 

20 ppm 0.06166 36.06213 0.99929 0.00028 0.02839 0.02707 
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Table B 70. Rate equation constants for CuTETA pH 11 adsorbed onto natural bentonite at 

12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00523 1.42656 0.49302 0.00201 -0.00049 -0.00998 

5 ppm 0.00467 2.47620 0.43219 0.00202 0.00011 -0.00945 

20 ppm 0.00105 18.91323 0.09166 0.00125 0.00190 -0.00400 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 
0.14986 1.69230 0.99667 0.01291 0.62143 0.56039 

5 ppm 
0.14901 10.84500 0.99972 0.00058 0.09358 0.09083 

20 ppm 
0.10252 33.09825 0.99996 0.00007 0.03037 0.03005 
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Table B 71. Rate equation constants for CuTETA pH 11 adsorbed onto natural bentonite at 

23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00236 1.37362 0.49185 0.00091 -0.00022 -0.00450 

5 ppm 0.00134 3.84829 0.47556 0.00053 -0.00008 -0.00259 

10 ppm 0.00274 3.60850 0.56691 0.00091 -0.00060 -0.00488 

20 ppm 0.00271 16.60011 0.42899 0.00118 0.00008 -0.00550 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.23240 1.41103 0.98884 0.02846 0.77599 0.64141 

5 ppm 0.12756 9.20178 0.99907 0.00125 0.11163 0.10572 

10 ppm 0.18298 22.17186 0.99997 0.00009 0.04532 0.04489 

20 ppm 0.04122 36.59112 0.99980 0.00014 0.02767 0.02699 
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Table B 72. Rate equation constants for CuTETA pH 11 adsorbed onto natural bentonite at 

30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00696 0.77982 0.63796 0.00198 -0.00227 -0.01164 

5 ppm 0.00297 1.35673 0.50288 0.00111 -0.00033 -0.00560 

10 ppm 0.00133 1.73808 0.00121 0.01441 0.03275 -0.03541 

20 ppm 0.00091 23.39096 0.06092 0.00136 0.00229 -0.00412 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.22260 2.14877 0.99444 0.01315 0.49647 0.43430 

5 ppm 0.40929 11.31862 0.99995 0.00024 0.08892 0.08778 

10 ppm 1.07510 22.50700 0.99921 0.00047 0.04555 0.04331 

20 ppm 0.11682 27.31463 0.99947 0.00032 0.03736 0.03586 
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Table B 73. Rate equation constants for CuTETA pH 11 adsorbed onto natural bentonite at 

40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00244 1.21954 0.56541 0.00081 -0.00053 -0.00434 

5 ppm 0.00100 1.71737 0.08077 0.00127 0.00201 -0.00401 

10 ppm 0.00996 4.07704 0.63566 0.00285 -0.00322 -0.01671 

20 ppm -0.00020 22.80726 0.00608 0.00097 0.00249 -0.00209 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.70845 1.45819 0.99958 0.00530 0.69832 0.67325 

5 ppm 0.34715 11.06491 0.99996 0.00022 0.09089 0.08987 

10 ppm 0.10045 23.00975 0.99972 0.00027 0.04411 0.04281 

20 ppm 1.05028 28.16539 0.99999 0.00005 0.03562 0.03539 
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Table B 74. Rate equation constants for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 5°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 
0.00031 0.52327 0.01350 0.00101 0.00208 -0.00270 

5 ppm 
0.00635 2.65115 0.32664 0.00344 0.00180 -0.01449 

20 ppm 
0.00240 26.92248 0.33197 0.00128 0.00064 -0.00544 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 
1.25845 2.00795 0.99969 0.00331 0.50586 0.49018 

5 ppm 
0.17895 10.85852 0.99982 0.00046 0.09319 0.09099 

20 ppm 
0.02535 28.22934 0.99902 0.00042 0.03641 0.03443 
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Table B 75. Rate equation constants for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 12°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00422 1.44485 0.80202 0.00079 -0.00235 -0.00609 

5 ppm 0.00417 2.39402 0.29470 0.00244 0.00160 -0.00993 

20 ppm 0.00162 27.73602 0.25594 0.00105 0.00085 -0.00409 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.18373 1.65771 0.99675 0.01303 0.63405 0.57243 

5 ppm 0.22027 7.10209 0.99976 0.00082 0.14273 0.13887 

20 ppm 0.00974 27.27133 0.97949 0.00201 0.04141 0.03193 
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Table B 76. Rate equation constants for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00220 1.26808 0.59272 0.00069 -0.00057 -0.00383 

5 ppm 0.00386 2.30642 0.81967 0.00068 -0.00224 -0.00548 

10 ppm 0.00679 1.01820 0.34614 0.00353 0.00155 -0.01513 

20 ppm 0.00291 19.08441 0.38304 0.00139 0.00039 -0.00621 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.59495 1.39458 0.99859 0.01018 0.74113 0.69300 

5 ppm 0.38229 10.46341 0.99987 0.00042 0.09655 0.09459 

10 ppm 0.28561 24.33494 0.99999 0.00004 0.04118 0.04100 

20 ppm 0.02555 34.89534 0.99894 0.00035 0.02949 0.02782 
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Table B 77. Rate equation constants for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 30°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00428 0.85511 0.33702 0.00227 0.00109 -0.00965 

5 ppm 0.00254 1.43864 0.75612 0.00055 -0.00125 -0.00384 

10 ppm 0.00280 4.20977 0.07789 0.00364 0.00580 -0.01140 

20 ppm 0.00124 21.15964 0.67776 0.00032 -0.00048 -0.00200 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 2.68646 1.80941 0.99526 0.01442 0.58677 0.51856 

5 ppm 0.36452 11.46814 0.99996 0.00020 0.08766 0.08674 

10 ppm 0.18719 22.10118 0.99984 0.00021 0.04575 0.04474 

20 ppm 0.10739 31.08444 0.99974 0.00020 0.03263 0.03171 
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Table B 78. Rate equation constants for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite at 40°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00441 1.10672 0.65221 0.00122 -0.00153 -0.00728 

5 ppm 0.00708 1.70131 0.56929 0.00233 -0.00158 -0.01258 

10 ppm 0.00202 3.93858 0.46506 0.00082 -0.00008 -0.00396 

20 ppm 0.00135 20.09614 0.12289 0.00136 0.00187 -0.00457 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.22929 1.78358 0.99524 0.01466 0.59533 0.52601 

5 ppm 0.39495 11.29132 0.99992 0.00030 0.08926 0.08786 

10 ppm 0.80088 21.57952 0.99991 0.00017 0.04674 0.04594 

20 ppm 0.31571 30.66727 0.99960 0.00025 0.03319 0.03203 

 

 

 

 

 



 

204 

 

Table B 79. Rate equation constants for CuDETA adsorbed onto peat at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.01151 0.05044 0.35833 0.00582 0.00226 -0.02528 

5 ppm 0.00320 0.10580 0.38425 0.00153 0.00042 -0.00681 

10 ppm 0.01146 0.40259 0.31709 0.00636 0.00357 -0.02650 

20 ppm 0.01524 1.11943 0.46515 0.00618 -0.00063 -0.02985 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 1.50247 0.24079 0.99550 0.10550 4.40249 3.90355 

5 ppm 4.73047 1.16939 0.99999 0.00118 0.85793 0.85236 

10 ppm 0.89060 2.10262 0.99993 0.00149 0.47911 0.47208 

20 ppm 0.16603 4.28088 0.99990 0.00089 0.23570 0.23149 
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Table B 80. Rate equation constants for CuTETA adsorbed onto peat at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.01352 0.06228 0.49285 0.00518 -0.00126 -0.02578 

5 ppm 0.01045 0.19492 0.27748 0.00637 0.00462 -0.02552 

10 ppm 0.01757 0.35231 0.69302 0.00442 -0.00712 -0.02802 

20 ppm 0.01605 0.98090 0.49786 0.00609 -0.00164 -0.03046 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 3.68588 0.23296 0.99985 0.02006 4.34003 4.24515 

5 ppm 1.66184 1.17337 0.99995 0.00227 0.85760 0.84689 

10 ppm 0.58433 2.43834 0.99975 0.00246 0.41592 0.40431 

20 ppm 0.21060 4.80615 0.99998 0.00039 0.20898 0.20715 
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Table B 81. Rate equation constants for CuDETA pH 11 adsorbed onto peat at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.01213 0.02185 0.45603 0.00501 -0.00029 -0.02397 

5 ppm 0.01564 0.10057 0.31734 0.00867 0.00486 -0.03613 

10 ppm 0.01729 0.30779 0.37791 0.00838 0.00254 -0.03711 

20 ppm 0.02121 0.82716 0.47325 0.00846 -0.00121 -0.04121 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 11.33971 0.24281 0.99995 0.01108 4.14470 4.09229 

5 ppm 1.68662 1.22996 0.99990 0.00305 0.82024 0.80582 

10 ppm 0.75264 2.18696 0.99992 0.00155 0.46093 0.45358 

20 ppm 0.20100 4.42128 0.99986 0.00099 0.22853 0.22383 
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Table B 82. Rate equation constants for CuDETA pH 11 high ionic strength adsorbed onto 

peat at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.01492 0.02547 0.57603 0.00484 -0.00348 -0.02636 

5 ppm 0.01298 0.12011 0.27186 0.00803 0.00601 -0.03196 

10 ppm 0.01971 0.41334 0.53591 0.00693 -0.00332 -0.03610 

20 ppm 0.02758 1.24997 0.65521 0.00756 -0.00970 -0.04546 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 8.05438 0.24439 0.99988 0.01665 4.13124 4.05250 

5 ppm 2.72782 1.21111 0.99995 0.00213 0.83073 0.82065 

10 ppm 0.41867 2.19404 0.99923 0.00477 0.46706 0.44450 

20 ppm 0.10922 4.99454 0.99958 0.00155 0.20387 0.19656 
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Table B 83. Rate equation constants for CuTETA pH 11 adsorbed onto peat at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00402 0.06316 0.54774 0.00138 -0.00076 -0.00729 

5 ppm 0.01067 0.14664 0.38200 0.00513 0.00146 -0.02281 

10 ppm 0.01240 0.33172 0.30913 0.00700 0.00417 -0.02896 

20 ppm 0.01256 0.91860 0.33151 0.00674 0.00338 -0.02851 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 7.19411 0.20756 0.99993 0.01521 4.85390 4.78198 

5 ppm 2.00152 1.19821 0.99999 0.00100 0.83694 0.83222 

10 ppm 1.05784 2.13618 0.99996 0.00113 0.47081 0.46544 

20 ppm 0.30853 4.19669 0.99959 0.00182 0.24259 0.23398 
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Table B 84. Rate equation constants for CuTETA pH 11 high ionic strength adsorbed onto 

peat at 23°C 

Pseudo-First-Order Rate Equation Constants 

Concentration kad (min
-1

) qe (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 0.00592 0.08055 0.50862 0.00220 -0.00072 -0.01113 

5 ppm 0.00986 0.09900 0.28813 0.00586 0.00399 -0.02370 

10 ppm 0.01054 0.40190 0.26084 0.00671 0.00532 -0.02641 

20 ppm 0.02611 1.50485 0.89219 0.00343 -0.01799 -0.03422 

Pseudo-Second-Order Rate Equation Constants 

Concentration 
k2 

g/(min·mg) 
qe (mg/g) R

2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

1 ppm 4.53785 0.20413 0.99985 0.02246 4.95198 4.84574 

5 ppm 5.16977 1.20386 0.99999 0.00118 0.83346 0.82787 

10 ppm 2.12490 2.06362 0.99929 0.00489 0.49614 0.47303 

20 ppm 0.08969 4.46680 0.99937 0.00213 0.22891 0.21883 
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Isotherm Constants 

Table B 85. Freundlich and Langmuir isotherm constants for CuDETA adsorbed onto 

natural bentonite 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.56440 6.98400 0.63374 0.30340 1.86981 -0.74101 

12°C 0.71569 4.76563 0.63124 0.38680 2.37996 -0.94858 

23°C 0.99618 5.75290 0.80941 0.34182 2.46690 -0.47454 

30°C 0.56092 10.06625 0.50389 0.39356 2.25426 -1.13242 

40°C 0.42151 7.29431 0.54817 0.27060 1.58580 -0.74278 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 22.83807 0.54034 0.93592 0.00810 0.07864 0.00893 

12°C 30.69442 0.16813 0.55334 0.02070 0.12163 -0.05647 

23°C 370.16076 0.01422 0.00643 0.02374 0.10486 -0.09946 

30°C 44.42716 0.25017 0.65632 0.01152 0.07206 -0.02705 

40°C 20.87139 0.63534 0.97345 0.00560 0.07199 0.02384 
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Table B 86. Freundlich and Langmuir isotherm constants for CuTETA adsorbed onto 

natural bentonite 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.56578 8.58781 0.54426 0.36608 2.14091 -1.00936 

12°C 0.80607 5.40039 0.49112 0.58019 3.30242 -1.69029 

23°C 0.68849 7.87459 0.53135 0.45721 2.65572 -1.27875 

30°C 0.56451 10.93631 0.59805 0.32724 1.97252 -0.84351 

40°C 0.45647 7.11426 0.30960 0.48200 2.53034 -1.61741 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 26.16629 0.54430 0.90005 0.00901 0.07696 -0.00053 

12°C 57.07946 0.07228 0.10315 0.03653 0.17469 -0.13965 

23°C 37.70449 0.22934 0.53576 0.01746 0.10163 -0.04859 

30°C 29.65410 0.69884 0.90983 0.00751 0.06602 0.00142 

40°C 19.88387 0.42001 0.80799 0.01734 0.12488 -0.02430 
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Table B 87. Freundlich and Langmuir isotherm constants for CuDETA adsorbed onto 

ZSM-5 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.04547 1.49394 0.07558 0.11245 0.52931 -0.43837 

12°C -0.04930 1.19247 0.18020 0.07435 0.27060 -0.36919 

30°C 0.24217 2.63974 0.55772 0.15249 0.89827 -0.41394 

40°C 0.10495 1.59729 0.06220 0.28816 1.34482 -1.13492 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 1.30857 -0.84458 0.94811 0.12642 1.30811 0.22027 

12°C 0.83862 -0.77490 0.96986 0.14863 1.83196 0.55292 

30°C 3.75495 -1.24720 0.92570 0.05335 0.49586 0.03677 

40°C 6.17279 0.05115 0.15571 0.26675 1.30972 -0.98571 
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Table B 88. Freundlich and Langmuir isotherm constants for CuTETA adsorbed onto 

ZSM-5 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.33179 1.36676 0.91046 0.07357 0.64836 0.01522 

12°C 0.37162 0.94001 0.69666 0.17340 1.11769 -0.37445 

23°C 1.34211 0.40818 0.91377 0.29153 2.59645 0.08776 

30°C 0.50222 1.17754 0.84220 0.15372 1.16362 -0.15918 

40°C 0.57053 0.55091 0.72265 0.24993 1.64589 -0.50483 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 3.90808 0.42111 0.96148 0.03622 0.41171 0.10005 

12°C 2.06667 7.29942 0.93940 0.08690 0.85777 0.10997 

23°C 7.54905 0.05286 0.52792 0.08858 0.24864 -0.51358 

30°C 9.43847 0.07861 0.37537 0.09664 0.52177 -0.30987 

40°C 9.23369 0.03127 0.08921 0.24469 1.16112 -0.94452 
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Table B 89. Freundlich and Langmuir isotherm constants for CuDETA pH 11 adsorbed 

onto natural bentonite 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.98494 3.11298 0.88811 0.34960 5.42703 -3.45715 

12°C 0.80502 5.04952 0.75374 0.46014 6.65165 -5.04162 

23°C 1.13229 5.57055 0.70478 0.51820 3.36192 -1.09733 

30°C 0.32001 11.08915 0.36615 0.29772 1.60100 -0.96098 

40°C 0.45741 5.81486 0.48444 0.33367 1.89307 -0.97825 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 135.18433 0.02299 0.06537 0.02797 0.12775 -0.11295 

12°C 58.80330 0.08694 0.33925 0.02373 0.11912 -0.08511 

23°C -206.46432 -0.02123 0.00734 0.03982 0.16651 -0.17620 

30°C 19.62344 2.07814 0.98678 0.00417 0.06890 0.03301 

40°C 19.88371 0.37926 0.90251 0.01169 0.10058 0.00000 
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Table B 90. Freundlich and Langmuir isotherm constants for CuDETA pH 11 high ionic 

strength adsorbed onto natural bentonite 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 1.05079 1.23698 0.43522 1.19701 16.26023 -14.15865 

12°C 1.46964 0.37690 0.99999 0.00419 1.52289 1.41639 

23°C 0.55667 13.78185 0.78046 0.20877 1.45491 -0.34158 

30°C 0.74773 16.10139 0.91568 0.16044 1.43805 0.05741 

40°C 0.48492 16.17442 0.88534 0.12340 1.01585 -0.04601 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 7.08419 0.18609 0.04939 0.61927 2.80567 -2.52335 

12°C -26.65894 -0.02805 0.64621 0.02776 0.08191 -0.15693 

23°C 34.76833 1.04440 0.98389 0.00260 0.03996 0.01756 

30°C 53.67991 0.53352 0.94682 0.00312 0.03206 0.00520 

40°C 36.06497 1.54587 0.99166 0.00180 0.03546 0.01999 
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Table B 91. Freundlich and Langmuir isotherm constants for CuTETA pH 11 adsorbed 

onto natural bentonite 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C       

12°C       

23°C 1.25892 6.90467 0.76764 0.48976 3.36620 -0.84836 

30°C 0.53665 12.66544 0.69180 0.25328 1.62642 -0.55312 

40°C 0.58521 9.54647 0.38842 0.51925 2.81935 -1.64892 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C       

12°C       

23°C -62.33596 -0.08241 0.08766 0.03660 0.14142 -0.17350 

30°C 30.42571 1.10737 0.98043 0.00328 0.04700 0.01874 

40°C 42.63580 0.21675 0.45050 0.01832 0.10226 -0.05536 
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Table B 92. Freundlich and Langmuir isotherm constants for CuTETA pH 11 high ionic 

strength adsorbed onto natural bentonite 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.62921 8.59131 0.84491 0.26957 4.05446 -2.79605 

12°C 0.78014 5.38023 0.86841 0.30368 4.63880 -3.07851 

23°C 0.43424 11.80532 0.17895 0.65770 3.26409 -2.39562 

30°C 0.72001 10.60585 0.70113 0.33240 2.15022 -0.71021 

40°C 0.67861 10.95262 0.62314 0.37317 2.28422 -0.92699 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 35.85944 0.43176 0.95861 0.00579 0.05282 0.00295 

12°C 51.90037 0.12185 0.63596 0.01458 0.08199 -0.04346 

23°C 129.35410 0.06346 0.02436 0.03459 0.15657 -0.14111 

30°C 45.82023 0.31735 0.67626 0.01068 0.06777 -0.02412 

40°C 46.84287 0.29748 0.57433 0.01300 0.07726 -0.03457 
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Table B 93. Freundlich and Langmuir isotherm constants for CuDETA adsorbed onto 

natural peat 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 0.91994 3.24003 0.99600 0.04125 1.09740 0.74248 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 20.11348 0.19346 0.47364 0.03706 0.20918 -0.10974 

 

Table B 94. Freundlich and Langmuir isotherm constants for CuTETA adsorbed onto 

natural peat 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 1.12239 5.94709 0.79756 0.39985 2.84281 -0.59803 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C -14.73246 -0.27326 0.05537 0.19825 0.78511 -0.92087 
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Table B 95. Freundlich and Langmuir isotherm constants for CuDETA pH 11 adsorbed 

onto natural peat 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 0.87547 6.88578 0.96497 0.11796 1.38299 0.36795 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 2.07961 -6.16137 0.60675 0.27373 1.65864 -0.69693 

 

Table B 96. Freundlich and Langmuir isotherm constants for CuDETA pH 11 high ionic 

strength adsorbed onto natural peat 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 0.95845 8.58717 0.96227 0.13421 1.53590 0.38101 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C -55.53073 -0.15768 0.01094 0.12108 0.50295 -0.53897 
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Table B 97. Freundlich and Langmuir isotherm constants for CuTETA pH 11 adsorbed 

onto natural peat 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 1.14184 3.18340 0.76917 0.44230 3.04492 -0.76125 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C -9.78122 -0.21295 0.05148 0.31031 1.23293 -1.43740 

 

Table B 98. Freundlich and Langmuir isotherm constants for CuTETA pH 11 high ionic 

strength adsorbed onto natural peat 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C 0.93767 3.47698 0.30877 0.99203 5.20604 -3.33070 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

23°C -53.00423 -0.04607 0.00033 0.73916 3.16146 -3.19920 
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Table B 99. Freundlich and Langmuir isotherm constants for CuDETA adsorbed onto 

zeolite Y 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 1.13808 858.95869 0.95375 0.17721 1.90056 0.37559 

12°C 0.32933 62.35155 0.66581 0.16498 1.03919 -0.38053 

23°C -91.14176 -2.82763 0.68137 0.00531 0.01186 -0.03380 

30°C 57.69894 14.12259 0.16860 0.02721 0.13442 -0.09976 

40°C 51.87069 112.60685 0.99196 0.00123 0.02456 0.01400 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C -129.07818 -3.35552 0.17343 0.01196 0.04371 -0.05920 

12°C 20.56920 318.80188 0.70895 0.02203 0.14339 -0.04616 

23°C 1.15193 512.23904 0.99341 0.06634 1.43736 0.86649 

30°C 0.59078 134.05916 0.87502 0.15787 1.27006 -0.08850 

40°C 0.49347 182.41678 0.94068 0.08763 0.87050 0.11644 
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Table B 100. Freundlich and Langmuir isotherm constants for CuTETA adsorbed onto 

zeolite Y 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.42056 31.49172 0.47834 0.31055 1.75677 -0.91564 

12°C 0.60759 49.57540 0.35667 0.57700 3.09024 -1.87506 

23°C 1.22190 2013.17147 0.89371 0.29797 2.50395 -0.06015 

30°C 0.57554 112.85783 0.94788 0.09543 0.98615 0.16494 

40°C 0.40141 99.41283 0.97664 0.04390 0.59029 0.21253 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 46.60757 3.53127 0.96017 0.00309 0.03475 0.00816 

12°C 29.62776 5.79628 0.69361 0.01586 0.10200 -0.03450 

23°C -168.23667 -4.36938 0.08269 0.01400 0.05429 -0.06618 

30°C 68.78839 9.78069 0.35599 0.01383 0.07403 -0.04495 

40°C 55.78092 47.72911 0.96709 0.00234 0.02799 0.00787 
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Table B 101. Freundlich and Langmuir isotherm constants for CuTETA pH 11 adsorbed 

onto zeolite Y 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.79005 248.63228 0.97955 0.08071 1.13733 0.44276 

12°C 0.77295 133.10211 0.95110 0.12393 1.30617 0.23973 

23°C 0.95443 431.00282 0.28185 1.07728 5.58958 -3.68073 

30°C 0.38940 83.32227 0.88466 0.09942 0.81718 -0.03838 

40°C 0.37400 80.13060 0.84315 0.11406 0.86477 -0.11677 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 95.43416 7.46091 0.80837 0.00361 0.02600 -0.00504 

12°C 138.12415 2.09284 0.11063 0.01452 0.06969 -0.05521 

23°C -164.12024 -2.04050 0.00524 0.05937 0.24934 -0.26153 

30°C 49.25452 28.52499 0.36200 0.01906 0.10231 -0.06170 

40°C 51.40837 23.39868 0.33828 0.01924 0.10223 -0.06332 
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Table B 102. Freundlich and Langmuir isotherm constants for CuDETA pH 11 adsorbed 

onto zeolite Y 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C       

12°C 0.36260 65.63173 0.99545 0.01734 0.43721 0.28799 

23°C 0.59578 41.33000 0.75985 0.23683 1.61478 -0.42323 

30°C 0.90556 282.96521 0.93818 0.16437 1.61278 0.19834 

40°C 0.53333 113.72848 0.95443 0.08240 0.88787 0.17879 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C       

12°C 53.89263 23.41448 0.93645 0.00342 0.03326 0.00385 

23°C 31.75313 8.08939 0.76310 0.01241 0.08488 -0.02189 

30°C 120.07009 3.92258 0.61928 0.00462 0.02820 -0.01154 

40°C 55.00000 12.88193 0.62000 0.00791 0.04831 -0.01974 

 

 

 

 

 



 

225 

 

Table B 103. Freundlich and Langmuir isotherm constants for CuDETA pH 11 high ionic 

strength adsorbed onto zeolite Y 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.54284 25.80276 0.98870 0.04104 0.71942 0.36627 

12°C 0.34670 25.55681 0.98158 0.03358 0.49119 0.20220 

23°C 0.45566 15.80448 0.99452 0.02392 0.55860 0.35273 

30°C 0.41268 26.07744 0.99831 0.01199 0.46428 0.36109 

40°C 0.43581 25.48690 0.99818 0.01315 0.49239 0.37922 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 48.34858 1.89943 0.97530 0.00233 0.03070 0.01067 

12°C 49.12616 2.09756 0.94346 0.00352 0.03552 0.00519 

23°C 38.25984 1.15648 0.96472 0.00353 0.04134 0.01093 

30°C 46.37658 2.44769 0.93210 0.00412 0.03927 0.00386 

40°C 46.02547 2.22499 0.92307 0.00444 0.04081 0.00264 
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Table B 104. Freundlich and Langmuir isotherm constants for CuTETA pH 11 high ionic 

strength adsorbed onto zeolite Y 

Freundlich Isotherm Constants 

Temperature n Kf (mg/g) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 0.48201 24.89575 0.90276 0.11186 0.96333 0.00070 

12°C 0.34400 27.37761 0.98561 0.02939 0.47045 0.21755 

23°C 0.71459 16.77500 0.99787 0.02335 0.81504 0.61415 

30°C 0.54836 28.01443 0.93783 0.09984 0.97792 0.11880 

40°C 0.52045 30.43750 0.92811 0.10242 0.96115 0.07976 

Langmuir Isotherm Constants 

Temperature qmax KL (L/mg) R
2
 

Standard 

Error of 

Slope 

Upper 

95% 

Lower 

95% 

5°C 38.60383 3.98235 0.99973 0.00030 0.02719 0.02461 

12°C 38.49435 7.10813 0.99727 0.00096 0.03012 0.02184 

23°C 58.00261 0.51352 0.94999 0.00280 0.02928 0.00521 

30°C 43.32490 3.01900 0.99906 0.00050 0.02523 0.02093 

40°C 47.21810 3.18977 0.99523 0.00104 0.02564 0.01672 
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Activation Energies 

Table B 105. Activation energies for CuDETA adsorbed onto natural bentonite 

Activation Energy (J/mol) 

32192.63 

 

Table B 106. Activation energies for CuDETA adsorbed onto ZSM-5 

Activation Energy (J/mol) 

8529.71 

 

Table B 107. Activation energies for CuTETA adsorbed onto natural bentonite 

Activation Energy (J/mol) 

28534.89 

 

Table B 108. Activation energies for CuTETA adsorbed onto ZSM-5 

Activation Energy (J/mol) 

11821.54 

 

Table B 109. Activation energies for CuDETA pH 11 adsorbed onto natural bentonite 

Activation Energy (J/mol) 

26370.88 
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Table B 110. Activation energies for CuDETA pH 11high ionic strength adsorbed onto 

natural bentonite 

Activation Energy (J/mol) 

23861.30 

 

Table B 111. Activation energies for CuTETA pH 11 adsorbed onto natural bentonite 

Activation Energy (J/mol) 

20920.48 

 

Table B 112. Activation energies for CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite 

Activation Energy (J/mol) 

17500.58 
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Thermodynamic Parameters 

Table B 113. Enthalpy and entropy CuDETA adsorbed onto natural bentonite 

Enthalpy 

(J/mol) 
9823.58 

Entropy 

(J/molK) 
49.24 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.248 1186.38 2594.03 -4957.18 

 

Table B 114. Enthalpy and entropy CuDETA adsorbed onto ZSM-5 

Enthalpy 

(J/mol) 
2614.31 

Entropy 

(J/molK) 
27.71 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.294 344.18 1166.44 -1795.33 
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Table B 115. Enthalpy and entropy CuTETA adsorbed onto natural bentonite 

Enthalpy 

(J/mol) 
7633.34 

Entropy 

(J/molK) 
42.06 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.287 836.50 1743.98 -3580.24 

 

Table B 116. Enthalpy and entropy CuTETA adsorbed onto ZSM-5 

Enthalpy 

(J/mol) 
49912.91 

Entropy 

(J/molK) 
149.34 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.367 4551.78 8482.31 -20489.3 
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Table B 117. Enthalpy and entropy CuDETA pH 11 adsorbed onto natural bentonite 

Enthalpy 

(J/mol) 
37347.53 

Entropy 

(J/molK) 
142.06 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.337 1492.88 6595.52 -2906.50 

 

Table B 118. Enthalpy and entropy CuDETA pH 11 high ionic strength adsorbed onto 

natural bentonite 

Enthalpy 

(J/mol) 
104142.8 

Entropy 

(J/molK) 
363.90 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.830 3273.49 -2108.48 -22943.92 
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Table B 119. Enthalpy and entropy CuTETA pH 11 adsorbed onto natural bentonite 

Enthalpy 

(J/mol) 
529.46 

Entropy 

(J/molK) 
17.58 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

.000397 1843.90 5804.43 -5931.80 

 

Table B 120. Enthalpy and entropy CuTETA pH 11 high ionic strength adsorbed onto 

natural bentonite 

Enthalpy 

(J/mol) 
12613.12 

Entropy 

(J/molK) 
60.64 

 

R
2
 Standard Error 

Upper Confidence 

Interval 

Lower Confidence 

Interval 

0.615 693.56 690.12 -3724.31 
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Table B 121. Standard free energy change for CuDETA adsorbed onto natural bentonite 

Temperature Standard Free Energy Change (kJ/mol) 

5°C -3.87 

12°C -4.21 

23°C -4.75 

30°C -5.10 

40°C -5.59 

 

 

 

Table B 122. Standard free energy change for CuDETA adsorbed onto ZSM-5 

Temperature Standard Free Energy Change (kJ/mol) 

5°C -5.09 

12°C -5.28 

23°C -5.78 

30°C -6.06 

40°C -5.09 

 

Table B 123. Standard free energy change for CuTETA adsorbed onto natural bentonite 

Temperature Standard Free Energy Change (kJ/mol) 

5°C -4.06 

12°C -4.35 

23°C -4.81 

30°C -5.11 

40°C -5.53 
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Table B 124. Standard free energy change for CuTETA adsorbed onto ZSM-5 

Temperature Standard Free Energy Change (kJ/mol) 

5°C 8.40 

12°C 7.35 

23°C 5.71 

30°C 4.66 

40°C 3.17 

 

 

Table B 125. Standard free energy change for CuDETA pH 11 adsorbed onto natural 

bentonite 

Temperature Standard Free Energy Change (kJ/mol) 

5°C -2.15 

12°C -3.14 

23°C -4.70 

30°C -5.70 

40°C -7.12 

 

Table B 126. Standard free energy change for CuDETA pH 11 high ionic strength adsorbed 

onto natural bentonite 

Temperature Standard Free Energy Change (kJ/mol) 

5°C 2.98 

12°C 0.43 

23°C -3.57 

30°C -6.12 

40°C -9.76 
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Table B 127. Standard free energy change for CuTETA pH 11 adsorbed onto natural 

bentonite 

Temperature Standard Free Energy Change (kJ/mol) 

5°C -4.36 

12°C -4.48 

23°C -4.67 

30°C -4.80 

40°C -4.97 

 

Table B 128. Standard free energy change for CuTETA pH 11 high ionic strength adsorbed 

onto natural bentonite 

Temperature Standard Free Energy Change (kJ/mol) 

5°C -4.25 

12°C -4.67 

23°C -5.34 

30°C -5.76 

40°C -6.37 
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Settling 

 

Figure B 2. Settling curves for CuDETA at different concentrations 
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Figure B 3. Settling curves for CuTETA at different concentrations 

 

Figure B 4. Settling curves for CuDETA pH 11 at different concentrations 
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Figure B 5. Settling curves for CuTETA pH 11 at different concentrations 

 

Figure B 6. Settling curves for CuDETA pH 11 high ionic strength at different 

concentrations 
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Figure B 7. Settling curves for CuTETA pH 11 high ionic strength at different 

concentrations 
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Figure B 8. Linear section of settling curves for CuDETA at different concentrations 

 

Figure B 9. Linear section of settling curves for CuTETA at different concentrations 
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Figure B 10. Linear section of settling curves for CuDETA pH 11 at different 

concentrations 

 

Figure B 11. Linear section of settling curves for CuTETA pH 11 at different concentrations 
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Figure B 12. Linear section of settling curves for CuDETA pH 11 high ionic strength at 

different concentrations 

 

Figure B 13. Linear section of settling curves for CuTETA pH 11 high ionic strength at 

different concentrations 
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