
BATCH AND BENCH-SCALE FIXED-BED COLUMN 

EVALUATIONS OF HEAVY METAL REMOVALS FROM 

AQUEOUS SOLUTIONS AND SYNTHETIC LANDFILL 

LEACHATE USING LOW-COST NATURAL ADSORBENTS 

 

 

 

By 

 

Chenxi Li 

 

 

 

Thesis submitted to the Department of Civil Engineering in conformity with the 

requirements for the degree of Master of Science (Engineering) 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(January, 2008) 

 

 

Copyright © Chenxi Li, 2008 



 ii

ABSTRACT 
 

In this project, three separate experiments were conducted to assess heavy metal 

removal from metal aqueous solutions and synthetic landfill leachate by adsorption using 

low-cost natural adsorbents.  

Fundamental batch investigations indicated that the 4.0-4.75 mm crushed mollusk 

shells and the Sphagnum peat moss were the best adsorbents for cadmium and nickel 

removal, respectively. Peat moss was also found to have the highest adsorption capacities 

for manganese and cobalt adsorption.  

The adsorption capacities of the peat moss and crushed mollusk shells used as natural 

adsorbents for the adsorption of cadmium and nickel from binary aqueous solutions in 

fixed-bed columns under continuous flow conditions were investigated. The life 

expectancy of each adsorbent in the fixed-bed columns was also assessed for different 

hydraulic loading rates. The flow rate of 1.5 mL/min (surface loading of 27.52 

cm3/cm2·day) and bed depth of 15 cm were identified as the better operational conditions 

from the column testing. The results indicated that 47.9% and 42.7% cadmium and nickel 

removal efficiencies could obtained under these operational conditions, respectively.  

Finally, the peat moss and the crushed mollusk shells were packed in bench-scale 

down-flow fixed-bed columns to evaluate their adsorption capacities as natural low-cost 

adsorbents for the removal of heavy metals from aerated and non-aerated synthetic 

landfill leachate. The flow rate applied in this operation was 1.5 mL/min (surface loading 

of 27.52 cm3/cm2·day). Peat was found to have the best adsorption capacities in columns 

treating aerated synthetic leachate for cadmium (78.6%) and nickel (83.8%) removal 

efficiencies. 
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Landfill leachate is a complex wastewater generated when the moisture content of a 

landfilled solid waste is higher than its field capacity (Robinson, 2004).  The main 

pollutants in landfill leachate that are generally significant include organic carbon 

compounds (eg. BOD, COD), nitrogenous compounds, and metal ions (Aziz et al., 2004; 

Baun and Christensen, 2004; Fatta et al., 1999; Irene, 1996; Kylefors et al., 2003; Ontario 

Ministry of Environment and Energy, 1995; VanGulck and Rowe, 2004). The selection 

and design of a leachate treatment system are not simple because of the variation in the 

quality and quantity of leachate from landfill to landfill, and over time, as a particular 

landfill ages.  

Various heavy metal ions including barium, calcium, cadmium, chromium, copper, 

nickel, lead, zinc, mercury and cobalt ions are often found in landfill leachate (Baun and 

Christensen, 2004). These heavy metals can originate from a variety of industrial 

activities and waste sources, and some are well-known toxic and carcinogenic agents. 

Residual metals in the environment pose a threat not only to human health, but can also 

have serious detrimental effects on aquatic ecosystems (Papageorgiou et al., 2006). 

Landfill leachate can sometimes permeate through landfill liners and result in the 

contamination of the underlying groundwater. Thus, heavy metal removal from landfill 

leachate is an important concern which requires due consideration. 

Traditionally, conventional landfill leachate treatment processes have been similar to 
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those that have been used for regular wastewater. The main approaches include: 

biological, physical and chemical treatment processes (Ontario Ministry of Environment 

and Energy, 1995). Biological treatment processes primarily remove high concentrations 

of organic compounds. However, to date, there is no evidence indicating that biological 

leachate treatment processes can provide the adequate microbial transformations of heavy 

metals through the selection of suitable microorganism (Enzminger et al., 1987; Norberg 

and Persson, 1984). Most physical and chemical treatment processes are costly when it 

comes to heavy metal removal (Metcalf and Eddy, 2003; Ontario Ministry of 

Environment and Energy, 1995; Wiszniowski et al., 2006). Several researchers have 

identified adsorption as the most appropriate process for heavy metal removal (Rodriguez 

et al., 2004; McLellan and Rock, 1988; Wiszniowski et al., 2006). 

  Conventional adsorption processes typically use activated carbon as the main 

adsorption medium, but it is expensive and not particularly effective for heavy metals. 

Thus, natural low-cost materials as adsorbents for heavy metal removal from aqueous 

solutions and wastewaters, as alternatives to activated carbon, have been considered in a 

number of investigations. These include: chitin and chitosan (Rae and Gibb, 2003), 

macroalgae (Cochrane et al., 2006), crab shell particles (Cochrane et al., 2006), peat 

(Champagne, 2001; McLellan and Rock, 1988; Ringqvist et al., 2001), activated and 

waste sludge (Ulmanu et al., 2003), fly ash (Cetin and Pehlivan, 2007), lignite (Allen et 

al., 1997), kaolinite (Papini et al., 2001), bentonite (Ulmanu et al., 2003), diatomite 

(Ulmanu et al., 2003), limestone (Aziz and Yusoff et al., 2004). In this study, crushed 

mollusk shell particles from Lake Ontario and commercially available Sphagnum peat 

moss were tested as potential natural adsorbents for the removal of heavy metals from 
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aqueous solutions and compared to granular activated carbon. 

  In addition, due to the complex composition of landfill leachate, it is often difficult 

to get satisfactory treatment efficiencies using a single treatment approach. Hence, 

systems combining physical, chemical and biological processes are often used for landfill 

leachate treatment (Aziz and Yusoff et al., 2004; Kargi and Pamukoglu, 2003; Uygur and 

Kargi, 2004). There is limited information in the literature regarding the comparison of 

the adsorption behaviors of different adsorbents, particularly natural adsorbents, for 

heavy metal removal from leachate. In this research, a series of experiments were 

conducted to identify appropriate and relatively inexpensive natural adsorbents for heavy 

metal removal from landfill leachate. These include: batch adsorption experiments, 

small-scale fixed-bed adsorption column tests treating a binary metal solution, and 

small-scale fixed-bed column tests treating aerated and unaerated synthetic landfill 

leachate. 

 

1.2 Research Objectives 

The objective of this research was to investigate heavy metal removal from aqueous 

solutions and synthetic landfill leachate using various adsorbent materials in a series of 

batch and fixed-bed column studies under various experimental conditions. In order to 

achieve this objective, three studies were undertaken: (1) a batch adsorption study using 

single constituent metal solutions to characterize the metal retention potential of peat and 

crushed mollusk shells in comparison with granular activated carbon; (2) a column 

adsorption study using binary metal solutions of cadmium and nickel as representative 

metal ions to examine the metal retention potential of peat and crushed mollusk shells in 
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fixed-bed configurations of different depths and operated under different loading 

conditions; and, (3) a column adsorption study using aerated and unaerated synthetic 

landfill leachate to investigate the effect of aeration on clogging and metal retention in a 

fixed bed configuration.  

 

1.3 Thesis Organization 

The experiments and tasks were outlined, designed and undertaken and are presented 

in this thesis in the following manuscript format. 

 

1. Chapter 2: A literature review is presented Chapter 2 which touches on various 

aspects of this research. Since this research is focused on heavy metal removal from 

aqueous solution and synthetic landfill leachate using adsorption, general landfill 

leachate treatment methods including adsorption were reviewed. Adsorption 

fundamentals, adsorption approaches and adsorbent materials for heavy metal 

removal were reviewed and presented. 

2. Chapter 3: The paper presented in Chapter 3 is a journal manuscript which will be 

submitted to Journal of Hazardous Materials. This chapter aimed to identify 

appropriate natural adsorbents for the removal of metals from single-constituent metal 

ion solutions and provide fundamental information on the adsorption capacities of 

these adsorbent materials. Fundamental batch investigations examining the adsorption 

capacities of low-cost natural adsorbent materials, including crushed mollusk shells 

and Sphagnum peat moss, for the removal of high concentrations of cadmium [Cd(II)], 

nickel [Ni(II)], manganese [Mn(II)], and cobalt [Co(II)] from single-constituent metal 
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ion aqueous solutions were conducted and compared with the adsorption capacities of 

granular activated carbon. The effects of the metal ion species, contact time, initial 

metal concentration, adsorbent particle size, and adsorbent mass on the adsorption 

capacity of the adsorbents for the metal ions were examined and discussed. Langmuir 

and Freundlich equilibrium isotherm model parameters were derived and the models 

were compared. In addition, different adsorbents were mixed in various mass ratios 

and tested for each single-constituent metal ion solution, to determine the effect of 

using mixtures of adsorbents with different adsorption characteristics. The constants 

and parameters of the isotherm models obtained in Chapter 3 were applied in Chapter 

4 to estimate and predict the adsorbent exhaustion in the column configurations.  

3. Chapter 4: The paper in Chapter 4 is a journal manuscript which will also be 

submitted to the Journal of Hazardous Materials. The aim of this second paper was to 

obtain useful information for metal ion removal which could then be extrapolated to 

the treatment of the synthetic landfill leachate presented in Chapter 5. Based on to the 

results obtained from Chapter 3, Sphagnum peat moss and 4.0-4.75 mm crushed 

mollusk shells were identified as good natural adsorbents and cadmium and nickel 

were selected as representative heavy metals to investigate the adsorption of metals 

from binary aqueous metal ion solutions using fixed-bed columns under continuous 

unsaturated flow conditions. Based on the adsorption model constants derived from 

the batch adsorption equilibrium study, the life expectancy of each adsorbent in the 

fixed-bed columns was assessed for different hydraulic loading rates. Two flow rates 

(hydraulic loading rates), 1.5 mL/min (surface loading of 27.52 cm3/cm2·day) and 3.4 

mL/min (surface loading of 62.37 cm3/cm2·day), were applied to each of the two 
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adsorption media, which were each packed at two different column depths (10 cm and 

15 cm). Effluent metal concentrations and pH were monitored, while metal 

breakthroughs as a function of volumetric throughput in the columns were reported 

and compared to each other. The results of these fixed-bed column investigations 

could provide useful insights in the design of larger scale metal removal applications 

using these types of natural adsorbents. Metal removal efficiencies and adsorbent 

adsorption capacities for each of the columns was estimated to assess the suitability 

of these adsorption media and the preferred operational conditions for the treatment 

of cadmium and nickel.  

4. Chapter 5: The paper presented in Chapter 5 will be submitted as a journal manuscript 

to the Journal of Water Research and an abridged version has been accepted for 

presentation at the 5th Asian-Pacific Landfill Symposium to be held in Sapporo 

Hokkaido (Japan) October 22-24 2008. The main objective of Chapter 5 was to 

investigate the adsorption of heavy metals (cadmium and nickel) in synthetic landfill 

leachate onto sphagnum peat moss and mixtures of peat and crushed mollusk shells 

packed at different volume (bed depth) ratios. A laboratory bench-scale fixed-bed 

column study operated in a down-flow configuration was conducted to evaluate 

Sphagnum peat moss and crushed mollusk shells as natural low-cost adsorbents for 

the removal of heavy metals from aerated and non-aerated synthetic landfill leachate. 

Columns were packed with 15 cm of prepared peat moss, or 15 cm adsorbent 

mixtures comprised of peat moss and 4.0-4.75 mm crushed mollusk shells from Lake 

Ontario at different bed depth ratios. The removal of COD and total nitrogen from the 

synthetic leachate was also monitored to evaluate the potential effects of biological 
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activity on heavy metal adsorption. From the results of this third paper, general 

observations regarding the potential use of these natural adsorbents for the mitigation 

of landfill leachate were discussed.  

5. Chapter 6: The sixth chapter outlined general conclusions regarding the suitability of 

natural adsorbents tested for the removal of heavy metals and the treatment of landfill 

leachate. Recommendations for the future research were also presented. 
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Chapter 2 

Literature Review 

2.1 Overview 

The purpose of this literature review is to identify and summarize some of the literature 

regarding the removal of heavy metals from aqueous solutions and from wastewaters 

such as landfill leachate, using low-cost natural adsorbents. Pollutant concentrations in 

landfill leachate, alternatives for landfill leachate treatment and heavy metal mitigation 

using adsorption were reviewed, with a primary focus on adsorption approaches for 

heavy metal removal. Adsorption fundamentals, adsorption mechanisms, adsorbent 

materials for heavy metal removal, as well as a number of research investigations are 

reviewed and discussed.  

 

2.2 Landfill Leachate  

 

2.2.1 Landfills 

Landfills are defined as areas of land built-up with layers of solid waste and covered 

with soil or other types of covering materials. They are typically used for the disposal of 

municipal or industrial solid waste materials.  

As shown in Figure 2.1, landfills are usually composed of a liner system, storage space 

for the waste generally arranged in the form of cells, a leachate collection system, a gas 

collection system, and a cover or capping (Department of Natural Resource of Wisconsin, 

2006). 



 

Figure 2.1 Typical landfill structure (Department of Natural Resource of Wisconsin, 2006) 
 

Differences between landfill leachates are the result of their hydrogeological 

conditions, location, and environmental contributors (Irene, 1996). As such, landfill 

leachates from different landfills and their respective treatment must be dealt with on a 

site-by-site basis. 

 

2.2.2 Leachate Generation 

Landfill leachate is a complex wastewater generated when the moisture content of the 

landfilled solid waste is higher than its field capacity (Robinson, 2004). Generally, 

decomposition in a municipal landfill can last for many years, as long as organic 

materials are available and sufficient to sustain bacterial activity. The main factors 

affecting the decomposition of the waste in a landfill include water movement, pH, 

temperature, degree of compaction, age of the landfill, and composition of the solid waste 

(Irene, 1996).  

 12
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Leachate can be collected through a series of collection pipes installed at the base of 

the landfill. The leachate can then be recycled, or pumped out of the landfill and placed in 

storage areas, or pumped directly into a leachate treatment plant. In North America, an 

average landfill of 6.88 ha in size with an annual infiltration rate of 25.4 cm can generate 

an estimated 17,410 m3 of leachate per year (Ontario Ministry of Environment and 

Energy, 1995). 

The characteristics of the landfill leachate can usually be represented by basic 

parameters such as chemical oxygen demand (COD), biochemical oxygen demand 

(BOD), ratio of BOD/COD, color, ammonium nitrogen (NH3-N), and alkalinity (Irene, 

1996; Linde et al., 1995). 

 

2.2.3 Pollutants in Landfill Leachates 

The quality of landfill leachate is highly variable from landfill to landfill. Reliable 

methods to forecast the exact composition of a particular leachate at a particular time 

have yet to be developed (Ontario Ministry of Environment and Energy, 1995). Organic 

carbon compounds (BOD and COD), nitrogenous compounds, and metal or heavy metal 

ions are generally recognized as the main pollutants in landfill leachate (Aziz et al., 2004; 

Baun and Christensen, 2004; Fatta et al., 1999; Irene, 1996; Kylefors et al., 2003; Ontario 

Ministry of Environment and Energy, 1995; VanGulck and Rowe, 2004). 

To measure the level of carbon compounds in the leachate, COD is used most often. 

Chemical oxygen demand is a simple test which allows for results to be obtained in a 

relatively shorter period of time than required for a five-day biochemical oxygen demand 

(BOD5) determination. This parameter also gives an indication of the treatability of the 
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leachate. The relationship between the landfill age and organic compound concentrations 

can be correlated through the COD concentration and the ratio of BOD5 to COD, as 

shown in Table 2.1 (Morelli, 1992). 

 

Table 2.1 Leachate characteristics vs landfill age (Morelli, 1992) 
 < 5 years 5 to 10 years >10years 

COD (mg/L) >10000 500-10000 <500 

BOD5/COD >0.5 0.1-0.5 <0.1 

 

Ammonia-nitrogen (NH3-N) and ammonium (NH4
+-N), referred to as total ammonia-N, 

are commonly found in leachate (Ontario Ministry of Environment and Energy, 1995). 

Nitrogenous compounds in leachate can be analyzed using various parameters including 

total nitrogen (TN) and total Kjeldahl nitrogen (TKN). Total nitrogen consists of organic 

nitrogen, ammonia, nitrite, and nitrate, while TKN is a combination of total ammonia 

nitrogen and organic nitrogen. Total Kjeldahl Nitrogen and TN analyses can indicate the 

level of stabilization and the age of the landfill (Ontario Ministry of Environment and 

Energy, 1995; Metcalf and Eddy, 2003). 

Landfill leachate can contain various heavy metal ions present in significant 

concentrations. These heavy metal ions can include barium, calcium, cadmium, 

chromium, copper, nickel, lead, zink, mercury and cobalt ions (Baun and Christensen, 

2004; Sletten et al., 1995). Some other metal ions such as iron, magnesium and calcium 

ions could exist at higher concentrations (Sletten et al., 1995). Baun and Christensen 

(2004) compiled average concentrations of heavy metals in landfill leachate from 

countries around the world. In general, cadmium, manganese, nickel and cobalt ions have 



been reported to be extensively present in landfill leachates from US landfills. 

 

Table 2.2 Composition of synthetic leachate (VanGulck and Rowe, 2004) 
Typical Component Per Liter 
Acetic Acid (99%) 7mL 
Propionate 5mL 
Butyrate 1mL 

4

 
2HPOK  30mg 

3KHCO 312mg 
32COK  324mg 

NaCl  1440mg 
3NaNO  50mg 

3NaHCO  3012mg 
2CaCl  2882mg 

OHMgCl 22 6⋅  3114mg 
4MgSO  156mg 

34HCONH  2439mg 
22 )(NHCO  695mg 
OHSNa 22 9⋅  Titrate to an Eh-120mV:-180mV 

NaOH  Titrate to a pH 5.8-6.0 
Trace metal solution (TMS) 1mL 
Distilled Water To make 1L 
  
Composition of trace metal solution 
(TMS) 

 

4FeSO  200mg 
43BOH  50mg 

OHZnSO 24 7⋅  50mg 
OHCuSO 24 5⋅  40mg 
OHMnSO 24 7⋅  500mg 

OHOMoNH 224764 4)( ⋅  50mg 
OHSOAl 232 16)( ⋅  30mg 

OHCoSO 24 7⋅  150mg 
OHNiSO 24 6⋅  500mg 

96% concentration sulfate acid 1mL 
Distilled Water To make 1L 

 

Table 2.2 demonstrates a typical synthetic landfill leachate recipe. The synthetic 

leachate was designed to have a composition similar to leachate collected between June 
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and August 1993, from the Keele Valley Landfill (KVL) in Maple, Ontario. COD 

concentration of this synthetic leachate was around 15,000mg/L (VanGulck and Rowe, 

2004). 

As can be seen from Table 2.2, organic compounds, nitrogenous compounds and heavy 

metal ions were typical pollutants in the KVL landfill synthetic leachate. The pollutants, 

particularly heavy metal ions, have to be treated before the leachate is discharged to the 

receiving environment, or they could cause significant environmental problem (Baun and 

Christensen, 2004). 

 

2.3 Treatment of Landfill Leachate 

In recent years, landfill leachate treatment has received significant attention. Many 

in-situ or ex-situ treatment methods have been investigated and applied. This review will 

concentrate on ex–situ methodologies. It has to be noted that if leachate is sent to an 

off-site sewage treatment plant, pre-treatment is often required to avoid sewer use 

surcharges for high-strength wastes and to meet discharge criteria. 

Landfill leachate is essentially a type of wastewater that has an elevated concentration 

of contaminants. Thus, leachate treatment processes are generally similar to those 

designed and selected for municipal wastewaters. However, for more complex leachate 

compositions, a combination of physical, chemical and biological approaches are 

typically employed for its treatment. Satisfactory treatment efficiencies often cannot be 

achieved by simply using one of these approaches alone.  
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2.3.1 Biological Processes 

Biological treatment processes play a critical role in the mitigation of landfill leachate. 

By optimizing the growth of microorganisms, biodegradable organics can be treated 

efficiently. In biological processes, colloidal, dissolved carbonaceous organic matter and 

inorganic element such as nitrogen, phosphorus, sulphur, potassium, calcium and 

magnesium can be converted into cell issue or/and into various gases as a product of 

metabolism (Wiszniowski et al., 2006). Typically, biological treatment processes include 

activated sludge systems, aerobic lagoons, rotating biological contactors, and some 

anaerobic treatment systems. 

The underlying principle of activated sludge systems is that aerobic microorganisms 

can be used for the biodegradation of organic matter. The leachate is mixed with 

recirculated sludge biomass and aerated in an open tank by diffusers or mechanical 

aerators. Activated sludge systems have demonstrated significant organic compound 

reductions in landfill leachate for influent BOD5 concentrations below 10,000 mg/L 

(Ontario Ministry of Environment and Energy, 1995).  

Aerobic lagoons, sometimes referred to as aerated ponds, are very shallow basins that 

treat wastewater with the use of algae and bacteria. The microbiology of aerated lagoon 

processes is essentially the same as for activated sludge processes. Temperature can 

significantly affect lagoons due to the large surface area. In general, aerated lagoons can 

only treat low-strength leachate and are, therefore, best suited as a polishing step used in 

conjunction with other treatment approaches. Recommended loadings for aerated lagoons 

are less than 0.05kg BOD/m3/d and the process yields approximately 0.5 kg sludge per kg 

BOD removed (Ontario Ministry of Environment and Energy, 1995)  
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  Rotating biological contactors (RBC) consist of a series of closely spaced light weight 

plastic discs mounted on a horizontal shaft supported in a semi-circular or trapezoidal 

tank. These discs are submerged in a wastewater tank and slowly rotated. 

Microorganisms from the wastewater adhere to the plastic disc surfaces and then form 

biofilms. When the disc rotates out of the wastewater, the biofilm is exposed to air, 

thereby maintaining aerobic conditions. After reaching a critical thickness, portions of the 

biofilm slough off the discs due to gravity and the shear forces generated by the rotating 

action (Wiszniowski et al., 2006). RBC treatment was commercialized during the early 

1960’s for municipal and industrial wastewater treatment (Wiszniowski et al., 2006), and 

was tested for landfill leachate in the mid-1980’s in US (Howard, 1991). Studies have 

indicated that RBC treatment is capable of reducing influent landfill leachate COD levels 

greater than 19,000 mg/L by at least 90% (Forestal and Vicevic, 1989). 

  Anaerobic biological treatment processes have also been demonstrated to be effective 

in reducing organic loadings from landfill leachate (Alkalay et al., 1998). These 

anaerobic processes use microorganisms in the absence of oxygen to convert organic 

compounds in the leachate to methane gas. A number of studies have reported its 

application at the laboratory-scale and at full-scale. Lin et al. (1998) obtained 86% COD 

removal with an influent concentration of 315 g COD/m3/day and a solids retention time 

of 20 days for landfill leachate treatment using anaerobic treatment. Kennedy et al. (2000) 

used an up-flow anaerobic sludge blanket (UASB) system and achieved between 77% 

and 91% COD removal efficiencies at hydraulic retention times of 24, 18, and 12 h at 

organic loading rates ranging between 0.6-19.7 g COD/l-d. Based on the reports, it was 

noted that the treatment efficiencies of anaerobic processes depend on the influent 
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concentrations, reactor style, and hydraulic retention time. 

  Leachate biodegradation using biological treatment processes can primarily reduce 

high concentrations of organic compounds present in the leachate. However, many 

organic compounds or other constituents such as metals cannot be mitigated using 

biological processes. Physical and chemical approaches are used along with the 

biological processes mainly to make the treatment effective when biological oxidation 

processes are negatively affected by the presence of bio-refractory compounds such as 

heavy metals (Wiszniowski et al., 2006). Hence, a combination of physical, chemical and 

biological methodologies are often necessary for the successful treatment of landfill 

leachate (Kargi and Pamukoglu, 2003). 

   

2.3.2 Physical and Chemical Processes 

  Physical and chemical processes include chemical precipitation, chemical 

coagulation-flocculation, chemical oxidation, ion exchange, adsorption and membrane 

processes. 

  Chemical precipitation can remove dissolved and suspended solids from a wastewater 

via sedimentation through the addition of chemicals to alter the physicochemical state of 

the solids. Over the years, a number of different substances have been used as 

precipitants. The most commonly used inorganic chemicals in chemical precipitation 

include aluminium chloride, calcium hydroxide (lime) and ferric chloride (Metcalf and 

Eddy, 2003). Chemical precipitation can reduce the levels of TSS, BOD, phosphorus and 

heavy metals in wastewater. 

Chemical coagulation-flocculation is the chemical destabilization of colloidal particles 



 20

in wastewater to bring about their aggregation during flocculation. The coagulant is the 

chemical that is added to destabilize the colloidal particles in the wastewater such that 

floc formation can result. A flocculent is a chemical, typically organic, which can 

enhance the flocculation process (Metcalf and Eddy, 2003). Coagulation with alum or 

ferric chloride can remove iron and color, but is of limited value in removing COD, 

chloride, hardness and dissolved solids (Ontario Ministry of Environment and Energy, 

1995). Ehrig (1988) and Amokrane et al. (1997) indicated that the coagulation and 

precipitation were not suitable for the treatment of high strength leachate. Amokrane et al. 

(1997) reported that COD removal from a stabilized landfill leachate using a 

coagulation-flocculation process was generally limited to a 50-60% treatment efficiency.  

Chemical oxidation in wastewater treatment typically involves the use of oxidizing 

agents (oxidants) to oxidize the organic contaminants. Ozone (O3), hydrogen peroxide 

(H2O2), permanganate (MnO4), chloride dioxide (ClO2), chlorine (Cl2 or HOCl), and 

oxygen (O2) are typical oxidants. Chemical oxidation is effective for the treatment of 

wastewaters containing soluble organics which cannot be removed by physical separation, 

as well as for non-biodegradable and/or toxic substances (Wiszniowski et al., 2006). In 

general, efficient treatment via chemical oxidation has been shown to be very cost 

effective for reducing COD in leachate (Ontario Ministry of Environment and Energy, 

1995). 

Membrane processes usually consist of microfiltration, ultrafiltration, nanofiltration 

and reverse osmosis. The basis of these processes is that higher molecular weight 

organics cannot pass through when pressured wastewater is forced through the membrane. 

Reverse osmosis systems are the most widely used membrane process for leachate 



 21

treatment (Robinson, 2004). The drawback of membrane processes is that the membranes 

are susceptible to fouling due to the formation of biological slimes. Their construction 

and operation are very costly compared to traditional biological treatment processes 

(Robinson, 2004). 

Ion exchange processes involve the displacement of a given ion from an insoluble 

exchange material by other ionic species in solution. The most common use of this 

process is in domestic water softening. Prior to ion exchange, the leachate needs to be 

clarified by coagulation/flocculation/precipitation to remove suspended solids and 

non-aqueous liquids. Ion exchange is generally not recommended for any leachate 

containing over 2500 mg/L of dissolved solids (Ontario Ministry of Environment and 

Energy, 1995).  

Adsorption is the process of accumulating substances present in solution on a suitable 

interface (Metcalf and Eddy, 2003). It is considered to be a polishing process for water 

which has already received normal biological treatment. Carbon adsorption is one of the 

most extensively applied physical-chemical processes for the removal of pollutants from 

leachate (Enzminger et al., 1987). Hence, the application of adsorptions processes landfill 

leachate treatment are discussed further in the following subsections. 

 

2.4 Heavy Metal Removal by Adsorption from Landfill Leachate 

Heavy metals are widely used in industrial activities and are often found in industrial 

and municipal waste streams. Table 2.2 includes a range of heavy metals typically found 

in landfill leachate. A number of heavy metal ions, such as Cd, Hg, and Pb have been 

reported to have toxic and/or carcinogenic effects on human health (Kargi and 
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Pamukoglu, 2003). Thus, heavy metal removal is an important concern in landfill 

leachate treatment. As previously discussed, biological leachate treatment can not 

effectively treat and remove all organic and inorganic compounds, particularly heavy 

metal ions. Many physical-chemical treatment processes can be very costly, because large 

quantities of chemicals are required. As such, the use of low-cost natural adsorbents 

would be beneficial for the removal of heavy metals from landfill leachate. 

 

2.4.1 Fundamentals of Adsorption Processes 

Adsorption is a mass transfer operation through which constituents in the liquid phase 

are transferred to the solid phase, resulting in the accumulation of a surface layer of 

solute molecules on the adsorbent. The adsorbate is the substance that is being removed 

from the liquid phase at the interface, while the adsorbent is the solid, liquid, or gas phase 

onto which the adsorbate accumulates (Ruthven, 1984). In this review, only the case of 

adsorption between the liquid-solid interface is considered.  

Adsorption results as a consequence of an unbalance of surface forces or surface 

energy (Eckenfelder, 2000), and includes both physical and chemical mechanisms. 

Physical adsorption mechanisms result from molecular condensation in the capillaries of 

the solid, while chemical adsorption mechanisms involve the formation of ion complexes 

and the formation of chemical bonds between the adsorbate and the adsorbent 

(Eckenfelder, 2000; Stumm and Leckie, 1970). In a bulk material, all the bonding 

requirements of the constituent atoms of the material are filled. Some atoms on the 

adsorbent surface experience a bond deficiency and conditions are favorable to bond with 

other atoms in the solutions. The exact nature of the bonding depends on the details of the 



 23

atomic species involved.  

  Adsorption takes place in three definable steps (Ruthven, 1984): (1) bulk solution 

transport which moves the adsorbate through the bulk liquid by means of advection and 

dispersion, to the fixed film boundary layer surrounding the adsorbent media; (2) 

diffusive transport which moves the adsorbate across the fixed film boundary layer; and 

(3) bounding processes which act to attach the adsorbate to the media surface. 

  In general, substances with higher molecular weights are most easily adsorbed. The 

overall rate of adsorption is controlled by the rate of diffusion of the solute molecules 

within the capillary pores of the adsorbent particles. The rate increases with the adsorbate 

concentration and temperature, as well as the molecular weight of the solute (Eckenfelder, 

2000). 

   

2.4.2 Adsorbents for Heavy Metal Removal 

Adsorption by activated carbon is a well-established technology employed extensively 

in the treatment of wastewaters from various industrial and municipal sources. Activated 

carbon is prepared by making a char from organic materials such as almonds, coconuts, 

walnut hulls, wood and coal. The char particle is then activated by exposing it to an 

oxidizing gas at a high temperature. The gas develops a porous structure and creates a 

large internal surface area. Generally, there are two types of activated carbon: granular 

activated carbon (GAC) and powdered activated carbon (PAC). Activated carbons are 

classified by the average diameter of the carbon, where the diameter of granular activated 

carbon is greater than 0.1 mm, while the diameter of powdered activated carbon diameter 

is less than 0.074 mm (Metcalf and Eddy, 2003).  
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Activated carbon has been proven to be a good adsorbent for heavy metals and 

non-biodegradable organic compound removal (Gabaldon et al., 2000; Hasar, 2003; Aziz 

et al., 2004; Rodrigue et al., 2004). Hasar (2003) reported that the activated carbon 

prepared from almond husks could achieve a 97.8% nickel ion removal efficiency using 5 

g/L of activated carbon from initial nickel ion solution of 25mg/L. In experiments 

investigating the removal of NH3-N from leachate using GAC, limestone, and 

GAC/limestone mixtures in Malaysia, GAC was found to be more effective than 

limestone (Aziz et al., 2004). A study conducted by Rodrigue et al. (2004) comparing the 

treatment efficiency of GAC with other adsorbents for the removal of non-biodegradable 

organic compounds from landfill leachates reported that GAC yielded the greatest 

reductions in effluent COD concentrations.  

Although activated carbon is widely applied for pollutant removal, natural low-cost 

materials have also successfully been employed as adsorbents for heavy metal removal 

from aqueous solutions and wastewaters. These have been considered and researched as 

alternatives to activated carbon. Studies have been conducted using natural materials and 

biological wastes from industrial processes including: chitin and chitosan (Rae and Gibb, 

2003), macroalgae (Cochrane et al., 2006), crab shells (Cochrane et al., 2006), peat 

(McLellan and Rock, 1988; Ringqvist et al., 2001), activated and waste activated sludge 

(Ulmanu et al., 2003), fly ash (Cetin and Pehlivan, 2007), lignite (Allen et al., 1997), 

kaolinite (Papini et al., 2001), bentonite (Ulmanu et al., 2003), diatomite (Ulmanu et al., 

2003), and limestone (Aziz and Yusoff et al., 2004). Peat has been shown to be a readily 

available, simple, effective and inexpensive adsorbent for the removal of heavy metals in 

wastewater. For example, it has been reported to reach over 90% removal efficiencies in 
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cadmium and nickel adsorption (Brown et al., 2000). Shells and natural chitin, are 

plentiful, inexpensive, and effective adsorbents for cobalt, copper, nickel, lead and 

cadmium removal from aqueous solutions and landfill leachate (Rae and Gibb, 2003; 

Zhou et al., 2004). As peat and mollusk shells are useful in adsorption applications, the 

feasibility and economics of using these natural adsorbent will be discussed further in the 

following subsections. 

   

2.4.2.1 Peat 

Peat is an inexpensive product which is available in many areas (Ringqvist et al., 2001). 

The largest peat deposits are found in the northern hemisphere. Brazil and Indonesia also 

have significant reserves (Brown et al., 2000). It constitutes partially decomposed plant 

material due to the lack of oxygen, low temperatures, high acidity, low nutrient supply 

and water logged conditions, and hence, is typically found in wet swampy areas (Ontario 

Ministry of Environment and Energy, 1995). The specific surface area of peat is relatively 

large (>200m2/g) because it is a highly porous (95%) material (Ringqvist et al., 2001). 

Peat is a complex material, composed of cellulose, lignin and humic substances. The 

lignin and humic substances contain functional groups that are responsible for the 

sorption of metal ions. The main functional groups of lignin include alcohols 

(R-CH2-OH), aldehydes (R-C=O(-H)), ketones (R-C=O(-R)), carboxylic acids 

(R-COOH), phenolic hydroxides (Ar-OH) and ethers (R-CH2-O-CH2-R). The primary 

functional groups of humic substances involve carboxyl (R-COOH), hydroxyl (R-OH) 

and carbonyl (R-C=O) groups. These functional groups are generally negatively charged 

which allows for the strong attraction of metal ions to peat (Evangelou, 1998; Couillard, 
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1994; Ringqvist et al., 2001; Wase et al., 2005; Brown et al., 2000).  

The sorption reactions that occur between metal ions and peat functional groups 

involve water bridging of metals and the formation of either relatively weak outer-sphere 

complexes, or strong inner-sphere complexes. An outer-sphere complex is a weak 

electrostatic association between a negatively charged functional group and a hydrated 

metal cation. An inner-sphere complex is a strong complex between a negatively charged 

functional group and an unhydrated cation (Evangelou, 1998).  

Four factors that determine the selectivity of cation sorption are (1) the capacity of 

ions to form ion pairs; (2) the type of hydrated complex formed by the cation; (3) the 

types of interactions between the functional groups and metal ions; and (4) the nature and 

abundance of functional groups within the peat (Couillard, 1994).  

It is commonly believed that ion-exchange is the most prevalent mechanism of heavy 

metal adsorption onto peat (McLellan and Rock, 1987). Metals can react with the 

carboxylic and phenolic acid groups to release protons. The ability to retain metal ions is 

highly dependent on the pH of the solution. At lower solution pH, sorption sites become 

protonated which decreases the ability of peat to retain metals. This phenomenon results 

in the selective sorption of cations from solution (Couillard, 1994). When the solution pH 

is above 8.5, the peat is not stable enough for metal adsorption, although some anionic 

sites can displace metals (Crist et al., 1996). Most metal ions can be leached from peat 

when the pH is below 3.0. Hence, metals can be generally be significantly adsorbed by 

peat at pH levels ranging between 3.0-8.5. One particular study noted that higher nickel 

ion adsorption, leading to more hydrogen ions being exchanged and released to solution 

resulting in a decrease in solution pH (Ho et al., 1995), which ultimately impacted nickel 
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removal from solution. 

Complexation is another major metal adsorption mechanism using peat. Adjacent 

aromatic carboxalate -COOH and phenolic -OH groups can participate in complexation 

because H+ ions can be released from these compounds when contacting with metal ions 

(Brown et al., 2000). In this respect, complexation is also considered a form of 

ion-exchange process.  

Chemisorption is an adsorption process in which ions are not specifically exchanged, 

but electrons may be exchanged, which result in peat–metal binding. This process is 

similar to ion-exchange, but involves electrons instead of ions (Brown et al., 2000; Choi 

and Yun, 2006).  

Surface adsorption is a surface reaction where positively charged ions are attached to 

a negatively charged surface without the exchange of ions or electrons (Brown et al., 

2000). Peat can therefore hold positively charged molecules such as viruses, ammonium, 

metals, oils and some organic molecules. With this mechanism, adsorption capacity 

generally increases as the surface area of adsorbent area increases. 

A number of researchers have reported the use of peat as potential adsorbent for 

heavy metal removal from landfill leachate (Fine et al., 2005; Sharma and Forster, 1995; 

Cochrane et al., 2006; Ringqvist et al., 2001). Peat was used for cadmium ion removal 

from aqueous solution in both batch experiments and column experiments, where a 

cadmium adsorption capacity of 300 mg/g was reported in the batch study (Fine et al., 

2005).  Successful treatment was obtained in column studies by Sharma and Forster 

(1995) for chromium adsorption onto sphagnum peat moss operated at different 

adsorbent media depths, pH and influent rate. Cochrane et al. (2006) noted copper 



 28

adsorption capacities onto peat yielding 44% removal efficiencies. Poorly humified peat 

was tested as an adsorbent for heavy metal removal from landfill leachate in a study by 

Ringqvist et al. (2001) where copper removals of 80-100% were obtained. 

  The removal of copper, cadmium, nickel and zinc by peat was investigated by Gosset 

et al. (1986). They observed a selective metal adsorption order where nickel > copper > 

zinc ≈ cadmium over a pH range of 0 to 6.5. Similar results were reported by Bonnett and 

Cousins (1987), where the preferential sorption order was copper > iron > chromium > 

nickel > aluminium > zinc > manganese at pH values ranging from 2.5 to 5.5. During this 

study the sorption of copper was preferred over nickel which did not coincide with the 

higher nickel removal observed by Gosset et al. (1986). Sorption studies that observed 

nickel and copper removal by peat carried out by Ho et al. (1995) support the preferential 

removal of copper over nickel. Other studies that observed the affinity of metal sorption 

onto peat reported the following orders: Twardowska and Kyziol (1996) chromium > 

copper > zinc > cadmium; Ringqvist and Öborn (2002) copper > zinc; Champagne et al. 

(2005) copper > iron > aluminium > nickel > cadmium > zinc > manganese.  

As noted earlier, the pH of the influent solution can have an effect on the metal 

sorption capacity of peat. Gosset et al. (1986) observed that as pH increased from 0 to 6.5, 

the percent of copper, cadmium, nickel and zinc sorbed onto peat increased from 

approximately 0 to close to 100 % within 4 to 5 pH units. Bonnett and Cousins (1987) 

observed similar results for copper, iron, chromium, nickel, zinc, aluminium, zinc and 

manganese over a pH range of 2.5 to 5.5. They also reported that selectivity for metal 

sorption became less important when the pH was higher than 4.0, which was attributed 

this to an increase in negative sites on available functional groups due to deprotonation. It 
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was also noted that manganese was generally significantly less adsorbed, in comparison 

to other metals, even up to pH 5.5. Ho et al. (1995) studied the sorption of nickel onto 

peat surfaces over a pH range of 2 to 7. They found that the amount of nickel sorbed 

increased between pH 2 and 4, however at pH values between 4 and 7, nickel sorption did 

not increase significantly. Ringqvist and Öborn (2002) studied the sorption of copper and 

zinc onto peat at pH values ranging between 4 and 8. They noted that at these pH values 

the sorption of copper was relatively unaffected. However, the sorption of zinc increased 

significantly from pH 4 to pH 8. 

The concentration of metals in solution is an important factor in the sorption of metal 

ions onto peat. Ho et al. (1995) reported that when nickel ion concentrations increased 

the solution, the equilibrium pH decreased, which was attributed to H+ being desorbed 

and released to solution as nickel was being adsorbed. Hence, at higher nickel 

concentrations, the effect of the pH decrease was greater and nickel adsorption was less 

effective. Similar results were reported by Twardowska and Kyziol (1996) for chromium, 

copper, zinc and cadmium, and by Ringqvist and Öborn (2002) for copper and zinc. 

Copper and zinc were selected by Ringqvist and Öborn (2002) for adsorption testing 

as the binding mechanisms of these two metals are different. Copper is mainly sorbed as 

inner-sphere complexes and zinc as outer-sphere complexes. This study suggested that 

the affinity of a metal ion for sorption by peat is a function of its interaction mechanism, 

with inner-sphere complex forming metals being preferred. Sequential fractionation of 

bound metals carried out by Twardowska and Kyziol (1996) noted that chromium was 

most preferentially bound to peat and that most of the chromium removal was strongly 

bound to the organic fraction, indicating the formation of inner-sphere complexes. Zinc 
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and cadmium were the least preferred metal ions sorbed by peat and a large amount of 

these metals were bound to the exchangeable fraction, indicating weak bonds formed via 

ion exchange mechanisms related to outer-sphere complexes. Champagne (2001) used 

sequential extraction procedures to determine the dominant fractions to which metals 

were bound in peat. It was observed that copper and iron were bound to the organic 

fraction, and correlates with copper and iron being the more preferred metals for sorption 

by peat (Champagne et al., 2005), while metals with less affinity for peat sorption, zinc, 

manganese, nickel and cadmium, were associated with the exchangeable fraction 

(Champagne et al., 2005). 

It is important to note that peat naturally has an acidic nature, and effluent exiting 

peat biofilters tend to be acidic. Further, peat is not capable of reliably removing all metal 

ions without an expectation of eventual metal breakthrough (Champagne et al., 2005). 

Over time functional groups in peat that are associated with metal sorption will become 

saturated with metal ions from solution. As such, new material will be required to be 

added to peat systems in order to provide new sorption sites to facilitate metal retention.  

The reported removal efficiencies of organics in peat biofilters are very significantly. 

The main mechanisms for the removal of organics in a peat filter have been attributed to 

physical filtration of solid particles containing organic matter and bacterial uptake 

(Kinsley et al., 2003). Nearly 100% removal of BOD was obtained in the treatment of 

landfill leachate using an air-dried peat column at a hydraulic loading rate of 60 mm/day 

in an investigation by Heavey (2003). Cameron (1978) performed laboratory testing 

using columns packed with peat moss in which leachate was allowed to percolate through 

with a contact time of 2.9 hours, where BOD5 and COD were noted to be reduced by 



25-75% (Cameron, 1978). Sixty two percent total-N removal was observed in a peat 

column in a study undertaken by Rock et al. (1984). In field experiments by Riznyk et al. 

(1993), 95% COD removal efficiencies were reported for a hydraulic loading rate of 2.12 

cm3/cm2-day. 

 

2.4.2.2 Chitin and Shells 

Chitin is one of the most abundant organic materials that can be readily obtained in 

nature (Zhou et al., 2004). The most abundant natural source of chitin is usually from 

the shells or exoskeleton of animal such as crustaceans, arthropods and mollusks (Crini, 

2005; Zhou et al., 2004). Most shells, especially mollusk shells such as crab or mussel 

shells, consist principally of CaCO3 and chitin (Laska, 2005; Lee et al., 2004). For 

instance, the shell of the crab Portunus trituberculatus is comprised of 58% CaCO3 and 

17% chitin by weight (Kim and Park, 1997). 

Chitin is a polymer composed of N–acetyl–D–glucosamine or specifically 

2-acetamido-2-deoxy-ß-D-glucose through a ß (1→ 4) linkage residue (Crini, 2005; 

Zhou et al., 2004). The adsorption behaviour of chitin is primarily attributed to: (1) the 

high hydrophilicity of the polymer due to the hydroxyl groups of the glucose units; (2) 

the presence of a large number of functional groups (acetamido, primary amino, 

hydroxyl); (3) the high chemical reactivity of these functional groups; and, (4) the 

flexible structure of the polymer chain (Crini, 2005). Chitin carries one linear amino 

group per glucose ring, thus making electron pairs available for coordination with metal 

ions (Benguella and Benaissa, 2002). Metal adsorption onto chitin is now thought to 

occur through several single or mixed interactions including: formation of coordination 

 31



complexes with amino groups, complexation in acidic media, ion exchange with 

protonated amino groups through proton exchange or anion exchange, and the counter 

ion being exchanged with the metal anion (Crini, 2005). For instance, the formation of a 

coordination complex between metals and the N-acetyl group in chitin has been 

reported by Zhou et al. (2004). Carbonate can react with metal ions and form a 

precipitate. Most metals can react with available OH- and CO3
2- (Equations 2.1 and 2.2) 

forming metal hydroxide or metal carbonate, respectively, which will form a precipitate 

and accumulate onto the surface of the adsorbent.   

−+ +→+ 2
3

2
23 COCaOHCaCO                     (2.1) 

−−− +→+ OHHCOOHCO 32
2

2                     (2.2) 

A number of studies have reported the use of various shells as potential adsorbents 

for heavy metal removal. The CaCO3 and chitin in crab shells have been shown to be 

effective for the treatment of lead-bearing wastewater. In the shells, calcium carbonate 

(CaCO3) formed strong lead-carbonate precipitation, while chitin acted as an adsorbent 

for the precipitate (Lee et al., 1997; Lee et al., 1998). In a batch study, cadmium 

removal from aqueous solutions by crab shells has been reported under various 

experimental conditions including different initial cadmium concentration, adsorbent 

mass, adsorbent particle size, agitation speed and temperature (Benguella and Benaissa, 

2002). In the study by Benguella and Benaissa (2002), isotherm models were developed 

and 14 mg/g cadmium uptake by chitin was noted. In batch experiments conducted by 

Cochrane et al. (2006), crab shells were compared with other adsorbents, including peat, 

for the adsorption of copper from aqueous solutions at different initial concentrations. 

The crab shells typically demonstrated better copper adsorption capacity than the peat 
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(Cochrane et al., 2006). Column tests were conducted by Rae and Gibb, (2003) using 

crab shells and over 80% copper removal efficiencies was achieved for an initial copper 

concentration of 500mg/L (Aziz et al., 2004). 

 

2.4.3 Numerical Analysis of Batch and Column Studies 

 

2.4.3.1 Isotherm Development and Batch Studies  

  Laboratory batch studies are useful in obtaining and providing fundamental kinetic and 

equilibrium adsorption data for potential adsorbents (Eckenfelder, 2000). The quantity of 

adsorbate that can be taken up by a particular adsorbent at equilibrium is a function of 

both adsorbate concentration and temperature. When experiments are conducted at 

constant temperature, the resulting function is commonly referred to as an adsorption 

isotherm (Ruthven, 1984). Theoretically, the adsorption capacity of an adsorbent is 

achieved at equilibrium when the rate of adsorption equals the rate of desorption. 

Different adsorbents and adsorbate combinations require different time intervals to reach 

equilibrium. Equation 2.3 represents the adsorption capacity of an adsorbent for a 

particular adsorbate at any time t (Benguella and Benaissa, 2002): 

 

 
m

VCC
q t

t
⋅−

=
)( 0                          (2.3) 

   

where is the adsorption capacity of the adsorbent at time tq t (mg adsorbate/g adsorbent), 

is the initial concentration of adsorbate (mg/L), is concentration of adsorbate 0C tC
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remaining after adsorption has taken place over a period of time t (mg/L),V is volume of 

liquid in the reactor (L), and is mass of adsorbent (g) . m

Equation 2.3 can also be used to determine the effect of contact time on adsorption. 

Generally, adsorption kinetics change rapidly initially with contact time and then 

decrease. Hasar (2003) reported that the adsorption capacity of activated carbon for 

nickel increased very rapidly in the first 60 minutes of contact between the adsorbent and 

the adsorbate (Hasar, 2003). Benguella and Benaissa (2002) and Papini et al. (2001) also 

noted that cadmium, nickel, and copper adsorption onto kaolinite or crab shells increased 

significantly during the initial contact period, followed by a decrease in rate of adsorption. 

This is likely due to the decrease in concentration gradient between the bulk solution 

concentration and equilibrium concentration as the adsorption process proceeds and the 

metal ions adsorbed onto the surface of the adsorbent. A typical curve illustrating the 

change in adsorption capacity as a function of time is presented in Figure 2.2. 
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Figure 2.2 Typical adsorption uptake changes versus time 
Cadmium adsorption on mollusk shell from Lake Ontario (Chapter 4) 

 

Fundamental adsorption properties and capacities of different adsorbents, which are a 
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function of the amount of adsorbate sorbed onto the adsorbent and the liquid 

concentration, are often described using isotherm models. Models that are commonly 

employed to describe isotherms in adsorption studies are the Freundlich and Langmuir 

isotherm models (Benguella and Benaissa, 2002; Ruthven, 1984). Both Freundlich and 

Langmuir isotherms are developed from the equilibrium adsorbate capacity equation as 

per Equation 2.4 (Metcalf and Eddy, 2003). 

 

m
VCC

q e
e

⋅−
=

)( 0                        (2.4) 

   

where is adsorbent phase capacity for the adsorbate at equilibrium (mg adsorbate/g 

adsorbent), is initial concentration of adsorbate (mg/L), is final equilibrium 

concentration of adsorbate after adsorption has occurred (mg/L),V is volume of liquid in 

the reactor (L), and is mass of adsorbent (g). 

eq

0C eC

m

  Based on adsorbate capacity Equation 2.4, Freundlich and Langmuir isotherms can be 

developed as shown in Equation 2.5 for the Freundlich isotherm model: 

 

n
efe CK

m
xq /1==                        (2.5) 

 

where x  is the mass of adsorbate adsorbed onto the adsorbent at equilibrium (mg), is 

the adsorbent used for adsorption (g), is the Freundlich capacity factor and  is the 

equilibrium concentration of adsorbate in solution at equilibrium adsorption (mg/L), and 

m

fK eC
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n/1  is the Freundlich intensity parameter. 

  In order to get the Freundlich capacity factor and the intensity parameter, the isotherm 

relationship presented in Equation 2.5 can be linearized by 

 

ef C
n

K
m
x log1log)log( +=                    (2.6) 

 

where in plotting log(
m
x ) versus log , the slope (eC

n
1 ) and the intercept (log ) can be 

obtained. 

fK

  The Langmuir isotherm model is expressed as (Benguella and Benaissa, 2002): 
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where x  is the mass of adsorbate adsorbed at equilibrium (mg), is the adsorbent used 

for adsorption (g),  is the equilibrium concentration of adsorbate in solution at 

equilibrium adsorption (mg/L), and and are empirical constants. 

m

eC

a b

  Similar to the Freundlich equation, the empirical constants of the Langmuir isotherm 

can also be determined by linearizing Equation 2.7, yielding Equation 2.8, and plotting 

)/( mx
Ce  versus . eC
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A number of studies have been reported which examine the adsorption capacity of 

various adsorbents for heavy metal removal from aqueous solutions or wastewaters using 

batch experiments. Cadmium and copper ions at initial concentrations ranging between 

65 mg/L and 200 mg/L were adsorbed by activated carbon, kaolin, bentonite, diatomite 

and waste materials such as compost, cellulose pulp waste and anaerobic sludge in a 

study by Ulmanu et al. (2003). Copper removal from aqueous solution using crab shells 

and peat was tested at an initial concentration of 100 mg/L by Cochrane et al., 2006). 

Concentrations ranging from 20-200 mg/L of cadmium in aqueous solutions were 

investigated for adsorption using chitin (crushed crab shell) by Benguella and Benaissa 

(2002). In another study, 20-100 mg/L cobalt ion aqueous solutions were utilized for 

testing the heavy metal adsorption capacity of crab shell particles (Lee et al., 2004). 

Cadmium ion removal from aqueous solutions at very high concentration 

(10,000-40,000mg/L and 5000-50,000mg/L) was also reported in studies using highly 

mineralized peat and Sphagnum peat moss (Gabaldon et al., 2006; Fine et al., 2005). 

Each of these studies indicated that the initial metal concentration has a significant effect 

on adsorption capacity and final treatment efficiency. Isotherm models (Langmuir and 

Freundlich) and model constants can be obtained from the experiments conducted using 

different initial concentration solutions (Allen et al., 1997). Adsorption isotherm model 

constants obtained in various batch experiments are summarized in Table 2.3. 

The adsorbent mass can also affect the adsorption capacity. In a study by Benguella 
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and Benaissa (2002), 1g/L-6g/L chitin (crushed crab shell) was employed for cadmium 

adsorption. It was summarized that the smaller the chitin mass yielded greater adsorption 

capacities for cadmium. The adsorption of cobalt using 0.5g/L-1.5g/L crushed crab shells 

was also tested, and similar conclusions were drawn (Lee et al., 2004). Hence, the effect 

of adsorbent mass should be one of the issues to be considered in batch experiments. 

 

Table 2.3 Freundlich and Langmuir isotherm model constants for various typical metal adsorption 
onto different adsorbents. 

Freundlich Langmuir  Metal Concentration 
(mg/L) 

Adsorbent 

Kf n a b 

Reference 

Ni 0.01-6.00 Fly Ash 4.216 1.764 0.161 1241 Cetin and Pehlivan, 2006 
Ni 0.01-6.00 Activated Carbon 1.1904 1.929 0.103 576.08 Cetin and Pehlivan, 2006 
Zn 0.5-30 Fly Ash 701.13 0.941 0.166 5011.5 Cetin and Pehlivan, 2006 
Zn 0.5-30 Activated Carbon 27701.29 0.72 0.791 1404.3 Cetin and Pehlivan, 2006 
Cu 65-200 Activated Carbon 1.99 5.26 4.77 0.2 Ulmanu et al., 2002 
Cu 65-200 Kaolin 2.47 11.11 4.36 0.17 Ulmanu et al., 2002 
Cu 65-200 Bentonite 4.92 7.14 7.56 3.73 Ulmanu et al., 2002 
Cu 65-200 Diatomite 2.16 0.67 4.27 0.33 Ulmanu et al., 2002 
Cu 65-200 Compost 3.7 3.45 8.9 0.64 Ulmanu et al., 2002 
Cu 65-200 Anaerobic Sludge 0.07 0.5   Ulmanu et al., 2002 
Cu 65-200 Cellulose Pulp Waste 1.55 4.35 4.55 0.13 Ulmanu et al., 2002 
Cu 10-400 Crab Shells 0.33 30.4 79.4 0.621 Cochrane et al., 2006 

Cd 65-200 Bentonite 3.57 7.69 5.8 1.04 Ulmanu et al., 2002 
Cd 65-200 Compost 2.76 5.26 5.36 0.76 Ulmanu et al., 2002 
Cd 65-200 Anaerobic Sludge 3.64 3.33 8.94 0.59 Ulmanu et al., 2002 
Cd 65-200 Cellulose Pulp Waste 1.38 16.67 1.82 0.39 Ulmanu et al., 2002 
Cr 25-500 Chitin   70.422 0.0097 Baran et al., 2006 
Cr 25-500 Chitosan   153.85 0.006 Baran et al., 2006 
Cd 5mmol/L Peat (pH=5)   0.26 0.27 Champagne, 2001 
Ni 5mmol/L Peat (pH=5)   0.56 0.26 Champagne, 2001 
Mn 5mmol/L Peat (pH=5)   0.56 0.06 Champagne, 2001 
Cu 5mmol/L Peat (pH=5)   0.63 0.04 Champagen, 2001 
Cd 520 Peat (pH=5) 0.036 1.0   Gabaldon et al., 2006 
Cd 520 Peat (pH=6) 0.85 1.62   Gabaldon et al., 2006 

 Cd 2mmol/L Peat   0.447 3.07 Qin et al., 2005 
Cu 2mmol/L Peat   0.536 13.5 Qin et al., 2005 
Pb 2mmol/L Peat   0.573 32.4 Qin et al., 2005 
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In addition, solution pH changes, treatment efficiencies and some other parameters 

such as agitation speeds have been identified as parameters of interest which affect 

adsorption that could be investigated in batch studies. 

 

2.4.3.2 Small-scale Fixed-bed Column Study 

  Although batch laboratory adsorption studies provide useful data and parameters on 

the application of adsorbents for the removal of heavy metals or, in other cases, specific 

waste constituents, continuously fed filter or column experiments are also necessary to 

provide practical operational information with respect to the adsorption of constituents 

with the use of a particular adsorbent (Eckenfelder, 2000).  

Fixed-bed columns can be operated singly, in series or in parallel. There are two types 

of influent modes for fixed-bed columns, downflow and upflow. The advantage of a 

downflow design is that the adsorption of organics and the filtration of suspended solids 

can be accomplished in a single step. Although upflow fixed-bed reactors have been used, 

downflow beds are used more commonly to lessen the chance of accumulating particulate 

material on the bottom of the bed, where the particulate material would be difficult to 

remove by backwashing. Small-scale column tests can be employed to simulate the 

potential performance of the adsorbent and the results obtained extrapolated in the design 

of full-scale reactors (Metcalf and Eddy, 2003).  

In small-scale column testing, as the influent initially passes through the column bed, 

rapid adsorption occurs. Under continuous influent flow, the equilibrium adsorption zone 

moves downward through the bed. As the equilibrium zone approaches the bottom of the 

column bed, the concentration of adsorbate in the effluent increases, and finally equals 



the influent adsorbate concentration. From this, the concept of breakthrough can be 

defined as the amount of influent solution passing through the bed before a maximum 

effluent concentration is reached (Eckenfelder, 2000; Zhou et al., 2004). Figure 2.3 

illustrate a typical breakthrough curve (US Army Corps of Engineering, 2001). 

 

Figure 2.3 Adsorption column mass transfer zone and idealized breakthrough zone (versus volume 
treated) (US Army Corps of Engineering, 2001) 

 
Values of column breakthrough and exhaustion are often reported and used to evaluate 

adsorption in column systems. Breakthrough and exhaustion are defined as the 

phenomena when the ratios of effluent-to-influent concentration are 5% and 95%, 

respectively (Zhou et al., 2004). A typical adsorption breakthrough curve in for a 

fixed-bed column with breakthrough and exhaustion points is illustrated in Figure 2.4 

(Christian Brother University, 2004). 
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Figure 2.4 Typical breakthrough curve in fixed –bed column (Christian Brother University, 2004) 
 

The breakthrough point and the shape of the breakthrough curve are important 

parameters used in the determination of the adsorption capacity of a column. The column 

adsorption capacity can be evaluated and computed as the amount of metal ions adsorbed 

per unit weight of adsorbent as per Equation 2.9 (Zhou et al., 2004). 
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where is the amount of metal ions adsorbed per unit weight of adsorbents (mg/g), 

is the flow rate (mL/min), is the initial influent concentration (mg/mL), is the 

dry weight of the adsorbent packed in the column (g), is the time to adsorbent 

exhaustion (min), is the time to constituent breakthrough (min), f(t) is the function of 

the effluent curve obtained from column testing, and is the area of the 

breakthrough curve under exhaustion conditions, which can be estimated through 

integration. The treatment efficiency can be calculated and compared using (Zhou et al., 
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2004).  
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  In most small-scale column tests, different influent concentrations, effluent 

concentrations, column bed depths, fixed adsorbent masses, column diameters, influent 

flow rates, time to adsorbent exhaustion are all important parameters which can be 

selected or monitored, and subsequently applied in the determination of suitable influent 

concentrations and flow rates for the columns, and to estimate scale-up requirements.  

A linear relationship between bed depth and service time (time to adsorbent 

exhaustion), called the bed depth service time (BDST) model, has been derived from the 

Bohart-Adams equation (Han et al., 2006; Kumar and Bandyopadhyay, 2006) as 

described by the Equation 2.11. 

 

⎟
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⎛ −−= 1ln1 0
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t                   (2.11) 

 

where is the amount of metal ions adsorbed onto a unit amount of the adsorbent bed 

(mg/L),  is the initial influent concentration of metal ions (mg/L),C is the effluent 

concentration of metal ions (mg/L),

0N

0C

F is the flow rate calculated based on the (mL/min) 

and the bed volume(L),

Q

H is the bed depth of the column (m), K is the adsorption constant 

of the column (L/mg-h), and t is the service time (h).   
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This equation can be linearized and expressed as Equation 2.12 by plotting t vs H, 

baHt +=                             (2.12) 

where a is the slope equal to
FC

N

0

0  in Equation 2.11, b is the intercept equal 

to ⎟
⎠
⎞

⎜
⎝
⎛ −− 1ln1 0

0 C
C

KC
in Equation 2.11. H is the minimum column bed depth when t = 0, 

and is referred to as the critical bed depth (CBD). 
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Many studies reported small-scale column adsorption tests for heavy metal removal 

using peat, chitin or crushed shells (Ringqvist et al., 2001; Rae and Gibb, 2003; Gabaldon 

et al., 2006; Fine et al., 2005; Zhou et al., 2004; Sharma and Forster, 1995). Reported 

column diameters of 30 mm (Ringqvist et al., 2001), 2 cm-2.5 (Gabaldon et al., 2006; 

Fine et al., 2005; Zhou et al., 2004), 5 cm (Sharma and Forster, 1995), 9.8 cm (Kietlinska 

and Renman, 2005), and 20 cm (Kargi and Pamukoglu, 2004) have been employed. To 

minimize possible wall and axial dispersion effects in fixed-bed columns, it is 

recommended that the bed length-to-particle diameter ratio be greater than 20 (Zhou et al., 

2004). Thus, it could be inferred that if the adsorbent particle size is larger, the axial 

dispersion effects can be avoided by using a deeper column or smaller adsorbent particle 

diameter. The influent flow rate or hydraulic loading is one of the most important 

parameters in column testing studies. If the flow rate is too high, useful breakthrough 

curves can be difficult to obtain. The lower the influent flow rate, the longer the 

adsorbent bed service time. Flow rates as low as 6.4 mL/min (Rae and Gibb, 2003), 

3.6-8.3 mL/min (hydraulic loading = 6,603.8-15,225.5 cm3/cm2·d) (Han et al., 2006) and 

2.5-6.0 mL/min (hydraulic loading = 829.5-1,990.8 cm3/cm2·d) (Gabaldon et al., 2000) 

have been utilized for various heavy metal adsorption studies using small-scale columns.  
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2.4.3.3 Column Test for Heavy Metal Removal from Landfill Leachate 

  After obtaining the design information (eg. influent concentration, flow rate, column 

diameter, bed length, column exhaustion time) from small-scale fixed-bed column tests 

for heavy metal removal from the aqueous solution, it is generally useful to assess the 

treatment of landfill leachate in the small-scale test in order to analyze the adsorption 

capacities and properties of the adsorbents for the treatment of the leachate. 

  Organic materials in landfill leachate can influence the adsorption of heavy metals 

from solution (Calace et al., 2001; Papini et al., 2001). Clogging can take place in the 

column as a result of biofilm growth onto the adsorbent in the column, particularly in 

cases of high organic material and total nitrogen concentrations (VanGulck and Rowe, 

2004). Thus, it is beneficial to combine biological treatment with the adsorption 

processes. 

Kargi and Pamukoglu (2003) pre-treated the leachate using coagulation-flocculation 

and air stripping of ammonia, and then treated the remaining leachate biologically using 

an aeration tank operated in fed-batch mode in the presence of powdered activated carbon 

as adsorbent. In this study, 86% COD and 26% NH4-N removals were reported, 

respectively. Iron removal from semi-aerobic landfill leachate treated using a limestone 

filter was studied in a field application in which 90% iron removal was obtained (Aziz et 

al., 2004).  

 

2.5 Summary 

Landfill leachate is a high-strength wastewater, characterized by high organic (BOD, 
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COD) and nitrogen concentrations, and by the presence of potentially hazardous 

compounds such as heavy metals. 

Adsorption is an effective method for heavy metal ion removal from aqueous solution 

and from wastewaters such as landfill leachate. Peat and chitin (shells) can potentially be 

used as the low-cost natural adsorbents as alternatives to activated carbon. In order to 

assess the performance of adsorbents, batch experiments should be conducted to 

determine and compare the adsorption capacities of different adsorbents for various 

heavy metal ions. After the batch adsorption investigations, small column testing should 

be undertaken as an efficient means of evaluating and estimating adsorbent capacities for 

pilot-scale or full-scale column applications.  

Because of the complex constituents present in landfill leachate, this wastewater can 

often not meet effluent discharge criteria by simply using conventional treatment 

processes alone. Thus, the heavy metal removal efficiency from landfill leachate tested in 

small-column adsorption studies is essential and should be included for consideration in 

assessing the mitigation of landfill leachate. 
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Chapter 3 

Removal of cadmium, nickel, manganese and cobalt ions from 

aqueous solutions using low-cost natural adsorbents 

Chenxi Li, Pascale Champagne 

Civil Engineering Department, Queen’s University, 58 University Avenue, Kingston, 

Ontario, Canada 

 

3.1 Introduction 

Heavy metals are among the most common pollutants in wastewaters. For example, 

cadmium, nickel, cobalt and manganese are all widely prevalent in wastewaters including 

landfill leachate. Heavy metals can cause severe public health problems. They are toxic to 

aquatic life and can pollute natural waters (Cetin and Pehlivan, 2007; Papageorgiou et al., 

2006).  

Various treatment methods have been discussed and applied for heavy metal removal 

from aqueous solutions and wastewaters (Papageorgiou et al., 2006). The methods 

include chemical precipitation, evaporation, ion-exchange, adsorption, cementation, 

electrolysis and reverse osmosis (Cetin and Pehlivan, 2007; Papageorgiou et al., 2006). 

However, some of these methods are impracticable and uneconomical (Han et al., 2006). 

Improved and innovative methods which are economically feasible for heavy metal 

removal have been developed in recent decades (Ulmanu et al., 2003). The use of 

low-cost natural adsorbent materials in adsorption processes for the removal of heavy 

metals has been the subject of research interests (Allen et al., 1997; Ulmanu et al., 2003). 
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Activated carbon is commonly used in adsorption processes for wastewater treatment 

due to the large surface area resulting from its porous structure (Metcalf and Eddy, 2003; 

Ulmanu et al., 2003). The high cost of activated carbon has stimulated the research and 

development of other low-cost natural adsorbent materials with similar characteristics. 

Various materials have been investigated and reported as the effective adsorbents for 

heavy metal removal. For example, clay, fly ash, zeolite, lignite, alginate beads, kaolin, 

bentonite, diatomite, compost, cellulose pulp waste, sludge, peat and chitin all have been 

tested in batch or column experiments (Allen et al., 1997; Benguella and Benaissa, 2002; 

Cetin and Pehilvan, 2007; Champagne, 2001; Champagne et al., 2005; Choi and Yun, 

2006; Han et al., 2006; Lange et al., 2007; Saiano et al., 2005; Papageorgiu et al., 2006; 

Ulmanu et al., 2003). Peat and mollusk shells are noted as naturally occurring, plentiful, 

inexpensive and effective materials.  

Peat is an inexpensive and complex material composed primarily of lignin and 

cellulose (Brown et al., 2000). In most studies, peat has been noted for its high adsorption 

capacity of various metals such as Cd (Gabaldon et al., 2006; Qin et al., 2006), Cu 

(Cochrane et al., 2006; Qin et al., 2006), Pb (Qin et al., 2006), Co and Mn (Ringqvist and 

Holmgren, 2002) from aqueous solutions or wastewaters (Champagne, 2001). Mollusk 

shells contain chitin and calcium carbonate and can be also be obtained from fungi, 

insects, crab, lobsters, shrimps and krill (Cetin and Pehlivan, 2007). They can also be 

economically obtained as by-products of the shell-fish industry including shells of crabs, 

shrimps or other arthropods (Cochrane et al., 2006; Baran et al., 2006). Excellent results 

have been reported using shells as adsorbent materials for Cd (Zhou et al., 2004), Co 

(Lee et al., 2004), Cu (Cochrane et al., 2006; Rae and Gibb, 2003), Pb (Zhou et al., 2004), 
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and Cr (Baran et al., 2006) removal from aqueous solutions or wastewaters (Grini, 2005). 

In this study natural mollusk shells collected from Lake Ontario and commercially 

available Sphagnum peat moss were investigated as adsorbent materials. The main 

objective of this paper was to obtain fundamental information regarding heavy metal 

removal from single-constituent aqueous solutions using these materials as low-cost 

natural adsorbents and to identify the best adsorbents for subsequent column testing 

(Chapter 4 and 5). Batch experiments were conducted to obtain the basic adsorption 

characteristics of the absorbents using kinetic and equilibrium data. During the 

investigation, the effects of metal species, contact time, initial metal concentration, 

adsorbent particle size, adsorbent mass and final solution pH were tested and discussed. 

In addition, in order to examine the effect of adsorbent mixtures on heavy metal removal 

the adsorbents were mixed in different mass ratios and tested under similar laboratory 

conditions for adsorption of metal ions from single-constituent metal ion solutions. The 

results obtained for the natural adsorbents were also compared to those obtained using 

granular activated carbon. Cadmium, nickel, manganese and cobalt were selected for this 

study as they are widely prevalent in various wastewaters and are representative of heavy 

metal commonly found in landfill leachate (VanGulck and Rowe, 2004). 

 

 

3.2 Materials and Methods 

In this study, Sphagnum peat moss and freshwater crushed mollusk shells from Lake 

Ontario were employed as natural adsorbents and compared with granular activated 

carbon for the removal of metal ions (cadmium, nickel, manganese and cobalt) from 



 58

single-constituent aqueous solutions. 

 

3.2.1 Materials 

 

3.2.1.1 Adsorbents 

Mollusk shell mixtures were collected from the shores of Main Duck Island, a bird 

sanctuary in the St. Lawrence Islands National Park and prepared by Laska (2005) in 

October 2003. The shells were washed with tap water through a 0.25 mm diameter mesh 

screen, and air-dried at room temperature (19-21°C) for 48 hours. After air drying, the 

shells were oven-dried in a Gallenkamp hotbox oven at 90°C to a constant mass, and then 

air-cooled to room temperature. Next, the shells were sorted into two discrete sizes using 

a Ro-Tap Soil Sieve Test Shaker mechanical sieve (W.S. Tyler Co. of Canada, Ltd.), from 

which two fractions were retained: 0.6-1.0 mm, 4.0-4.75 mm. In addition, from the shell 

remaining from the 2003 collection, 6.3-8.0 mm shells were sorted in October 2006 by 

hand sieving using 6.3 mm and 8.0 mm mesh screens and washed and air-dried according 

to the previous methods employed (Laska, 2005). All the prepared and treated shells were 

stored in sealed Ziploc bags in a dark cold room at 4-5°C until testing.  

The size of granular activated carbon used ranges from 0.33-0.67 mm mesh (Fisher 

Scientific: Cat No. C270C). The carbon was stored in Ziploc bags in a dark cold room at 

4-5°C.  

  The Sphagnum peat moss used in this study is a commercially available material 

(Canada Brand Peat Moss, produced by Annapolis Valley Peat Moss Co. Ltd., Gulf Island 

Peat Moss Co. Inc, and Miscouche Peat Moss Co. Ltd.). Large clumps and sticks were 



removed by hand from the peat materials prior to testing. The remaining peat moss was 

stored in sealed Ziploc bags in a dry environment at room temperature (19-21°C) until 

testing. Before each test, the stored peat moss was air dried for 24 hours. 

 

3.2.1.2 Metal Solutions 

The adsorption of cadmium, nickel, manganese and cobalt was investigated in this 

study. Solutions were prepared by dissolving corresponding analytical grade soluble 

heavy metal salts obtained from Fisher Scientific into distilled water.  

The initial heavy metal concentrations employed in these batch experiments were 

determined based on a recipe (Appendix I) elaborated by VanGulck and Rowe (2004) and 

used in 2004 for a study investigating the treatment of a typical synthetic landfill leachate. 

In this study, 200 mg/L, 400 mg/L, 500 mg/L and 800 mg/L cadmium sulfate 

( ), nickel sulfate (OHCdSO 24 83 ⋅ OHNiSO 24 6⋅ ) and manganese sulfate ( ) 

solutions, as well as 100 mg/L, 150 mg/L, 200 mg/L and 400 mg/L cobalt sulfate 

( ) solutions were prepared for the experiments. The concentration of each 

metal salt solution and the corresponding metal ion concentration (in units of mg/L and 

mmol/L) are shown in Table 3.1. 

OHMnSO 24

OHCoSO 24 7⋅

 
Table 3.1 Concentrations of metal salts and metal ions 

Metal Salt Cadmium ion Nickel ion Manganese  ion Cobalt ion 
mg/L mg/L mmol/L mg/L mmol/L mg/L mmol/L mg/L mmol/L 
100 NT NT NT NT NT NT 24 0.41 
150 NT NT NT NT NT NT 35 0.59 
200 83.6 0.74 42 0.72 57 1.04 47 0.80 
400 166 1.48 84 1.43 114 2.07 92 1.56 
500 209 1.86 105 1.79 142 2.58 NT NT 
800 332 2.95 167 2.84 228 4.15 NT NT 

Note: NT in the table means the metal solution at the concentration was not tested. 
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3.2.2 Methods 

 

3.2.2.1 Adsorbent Characterization 

  Bulk density, particle density, porosity, adsorbent pH and cation exchange capacity 

(CEC) were determined for each of the adsorbents: 0.6-1.0 mm and 4.0-4.75 mm crushed 

mollusk shell particles, granular activated carbon, and peat moss. The bulk density, 

particle density, porosity and pH of the 0.6-1.0 mm and 4.0-4.75 mm shells had been 

previously reported by Laska (2005) and the cation exchange capacity was determined 

for each adsorbent. 

  Bulk density ( bρ ) values were determined using the method which was used by Laska 

(2005). To determine bρ , the glass beaker was emptied, dried and tared, then filled to 

overflowing with oven-dried medium (GAC and PEAT). The sides of the beaker were 

tapped lightly ten times with a glass rod, then leveled by rolling the rod across the top 

edge of the beaker six times. The beaker was then reweighed, and density of the medium 

was calculated according to Equation 3.1. 

t

t
b V

M
=ρ                             (3.1) 

where bρ is the bulk density (g/cm3), is the oven-dried sample mass (g), and is 

the beaker volume (cm

tM tV

3). 

  Particle density was determined using the method described by Laska (2005). Two 125 

mL volumetric flasks and stoppers were tared. Ten grams of oven-dried GAC and 5.0 g 

oven-dried PEAT were added to the tared flask with 40 mL distilled water. The flasks 

were sealed with plastic stoppers, and the solutions heated to boiling on an Allied 
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Thermix Stirring Hotplate, Model 310T (Fisher Scientific). The solutions were boiled for 

5 minutes, cooled to room temperature, then filled to a 125 mL volume with pre-boiled 

and cooled distilled water. The outside of the flasks was cleaned and dried. Then the 

flasks were re-weighed. The flasks were then emptied, cleaned, dried, filled to a volume 

of 125 mL with pre-boiled distilled water and reweighed. Particle density was calculated 

according to Equation 3.2. 

)( wfwfss

sw
s MMM

M

+++ −−
=

ρρ                      (3.2) 

where sρ is the particle density (g/cm3), wρ is the density of water (g/cm3), is the 

mass of oven-dried medium, is the mass of flask, oven-dried medium and 

distilled water (g), is the mass of flask filled to volume with distilled water (g). 

sM

wfsM ++

wfM +

  Porosity values were determined according to Equation 3.3. 

%100)](1[ ×−=
s

bn
ρ
ρ                        (3.3) 

where n is the porosity (unitless). 

Adsorbent pH was measured according to the following procedures. Five grams of 

each medium was placed in a 125 mL glass Erlenmeyer flask with 25 mL of distilled 

water. The flasks were sealed and shaken at 100 rpm for 30 minutes. After filtration, 

using Whatman 4 filter paper, the pH was measured using a calibrated Accumet model 15 

pH meter. 

  The cation exchange capacity of the peat was determined using the HCl-Ba(OA)2 

method as described by Day et al. (1979). Four 500 mg samples for each adsorbent 

(0.6-1.0 mm shell particles, 4.0-4.75 mm shell particles, granular activated carbon, and 
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raw peat moss) were contacted in 100 mL of 0.5N HCl for 30 minutes to remove cations 

and saturate adsorption complexes with H+. The samples were then filtered using 

Whatman 4 filter paper and the filtrate discarded. Excess acid was removed from the peat 

by rinsing with distilled water. The adsorbed H+ was then replaced with Ba2+ ions by 

contacting the sample with 100 mL of 0.5 N HCl-Ba(OA)2 for 30 minutes. The samples 

were then filtered using the Whatman 4 filter paper and the filtrate collected. Next, the 

filtrate was titrated with 0.1 N NaOH using the phenolphthalein indicator. The cation 

exchange capacity (CEC) was computed from the following Equation 3.4. 

pM
VNgMEQCEC 100)()100/( =                     (3.4) 

where the cation exchange capacity is given as meq/100g of oven-dried samples, V is 

the volume of NaOH titrated (mL), N is the normality of the NaOH solution and Mp is the 

mass of the peat sample (g). The characterization calculations are shown in the Appendix 

I. 

 

3.2.2.2 Adsorption and Selection of Crushed Mollusk Shells 

A batch adsorption test was conducted in order to identify the most efficient crushed 

mollusk shell nominal diameter range for single-constituent metal ion adsorption under 

the specified experimental conditions. Three different crushed mollusk shell sizes were 

investigated: 0.6-1.0 mm, 4.0-4.75 mm and 6.3-8.0 mm. Six grams of crushed mollusk 

shells were added to 125 mL Erlenmeyer flasks, each containing 100 mL cadmium 

sulfate (500 mg/L), nickel sulfate (500 mg/L), manganese sulfate (500 mg/L) or cobalt 

sulfate (150 mg/L) solutions. After the initial pH of the solution was recorded, the 
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solution was allowed to adjust and equilibrate to the natural pH of the adsorbent materials, 

as this process would be expected to take place when these materials are employed in a 

column environment (Chapter 4 and 5) where pH adjustments or buffering would not be 

anticipated. The flasks were sealed with ParaFilm M and shaken at 100 rpm for 48 hours 

on a VWR S-500 orbital shakers, beyond the 24 hours which is commonly used in 

equilibrium experiments (Benguella and Benaissa, 2002). The experiment was conducted 

in duplicate. Meanwhile, control samples were prepared where four 125 mL Erlenmeyer 

flasks containing 100mL solutions of the individual metal ion solutions without 

adsorption media were placed on the shakers with other samples to quantify the potential 

effect of the flasks and Whatman 4 filter papers (diameter 12.5 cm) used during 

experimental testing. 

After the 48-hour contact time, solutions were filtered using Whatman 4 filter paper 

and stored in 35 mL glass tubes. Small quantities of (0.025 mL cadmium solution and 0.1 

mL other metal solutions) metal solution samples were extracted from the glass tubes 

using the Fisherbrand 5000DG (100-1000 µL) pipette and diluted by a factor of 100 or 

400 using distilled water (400 for cadmium solutions and 100 for other metal solutions) 

as specified for the AAS metal analysis. The diluted solutions were stored in 10 mL small 

glass tubes in a dark room at 4°C and analyzed within 2 days. The individual metal ion 

concentrations in solution were analyzed using an atomic absorption spectrophotometer 

(AAS) Varian Spectr AA-20 at the Analysis Service Unit of Queen’s University, Kingston, 

Canada.  

 The metal ion concentrations in the control solutions were not found to change 

significantly after the shaking period and subsequent filtering, which indicated that the 
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effect of adsorption onto the filter paper and flask wall were negligible and could be 

neglected throughout the remainder of the study (Appendix I, Table I-2). 

 

3.2.2.3 Single-Constituent Metal Ion Adsorption Kinetics 

The adsorption kinetic study was conducted in batch experiments in duplicate to 

determine the contact time necessary to reach equilibrium concentrations for each of the 

natural adsorbents in the single-constituent metal ion solutions. Four adsorbent materials 

were examined: 0.6-1.0 mm crushed mollusk shells (SA), 4.0-4.75 mm crushed mollusk 

shells (SB), granular activated carbon (GAC) and prepared sphagnum-peat moss (PEAT). 

Each adsorbent was tested with each of the four single-constituent metal ion solutions at 

room temperature (19-21℃). Six grams of adsorbent were contacted with 100 mL of each 

of the metal salt solutions at concentrations of 500 mg/L for cadmium sulfate, nickel 

sulfate and manganese sulfate, and 150 mg/L for cobalt sulfate in 125 mL flasks sealed 

with ParaFilm M and agitated at 100 rpm for 48 hours on a VWR S-500 orbital shaker. 

The pH of the solutions was allowed to equilibrate to the pH of the natural adsorbent 

materials, as this process would take place when these materials were employed in a 

column environment where pH adjustments or buffering would not be anticipated. The 

initial and final pH values of the single metal solutions were recorded using a calibrated 

Acumet model 15 pH meter. Shaking was interrupted for 1-2 minutes at predetermined 

time intervals (2h, 4h, 6h, 8h, 12h, 16h…48h, shown in Appendix I), when a small 

volume (0.25 mL cadmium ion solutions and 0.1 mL other solutions) of supernatant 

solutions were collected from the flasks using a Fisherbrand 5000DG (20-200 µL) pipette. 

The supernatant solution samples were diluted by a factor of 100 or 400 (as described in 
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Section 3.2.2.2) using a Fisherbrand 5000DG (100-1000 µL) pipette according to the 

requirements of the atomic absorption spectrophotometer (AAS) Varian Spectr AA-20.   

 

3.2.2.4 Single-Constituent Metal Ion Equilibrium Adsorption - Individual 

Adsorbents 

The equilibrium study was undertaken in duplicate to investigate the effect of initial 

single metal ion solution concentrations and adsorbent mass on adsorption resulting in the 

derivation of equilibrium isotherm models. The initial concentrations of 

single-constituent metal ion solutions are shown in Table 3.1. In this experiment, 6 g of 

adsorbent were contacted with each of the 100 mL single-constituent metal ion solutions 

in 125 mL flasks at four different initial metal concentrations as noted in Table 3.1. The 

mixtures were shaken for 24 hours at 100 rpm and room temperature (19-21°C). The 

samples were then filtered, collected, and diluted as described in Sections 3.2.2.1 and 

3.2.2.2, and analyzed for metal ion concentration using an atomic absorption 

spectrophotometer (AAS) Varian Spectr AA-20.  

Similar experiments were carried out to study the effect of adsorbent mass on 

single-constituent metal ion removal from the aqueous solution. For each of the four 

adsorbents, 2 g, 4 g, 6 g or 8 g of the adsorbent were added to a 125 mL flask containing 

the 100 mL of single-constituent metal ion solution at concentrations of 500 mg/L for 

cadmium sulfate, nickel sulfate or manganese sulfate solution, or 150 mg/L of cobalt 

sulfate solution. The testing was conducted using duplicate samples. The samples were 

analyzed for metal ion concentrations using an atomic absorption spectrophotometer 

(AAS) Varian Spectr AA-20.  
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3.2.2.5 Single-Constituent Metal Ion Adsorption – Adsorbent Mixtures 

A kinetic study examining the effect of adsorbent mixtures on the removal of single 

metals from solution was undertaken using mixture ratios of adsorbent SA, SB, GAC and 

PEAT as presented in Table 3.2. Each adsorbent mixture was tested with each of the four 

single-constituent metal solutions at room temperature (19-21℃). Six grams of adsorbent 

mixture was contacted with each of the 100 mL single-constituent metal ion solutions 

with concentrations of 500 mg/L for cadmium sulfate, nickel sulfate or manganese sulfate, 

or 150 mg/L for cobalt sulfate in 125 mL flasks sealed with ParaFilm M and agitated at 

100 rpm for 48 hours on a VWR S-500 orbital shaker. Samples were diluted and analyzed 

for pH and residual metal ion concentrations as described in Section 3.2.2.1. The diluted 

samples were collected in 10 mL small glass tubes and stored in a cold room at 4°C and 

were analyzed within 48 hours. The AAS automatically analyzed the samples three times 

and reported the averaged the reading values 

 
Table 3.2 Components of the adsorbent mixtures 

Mixtures Adsorbents Mixture #1(g) Mixture #2(g) Mixture #3(g) 

PEAT 3 2 4 PEAT+SA 
SA 3 4 2 

PEAT 3 2 4 
PEAT+SB 

SB 3 4 2 
PEAT 3 2 4 

PEAT+GAC 
GAC 3 4 2 
GAC 3 2 4 

GAC+SA 
SA 3 4 2 

GAC 3 2 4 
GAC+SB 

SB 3 4 2 
SA 3 2 4 

SA+SB 
SB 3 4 2 

 



3.2.3 Data Analysis 

 

3.2.3.1 Metal Adsorption Capacities 

In order to determine the equilibrium time and adsorption kinetics of different 

adsorbents, the metal uptake (mg metal ion/g adsorbent or mmol metal ion/g adsorbent) 

at different time was computed using Equation 3.5 (Ruthven, 1984): 

m
VCC

q t ⋅−
=

)( 0                          (3.5) 

where is the adsorbent phase concentration at various time steps (mg adsorbate/g 

adsorbent or mmol adsorbate/g adsorbent), is the initial concentration of adsorbate 

(mg/L or mmol/L),  is the concentration of adsorbate at various time steps (mg/L or 

mmol/L),  is the initial volume of liquid in the reactor (L) and  is the mass of 

adsorbent added (g). When adsorption reaches equilibrium is equal to , where  is 

the equilibrium adsorbent phase concentration (mg adsorbate/g adsorbent or mmol 

adsorbate/g adsorbent),  is equal to  where  is the equilibrium concentration 

in the solutions (mg/L or mmol/L). 

q

0C

tC

V m

q eq eq

tC eC eC

Treatment efficiency, E%, can be determined using, 

%100)1(% ×−=
o

e

C
C

E                        (3.6) 

where is the initial concentration of adsorbate (mg/L or mmol/L),  is the final 

equilibrium concentration of adsorbate in the solution (mg/L or mmol/L). 

0C eC

Analytical errors were analyzed using the general operation accuracy of the atomic 

absorption spectrophotometer (AAS) Varian Spectr AA-20. According to the data 
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reported by the Analysis Service Unit of Queen’s University, Kingston, Canada, the 

general operation accuracy and general analytical errors were calculated and shown the 

Appendix I. Analytical errors were shown as the error bars in the 2-D column figures 

through the thesis. 

 

3.2.3.2 Isotherm Models 

Both Freundlich and Langmuir isotherms are developed from the adsorbate uptake as a 

result of the adsorption capacity of the adsorbent (Equation 3.5) at equilibrium (qe, Ce)   

Based on the adsorption capacity (qe), Freundlich and Langmuir isotherms can be 

developed as follows (Ruthven, 1984; Benguella and Benaissa, 2002). 

  The Freundlich isotherm is represented by Equation 3.7: 

n
efe CK

m
xq /1==                          (3.7) 

  where x  is the mass of adsorbate adsorbed at equilibrium (mg), is the adsorbent 

used for adsorption (g), is the Freundlich capacity factor,  is the concentration of 

adsorbate in solution at equilibrium (mg/L),  is the Freundlich intensity parameter. 

m

fK eC

n/1

  In order to obtain the Freundlich capacity factor and the intensity parameter, the 

isotherm can be derived from the following equation by plotting log(
m
x ) versus log  

and linearizing Equation 3.7 yielding Equation 3.8: 

eC

ef C
n

K
m
x log1log)log( +=                      (3.8) 

  The Langmuir isotherm is represented by Equation 3.9: 
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  where x  is the mass of adsorbate adsorbed after equilibrium (mg), m is the 

adsorbent used for adsorption (g),  is the concentration of adsorbate in solution at 

equilibrium (mg/L), is amount adsorbed to form a complete monolayer on the surface, 

and is a equilibrium adsorption constant. 

eC

a

b

  Similar to the Freundlich equation, the Langmuir isotherm empirical constants can also 

be derived by plotting 
)/( mx

Ce  versus  which linearizes the relationship, and 

expressed as the slope and intercept of the function. 
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e
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3.3 Result and Discussion 

 

3.3.1 Adsorbent Characterization 

The adsorbent characteristics were analyzed as outlined in Section 3.2.2.1 and are 

summarized in Table 3.3. The results were reported as the average values of the analyzed 

samples obtained from the duplicate experiments. 

 

Table 3.3 Adsorbent Properties 

Adsorbent Particle Density 
 g/cm3

Bulk Density 
 g/cm3 Porosity Media pH CEC 

meq/100g 
SA 2.65 1.07 0.60 9.4 Nil 
SB 2.68 0.67 0.75 9.4 Nil 

GAC 1.25 0.87 0.30 3.9 9.89 
PEAT 0.89 0.11 0.88 3.9 119.26 
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 The CEC analysis indicated that PEAT had higher cation exchange capacity than GAC, 

from which it could be inferred that PEAT would have a higher heavy metal adsorption 

capacity than GAC. During the CEC analysis process, crushed shells particles were 

reacted with the HCl solution and dissolved as a result of the high CaCO3 content which 

is reported as the main component in natural shells (Benguella and Benaissa, 2002; 

Cochrane et al., 2006; Grini, 2005; Volesky, 2003). The reaction can be explained as 

shown below: 

OHCOCaClHClCaCO 2223 +↑+→+  

Hence, CECs were not determined for the crushed mollusk shells. As this adsorbent 

did demonstrate an effective adsorption of metal ions from aqueous solution, removal by 

adsorption would likely involve other mechanisms than ion exchange. 

 

3.3.2 The Effect of Particle Size on Crushed Mollusk Shell Adsorption 

Crushed mollusk shells ranging in size fractions of 0.6-1.0 mm, 4.0-4.75 mm and 

6.3-8.0 mm were tested for cadmium, nickel, manganese and cobalt removal from 

single-constituent metal ion solutions to determine their respective adsorption capacities 

for these metal ions. Each metal salt concentration was 500 mg/L with the exception of 

cobalt sulfate for which a concentration of 150mg/L was utilized. The experimental 

procedures were described in Section 3.2.2.2 and the corresponding metal ion 

concentrations (mg/L and mmol/L) are shown in Table 3.2. The results were reported as 

the average values of the analyzed samples obtained from the duplicate experiment 

The metal adsorption capacities for cadmium, nickel, manganese and cobalt adsorption 
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by the crushed mollusk shells were determined using Equation 3.5 and are shown in 

Figure 3.1. The removal efficiencies were computed using Equation 3.6, and are 

presented in Table 3.4. The raw data can be found in Appendix I.  
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Figure 3.1 Effect of crushed mollusk shell particle size fractions on metal adsorption from 
single-constituent metal ion solution. (І represents the AAS analytical error). 
 

 

Table 3.4 Metal ion removal efficiencies (%) (analytical errors) by crushed mollusk shell fractions 
 Cadmium Nickel Manganese Cobalt 

Initial Ion Quantity (mmol) 0.186 0.179 0.258 0.059 
Removal Efficiency(%) by 0.6-1.0 mm Shells 81.2 (±7.71) 20.9(±1.99) 15.5(±1.47) 17.2(±1.63) 
Removal Efficiency(%) by 4.0-4.75 mm Shells 96.0 (±9.12) 24.7(±2.35) 57.1(±5.42) 17.2(±1.63) 
Removal Efficiency(%) by 6.3-8.0 mm Shells 98.4(±9.35) 22.8(±2.17) 43.0(±4.09) 25.8(±1.64) 

 

As can be seen from Figure 3.1 and Table 3.4, the adsorption efficiencies of cadmium 

onto all of the crushed mollusk shell fractions were greater than 80%, and as high as 98% 

when contacted with 6.3-8.0 mm shells, which also showed the highest adsorption 

efficiency for cobalt. The 4.0-4.75 mm crushed mollusk shell fraction obtained the 

greatest adsorption efficiency for nickel and manganese. The 6.3-8.0 mm crushed 
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mollusk shell fraction removal efficiency for cadmium was found to be only slightly 

higher than for the 4.0-4.75 mm fraction. The adsorption of manganese and nickel onto 

the 4.0-4.75 mm crushed mollusk fraction was higher than that noted for the 6.3-8.0 mm 

fraction with 57.1% (±5.42%) > 43.0% (±4.09%) and 24.7% (±2.35%) > 22.8% (±2.17%). 

In general, no specific equilibrium adsorption trend as a function of crushed mollusk shell 

size fraction was noted for the metal ions examined. The 4.0-4.75 mm crushed mollusk 

shell fraction generally showed good cadmium, nickel, and manganese adsorption and 

was employed throughout the remainder of the experiments. The 0.6-1.0 mm crushed 

mollusk shell fraction was also employed in some experiments for comparison with the 

4.0-4.75 mm crushed mollusk shell fraction and other adsorbents used throughout the 

study. 

 

3.3.3 Single-Constituents Metal Ion Adsorption Kinetics 

The adsorption capacity of the adsorbents used in the experiment for single-constituent 

metal ions as a function of contact time, initial metal ion concentration, adsorbent mass, 

and resulting pH changes in equilibrium solutions will be discussed in this section. The 

results obtained could be used in isotherm models, future column testing and practical 

applications. The results were reported as the average values of the analyzed samples 

obtained from the duplicate experiment 

 

3.3.3.1 Effect of Contact Time 

In batch kinetic and equilibrium adsorption studies examining the removal of metal 

ions from solution, a period of 24 hours is commonly regarded as an adequate contact 



time to reach equilibrium (Benguella and Benaissa, 2002). To ensure than an adequate 

contact time was provided in these experiments, a 32-hour adsorption kinetic study was 

conducted contacting single-constituent metal solutions of cadmium (209 mg/L, 1.86 

mmol/L), nickel (105 mg/L, 1.79 mmol/L), manganese (142 mg/L, 2.58 mmol/L), and 

cobalt (35 mg/L, 0.59 mmol/L) with each adsorbent: 0.6-1.0 mm crushed mollusk shells 

(SA), 4.0-4.75 mm crushed mollusk shells (SB), granular activated carbon (GAC), and 

sphagnum peat moss (PEAT). Experiments were conducted as described in Section 

3.2.2.3 using 6.0 g of adsorbent in 100 mL single-constituent metal ion solutions.  

Figures 3.2 to Figure 3.5 illustrate the change in the adsorption capacity of each 

adsorbent for cadmium, nickel, manganese and cobalt, respectively, as a function of time. 

The raw data are presented in Appendix I.  
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Figure 3.2 Cadmium ion adsorption onto 0.6-1.0 mm shells (SA), 4.0-4.75 mm shells (SB), granular 
activated carbon (GAC) and sphagnum-peat moss (PEAT) as a function of time. 
 
 

Figure 3.2 illustrates the changes in the cadmium adsorption capacities of SA, SB, 

GAC and PEAT. The adsorption capacities of the crushed mollusk shells SA and SB 
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changed rapidly during the first 480 minutes (8h). After the first 8 hours, the adsorption 

of SA did not change significantly (< 5% difference). Hence it was considered to have 

reached equilibrium. The adsorption capacities of SB increased very slowly after 8h were 

found to have reached equilibrium between 12 to 24 hours. In comparison to the crushed 

mollusk shells, the peat moss (PEAT) and granular activated carbon (GAC) presented 

relatively gradual increases in adsorption capacities as a function of time. A contact 

period of 6 to 8 hours has been also reported for cadmium adsorption using crab shells in 

a study by Benguella and Benaissa (2002). Hence, it was deemed that in order to ensure 

that cadmium adsorption equilibrium has been reached successfully for each of these 

adsorbents, a minimum of a 24 hour contact period should be employed in subsequent 

experiments. 
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Figure 3.3 Nickel ion adsorption onto 0.6-1.0 mm shells (SA), 4.0-4.75 mm shells (SB), granular 
activated carbon (GAC) and sphagnum-peat moss (PEAT) as a function of time. 
 
 

For nickel adsorption, according to Figure 3.3, PEAT adsorption capacities changed 

significantly during the first 4 hours and reached equilibrium within 6 hours. For the 
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0.6-1.0 mm and 4.0-4.75 mm crushed mollusk shells, 8-hour contact times were 

necessary to reach equilibrium. The adsorption capacity of GAC did not appear to reach 

equilibrium for nickel adsorption during the 32 hour contact period, and the adsorption 

capacity was noted to decrease with time. As such, it was concluded that an 8-hour 

contact period would be sufficient for nickel adsorption to reach equilibrium onto PEAT, 

SA and SB. However, a 24 hour contact period was employed in subsequent nickel 

adsorption experiments to better reflect nickel adsorption onto GAC 
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Figure 3.4 Manganese ion adsorption onto 0.6-1.0 mm shells (SA), 4.0-4.75 mm shells (SB), granular 
activated carbon (GAC) and sphagnum-peat moss (PEAT) as a function of time. 
 
 

According to Figure 3.4, manganese ion adsorption onto SA, SB and PEAT increased 

significantly in the first 8 hours. The PEAT reached an equilibrium adsorption capacity 

within 8 hours, while 20 hours was required for SA and SB adsorption. Once again, the 

GAC did not appear to have reached its equilibrium adsorption capacity within the 24 

hour period and were observed to decrease gradually with time after 24 hours of contact 

time. Hence, the use of a 24 hour period contact time was deemed acceptable for further 
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manganese adsorption equilibrium experiments. 
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Figure 3.5 Cobalt ion adsorption onto 0.6-1.0 mm shells (SA), 4.0-4.75 mm shells (SB), granular 
activated carbon (GAC) and sphagnum-peat moss (PEAT) as a function of time. 
 
 
  In the Figure 3.5, the cobalt ion adsorption capacities of the crushed mollusk shells SA 

and SB significantly increased within the first 4 hours. No significant changes in PEAT 

and GAC adsorption capacities as a function of the time were noted.  

From Figure 3.2 through Figure 3.5, in most cases, the adsorbents reached equilibrium 

adsorption capacities within 24 hours. Hence, in the equilibrium experiments using 

various initial metal ion concentrations and adsorbent masses, a 24 hour period was 

considered to provide an adequate contact time between the single-constituent metal ion 

solutions and the various adsorbents to reach equilibrium. 
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3.3.3.2 Adsorption Capacity 

Adsorption capacities and efficiencies of adsorbents on specific single heavy metals 

are summarized in Table 3.5. 

 

Table 3. 5 Adsorption capacities (analytical error) and adsorption efficiencies (analytical error) of 
adsorbents on single metal 

 SA SB GAC PEAT 
eq (mg/g) 2.94 (±0.28) 3.34 (±0.32) 1.16 (±0.11) 3.07 (±0.29) Cd 
E(%) 84.7 (±8.05) 96.2 (±9.14) 33.59 (±3.19) 88.5 (±8.41) 

eq (mg/g) 0.69 (±0.06) 0.63 (±0.06) 0.10 (±0.001) 1.33 (±0.13) 
Ni 

E(%) 40.0 (±3.8) 36.2 (±3.44) 5.7 (±0.54) 76.7 (±7.29) 
eq (mg/g) 0.56 (±0.05) 1.20 (±0.11) 0.15 (±0.01) 1.61 (±0.11) 

Mn 
E(%) 23.9 (±2.27) 50.7 (±4.82) 6.3 (±0.57) 68.3 (±6.49) 

eq (mg/g) 0.39 (±0.04) 0.48 (±0.04) 0.28 (±0.03) 0.58 (±0.05) 
Co 

E(%) 68.6 (±6.52) 82.9 (±7.88) 48.6 (±4.62) 100 (±9.5) 
 

Based on the results observed and summarized in Figure 3.2 to Figure 3.5 and Table 

3.5, relatively, the equilibrium adsorption capacities of the different adsorbents for 

cadmium from single-constituent metal ion solutions was noted to be SB > PEAT > SA > 

GAC (Table 3.5). The adsorption capacities for nickel from single-constituent ions in 

solutions were PEAT > SA > SB > GAC. Finally, the order of adsorption capacities were 

found to be similar for manganese and cobalt, where PEAT > SB > SA > GAC (Figure 

3.4 and Figure 3.5).  

According to Table 3.5, these results corresponded to equilibrium removal 

efficiencies for cadmium on the order of SB > PEAT > SA > GAC. For nickel adsorption, 

the noted removal efficiencies at equilibrium were noted as PEAT > SA > SB > GAC. 

Finally, the manganese and cobalt removal efficiencies were PEAT > SB > SA > GAC. 

For peat, it is commonly believed that ion-exchange is the most prevalent adsorption 
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mechanism. The humification of peat produces humic and fulvic acids. Metals react with 

the carboxylic and phenolic acid groups to release protons, or to displace an existing 

metal from their anionic sites at sufficiently high pH (Brown et al., 2000; Crist et al., 

1996). Surface area is another important parameter for adsorption since the larger surface 

area increases the number of sites available for surface adsorption processes (Lee et al., 

2004). Peat generally exhibited the highest metal ion adsorption capacity and removal 

efficiency, with the exception of cadmium ions in this study, because of its relatively 

higher surface area than other adsorbents which is indicated by the porosities of 

adsorbents shown in Table 3.4. Although the 4.0-4.75 mm crushed mollusk shells fraction 

had a higher adsorption capacity and removal efficiency than peat for cadmium 

adsorption in this study, the cadmium removal efficiency of peat was found to be 88.3%, 

which is relatively good. These results correspond with results from other studies which 

report that peat is an excellent potential natural adsorbent for cadmium adsorption (Crist 

et al., 1996; Leslie, 1974).  

In utilizing crushed mollusk shells, the quantity of counter-ions released is a function 

of the composition of the crushed mollusk shells. The crushed mollusk shells from Lake 

Ontario would represent a mixture of crab shells, zebra mussel shells, etc. Calcium 

carbonate (CaCO3) is the main inorganic constituent of mollusk shells, as well as in crab 

shells (Cochrane et al., 2006; Zhou et al., 2004; Lee, et al., 2004; Grini, 2005). It has been 

reported that the calcium carbonate in crab shells starts to dissolve at pH=11.0 and most 

of it could be dissolved at pH=5.0 (Lee, et al., 2004). Other carbonate species, HCO3
- and 

CO3
2-, species are responsible for the formation of insoluble metal carbonates. Hence, the 

formation of insoluble metal carbonates would represent the primary contributing 
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mechanism for heavy metal removal in the metal-shell adsorption process and Ca2+ 

would likely be the dominant counter-ion released from the crushed mollusk shell 

mixture. The heavier the metal ion, the easier it is exchanged with Ca ion, which may 

explain why SB showed a higher adsorption capacity than PEAT for cadmium ions in this 

study.  

From the kinetic study, PEAT and SB were found to be effective natural adsorbents for 

removal of metal ions from solutions. Conversely, GAC did not appear to present as high 

of an adsorption potential throughout the study. The crushed mollusk shells adsorbent 

(SB) was noted to be the best adsorbent for cadmium, while PEAT was found to be a 

better adsorbent for the other metal ions.  

 

3.3.3.3 Effect of pH Changes in Solution 

Typically, landfill leachate pH values are reported between 5.0 and 6.0 (VanGulck and 

Rowe, 2004). When liquid wastewater bearing metal ions is treated in a wastewater 

treatment plant, the pH of the solution is one of the most important factors to be 

monitored. As shown in Table 3.4 and Table 3.6, when the solutions were treated using 

the crushed mollusk shells as the adsorbent, the final effluent pH was approximately 8.0, 

which is higher than the pH value of 3.5 observed for GAC or PEAT. This is due to the 

natural pH of the adsorbent materials, where the natural pH of SA and SB crushed 

mollusk shells are significantly higher than that of GAC and PEAT. In this respect, the 

use of crushed mollusk shells as an adsorbent would present an advantage over GAC or 

PEAT, because effluents treated through the crushed mollusk shells would not require 

further treatment of the effluent pH in real applications. 
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Table 3.6 pH values of the solutions 

Solution 
Cadmium Sulfate 

(500 mg/L) 

Nickel Sulfate 

(500 mg/L) 

Manganese Sulfate 

(500 mg/L) 

Cobalt Sulfate 

(500 mg/L) 

Solution Initial pH 4.4 5.6 5.7 6.0 

Final pH in SA 7.8 8.3 8.4 8.4 

Final pH in SB 7.8 8.3 8.5 8.5 

Final pH in GAC 3.5 3.7 3.6 3.6 

Final pH in PEAT 3.4 3.2 3.4 3.4 

 

 

3.3.4 Single Metal Adsorption Equilibrium Isotherm Models 

3.3.4.1 Effect of initial metal ion concentration 

  The effects of the initial metal ion concentration on the adsorption capacities of 0.6-1.0 

mm crushed mollusk shells (SA), 4.0-4.75 mm crushed mollusk shells (SB), granular 

activated (GAC), and peat moss (PEAT) are presented in Figure 3.6 to Figure 3.9, 

respectively, for cadmium, nickel, manganese and cobalt single-constituent metal ion 

solutions. Experiments were conducted in duplicate, and the values reported represent the 

average of the analytical results. The procedures were described in Section 3.2.2.4 and 

the raw data are included in Appendix I. 
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Figure 3.6 Effect of initial cadmium ion concentration on adsorption 
 
 

Figure 3.6 shows that the equilibrium adsorption capacities of the SA and SB crushed 

mollusk shells, GAC and PEAT for cadmium ions increased with increasing initial Cd ion 

concentrations in solution. Generally, the SA and SB crushed mollusk shells as well as 

the PEAT presented higher adsorption capabilities for cadmium than GAC. A comparison 

of the adsorption capacities for the four adsorbents noted that SB > PEAT > SA > GAC 

when initial cadmium ion concentrations ranged from 83.6-332.0 mg/L, which coincides 

with the adsorption capacity observed in Figure 3.2 at cadmium ion concentration 209 

mg/L (1.86 mmol/L). At initial cadmium ion concentrations equal to or greater than 330 

mg/L, PEAT was noted to present lower equilibrium adsorption capacities than the SA, as 

well as the SB crushed mollusk shells.  
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Figure 3.7 Effect of initial nickel ion concentration on adsorption 
 
 

In Figure 3.7, peat was noted to provide the highest equilibrium adsorption capacities 

for nickel in the aqueous solution at all initial nickel ion concentrations. The adsorption 

capacities of the adsorbents increased with increasing initial nickel ion concentration. 
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Figure 3.8 Effect of initial manganese ion concentration on adsorption 
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Figure 3.9 Effect of initial cobalt ion concentration on adsorption 

 
 

As can be seen from Figure 3.8 and Figure 3.9, the adsorption capacity of each 

adsorbent increased with increasing initial manganese and cobalt ion concentrations. Peat 

generally exhibited the highest adsorption capacities, while GAC was observed to have 

the lowest. It should be noted in Figure 3.8 that GAC had a considerably higher 

adsorption capacity when the initial manganese concentration was 230.4mg/L, which 

could indicate that GAC might have a higher adsorption capacity potential at higher 

initial manganese ion concentrations. 

The results suggest that peat generally showed the highest adsorption capacity and the 

highest potential for metal removal from single-constituent metal ion aqueous solutions. 

The crushed mollusk shells also demonstrated a high adsorption capacity for cadmium, 

particularly the fraction of 4.0-4.75 mm crushed mollusk shells (SB). Thus, in using 

natural adsorbents in metal adsorption applications, peat and 4.0-4.75 mm crushed 

mollusk shells could provide a suitable alternative adsorption media. The equilibrium 
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adsorption capacities qe (mg/g) for most absorbents were found to increase with 

increasing initial metal concentrations of for the rance of concentrations investigated, 

which is similar to the results reported in other studies for cadmium removal (Benguella 

and Benaissa, 2002) and cobalt removal (Lee et al., 2004). The data obtained from this 

experiment can be also used in the determination of model (Freundlich and Langmuir) 

constants, which will be discussed in Section 3.3.4.3.  

 

3.3.4.2 Effect of adsorbent mass 

To examine the effect of adsorbent mass on metal adsorption, equilibrium studies using 

constant concentrations of initial single-constituent metal ion solutions and a range of 

adsorbent masses were conducted as presented in Section 3.2.2.4. The experiments were 

conducted in duplicate, and average values employed in the analysis and discussion of the 

results. 
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Figure 3.10 Effect of adsorbent mass on cadmium ion adsorption 
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Figure 3.11 Cadmium removal efficiencies using different adsorbent masses. (І represents the AAS 
analytical error). 
 

Figure 3.10 and Figure 3.11 illustrate the equilibrium adsorption capacities of the 

adsorbents, qe (mg/g), for cadmium ions in single-constituent metal ion solutions. The 

equilibrium adsorption capacities were observed to decrease with increasing adsorbent 

mass, which might be due to the presence of a higher density of solids that could lead to a 

decrease in opportunities for contacting all adsorption sites. In terms of cadmium ion 

removal efficiencies, the removal efficiency of peat increased considerably from 75.0 (± 

7.13)% to more than 93.0 (±8.84)% with adsorbent mass addition. On the other hand, the 

removal efficiencies of SA crushed mollusk shells and GAC increased from 77.9 

(±7.40)% to 85.6 (±8.13)% and from 37.5 (±3.56)% to 41.8 (±3.97)%, respectively, while 

the removal efficiencies of the SB crushed mollusk shells did not change significantly 

with adsorbent mass addition from 95.7 (±9.09)% to 97.2 (±9.23)%.  
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Figure 3.12 Effect of adsorbent mass on nickel ion adsorption 
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Figure 3.13 Nickel removal efficiencies using different adsorbent masses. (І represents the AAS 
analytical error). 
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The equilibrium adsorption capacities of the adsorbents for nickel were also generally 

found to decrease with increasing adsorbent mass (Figure 3.12). Figure 3.13 illustrates 

the nickel removal efficiencies of the adsorbents. The nickel ion removal efficiency for 

peat increased considerably from 81.9 (±7.78)% to 99.5 (±9.45)% with adsorbent mass 



addition. Removal efficiencies of SB shells increased from 27.6 (±2.62)% to 43.3 

(±4.11)%. The nickel removal efficiencies of SA shells and GAC did not increase 

consistently as was observed with the SB shells and PEAT. Slight increases in adsorption 

capacities with increasing adsorbent mass addition were also noted at higher adsorbent 

mass additions. These observations would, once again, the adsorption capacity decrease 

with adsorbent mass increase might suggest a decrease in opportunity for adsorption site 

contact with the presence of additional adsorbent mass in solution. 
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Figure 3.14 Effect of adsorbent mass on manganese ion adsorption 

 87



0

20

40

60

80

100

SA SB GAC PEAT
Adsor bent s

Mn
 i

on
 R

em
ov

al
 E

ff
ic

ie
nc

y 
%

2g 4g 6g 8g  

Figure 3.15 Manganese removal efficiencies using different adsorbent masses. (І represents the AAS 
analytical error). 

 
 

As can be seen from Figure 3.14 and Figure 3.15, the adsorption capacities of SA, 

SB, PEAT and GAC for manganese ions also decreased with increasing adsorbent mass. 

However, with the exception of peat, coinciding removal efficiencies did not improve 

with increasing adsorbent mass, which was different from the results observed for the 

cadmium and nickel metal ions. SA and SB shells both obtained the best manganese 

removal efficiencies of 45.8 (±4.35)% and 59.5 (±5.65)% with the addition of 2.0 gram 

adsorbent, respectively. The removal efficiency of GAC decreased from 9.9 (±0.94)% to 

3.9 (±0.37)% with adsorbent addition. However, PEAT removal efficiencies increased 

from 46.1 (±4.38)% to 79.9 (±7.59)%. The results indicated that PEAT was the best 

adsorbent for manganese removal, which was consistent with the observations noted in 

Section 3.3.3.2. 
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Figure 3.16 Effect of adsorbent mass on cobalt ion adsorption 
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Figure 3.17 Cobalt removal efficiencies using different adsorbent masses. (І represents the AAS 
analytical error). 
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Figure 3.16 demonstrates that the equilibrium adsorption capacity of cobalt onto 

increasing adsorbent mass was similar to that observed for the other metal ions. Peat was 

found to be the most efficient adsorbent when compared to the crushed mollusk shells 

(SA and SB) and GAC. Increases in adsorbent mass, did not appear to improve metal 
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removal efficiencies significantly. 

      A number of studies have reported that the use of smaller adsorbent masses provides a 

greater removal of metal ions (Benguella and Benaissa, 2002; Lee et al., 2004). These 

reports state that the decrease in adsorption capacity at higher masses was due to the 

formation of aggregates with increasing adsorbent mass additions, which decreased the 

effective adsorption area. In terms of adsorbent selection for the removal of metals from 

the solution, based on the results of this study, peat was generally found to be a more 

efficient and consistent adsorbent for nickel, manganese and cobalt ions, while the 

crushed mollusk shells were found to be a better adsorbent for cadmium adsorption. The 

higher affinity of crushed mollusk shells for cadmium could be attributed to the 

formation of low solubility cadmium carbonate which could precipitate in the solution or 

adsorb onto the surface of the crushed mollusk shell adsorbents. The formation of low 

solubility metal carbonates would not be anticipated for nickel, manganes or colbalt ions. 

The data obtained from this experiment can be also used in the determination of 

equilibrium adsorption model (Freundlich and Langmuir) constants. 

 

3.3.4.3 Freundlich and Langmiur Models  

In order to model the adsorption capacities of the 0.6-1.0 mm crushed mollusk shells 

(SA), 4.0-4.75 mm crushed mollusk shells (SB), granular activated carbon (GAC), and  

peat moss (PEAT) for cadmium, nickel, manganese and cobalt removal from 

single-constituent metal ion aqueous solutions, the Freundlich (Equation 3.7 and 

Equation 3.8) and Langmuir (Equation 3.9 and Equation 3.10) isotherm models were 

employed. These two models are the most frequently used isotherm models to describe 
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adsorption characteristics in single-constituent metal ion adsorption processes.  

The experiments were conducted using single-constituent metal ion solutions in two 

tests: one by varying initial concentration to observe the effect of solution concentration 

on the adsorption capacity of the individual adsorbent, and the other by varying adsorbent 

mass. The final equilibrium metal ion concentrations in solutions were used to determine 

isotherm model constants. The experimental procedures were indicated in Section 3.3.3.2. 

Model constants were derived and are noted in Table 3.7 to Table 3.10. Calculations and 

linearized equilibrium adsorption graphs for cadmium, nickel, manganese and cobalt can 

be found in Appendix I. 

Table 3.7 shows the derived model constants for cadmium adsorption onto the four 

adsorbents. According to correlation coefficients (R2), the Freundlich model was found to 

provide a better fit to the experimental equilibrium data of cadmium adsorption onto SA, 

SB and GAC using various initial cadmium ion concentrations. The adsorption of 

cadmium onto PEAT was best described by the Langmuir model using various initial 

cadmium concentrations (R2 = 0.99), although a relatively good fit was found using the 

Freundlich model as well (R2 = 0.95). The correlation coefficients (R2) of the Freundlich 

and Langmuir models derived based on varying adsorbent masses were generally found 

to be much lower with the exception of the Freundlich model for cadmium-SA adsorption, 

for which an R2 of 0.99 was obtained. According to Equation 3.9 although it was found 

that the Langmuir model can fit the cadmium-SA, cadmium-SB and cadmium-GAC 

adsorption data, the negative values obtained for the constant a, which theoretically 

represents is amount of adsorbated sorbed to form a complete monolayer on the surface 

of the adsorbent, would not suggest that adsorption cannot be adequatedly described for 
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cadmium using the Langmuir isotherm model. 

Table 3.8 illustrates the adsorption of nickel using the different adsorbents. In this case, 

the Langmuir model was generally found to provide a better fit than Freundlich model 

both when the initial nickel concentration and adsorbent mass were varied. For nickel-SA 

adsorption, the Langmuir isotherm model derived using various adsorbent mass was 

found to be the most suitable isotherm model. The Freundlich isotherm model obtained 

using various adsorbent masses (R2=0.73) fitted nickel-SB adsorption best. For 

nickel-GAC and nickel-PEAT adsorptions, the Langmuir models derived using various 

initial concentrations provided the best fit to experimental equilibrium study data. 



 
 
 
 
 
 
Table 3.7 Cadmium adsorption isotherm model constants  

  Adsorbents Freundlich Constants   Langmuir Constants
 Initial Concentration Adsorbent Mass Initial Concentration Adsorbent Mass 

      1/n fK  2R  1/n fK  2R  a b 2R  a b 2R  
SA           1.50 0.02 0.98 2.95 1.00×10-3 0.99 -6.00 -0.01 0.82 -2.00 -0.02 0.90
SB           0.66 0.91 0.96 2.65 0.02 0.62 8.89 0.09 0.88 -2.88 -0.08 0.35

GAC        1.59 4.00×10-4 0.96 17.25 1.17×10-36 0.82 -1.33 -3.00×10-3 0.77 -0.13 -7.00×10-3 0.84 
PEAT           0.49 0.58 0.95 0.75 0.29 0.54 5.60 0.05 0.99 26.00 5.00×10-3 0.03 

 
 
 
 
 
 
Table 3.8 Nickel adsorption isotherm model constants 

Adsorbents     Freundlich Constants Langmuir Constants

 Initial Concentration Adsorbent Mass Initial Concentration Adsorbent Mass 

      1/n fK  2R  1/n fK  2R  a b 2R  a b 2R  
SA          -0.04 0.49 5.00×10-3 2.52 2.10×10-5 0.16 1.00 0.01 0.13 0.05 -0.02 0.98
SB           0.21 0.24 0.28 3.14 1.88×10-6 0.73 1.00 0.02 0.52 -0.04 -0.02 0.97

GAC             -0.18 0.82 0.99 -0.80 21.31 0.16 0.33 -0.12 0.99 0.17 -0.03 0.59
PEAT             0.03 0.77 0.93 0.30 1.42 0.79 2.38 0.39 1 5.44 0.16 0.79
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Table 3.9 Manganese adsorption isotherm model constants 

  Adsorbents Freundlich Constants Langmuir Constants

 Initial Concentration Adsorbent Mass Initial Concentration Adsorbent Mass 

      1/n fK  2R  1/n fK  2R  a b 2R  a b 2R  
SA        1.20 2.00×10-3 0.89 -4.47 6.34×108 0.48 -2/00 -2.00×10-3 0.29 40.00 5.00×10-4 0.09 
SB           2.67 1.77×10-5 0.95 -0.37 8.49 6.00×10-3 0.50 -0.01 0.80 1.00 -0.03 0.10

GAC       1.38 2.00×10-3 0.57 -33.48 2.88×1070 0.99 -1.67 -3.00×10-3 0.04 4.75×10-3 -8.00×10-3 0.90 
PEAT           0.55 0.20 0.99 0.74 0.14 0.79 3.50 0.02 0.93 7.78 9.00×10-3 0.49 

 

 

Table 3.10 Cobalt adsorption isotherm model constants  
Adsorbents     Freundlich Constants Langmuir Constants

 Initial Concentration Adsorbent Mass Initial Concentration Adsorbent Mass 

      1/n fK  2R  1/n fK  2R  a b 2R  a b 2R  
SA            0.69 0.06 0.87 2.79 3.00×10-4 0.89 1.33 0.03 0.77 -0.2 -0.05 0.65
SB            1.01 0.02 0.99 -5.21 2.04×105 0.81 3.00 0.01 0.19 1.00 -0.01 0.66

GAC           0.72 0.03 0.66 2.42 2.00×10-4 0.14 1.25 8.00×10-3 0.10 -0.33 -0.03 0.04
PEAT             0.50 0.35 0.96 0.59 0.48 0.84 1.74 0.19 0.87 2.24 0.25 0.55
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For manganese adsorption, the constants of the models are summarized in Table 3.9. 

From the results it can be seen that the Freundlich isotherm model was generally a better 

fit to describe manganese ion adsorption onto each of the adsorbents based on varying 

initial manganese ion concentrations. The exception was for that of manganese-GAC 

adsorption, where the Freundlich model obtained based on varying adsorbent mass 

(R2=0.99) provided a better fit than that obtained using various initial manganese 

concentrations. 

Cobalt adsorption using varying initial metal ion concentrations and different 

adsorbent masses was also found to fit the Freundlich isotherm model better than 

Langmuir isotherm model. Most correlation coefficients were low compared to those 

obtained for the other metal ions. However, correlation coefficients were generally found 

to be higher than 0.80 as can be noted in Table 3.10. 

Based on the results of the equilibrium studies, it could be concluded that the 

Freundlich model is generally more suitable for predicting cadmium, manganese and 

cobalt ion adsorption onto the adsorbents investigated based both on varying initial metal 

concentrations (Table 3.2) and different adsorbent masses ranging from 2 g to 8 g. The 

Langmuir model better predicted nickel adsorption. Based on the definitions of the 

Langmuir isotherm model constants, these results would suggest that the adsorption 

behavior of certain metals on natural adsorbents are not, theoretically, limited to a 

monolayer, and that further investigations examining specific adsorption mechanisms 

onto these adsorbents would be valuable.  

The model fit to the experimental data was generally not as good with varying 

adsorbent masses, when compared to the model fits to the experimental data obtained 
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with changing initial metal ion concentrations. The Freundlich and Langmuir models 

used in this study do not take solution chemistry into account (Metcalf and Eddy, 2003). 

This would suggest that processes other than or in addition to adsorption could be 

contributing to metal removal or dissolution. 

 

3.3.5 Adsorbent mixtures 

  The effect of using different adsorbent mixtures on metal removal was investigated 

using the procedures described in Section 3.2.2.5 and the raw data from the results are 

presented in Appendix I. The samples were collected in duplicate and the data were 

represented by the average values of the collected samples.  

According to Figure 3.18, the 2/3 SA+1/3 SB mixture was the best adsorbent mixture 

for cadmium adsorption (Figure 3.18 (a) and Figure 3.18 (b)), for which an equilibrium 

adsorption capacity of 3.16 mg/g was observed. This adsorption capacity was noted to be 

slightly higher than the cadmium adsorption capacity of 0.6-1.0 mm crushed mollusk 

shells (SA) (2.94 mg/g) alone, but lower than that of 4.0-4.75 mm crushed mollusk shells 

(SB) (3.34 mg/g). However, the error bars indicated that the adsorption capacity 

differences were not significant because of the AAS analytical errors. In Figure 3.18, the 

adsorption capacities of the mixtures containing crushed mollusk shells were higher than 

those of the mixtures containing only PEAT and GAC. In fact, Figures 3.18 (a), (b), and 

(c) show that the mixtures containing GAC presented the lowest adsorption capacities 

and that the capacities of the mixtures containing only PEAT and GAC increased with 

increases in the mass ratio of PEAT. These observations would suggest that the GAC was 

not as effective an adsorbent for cadmium adsorption when compared to SA, SB and 



PEAT or their mixtures. These results corresponded with those obtained from the 

adsorption capacity study presented in Section 3.3.3.2 and illustrated in Figure 3.2, which 

also indicated that the crushed mollusk shells presented as better adsorbents for the 

cadmium adsorption from single-constituent metal ion aqueous solutions than PEAT. It 

was also suggested that the formation of insoluble cadmium carbonate may be a 

contributing factor in the observed cadmium removal from solutions. 
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Figure 3.18 Equilibrium adsorption capacities of different adsorbent mixtures for cadmium ion 
adsorption. (a) SA mixed with other media at different mass ratios, (b) SB mixed with other media at 
different mass ratios, (c) GAC mixed with other media at different mass ratios, and (d) PEAT mixed 
with other media at different mass ratios. (І represents the AAS analytical error). 
 
 

Figure 3.19 shows that PEAT mixtures generally exhibited the highest adsorption 

capacities for nickel adsorption. As was noted in Section 3.3.3.2, the order of nickel 

adsorption capacities for the adsorbents tested was PEAT>SA>SB>GAC. The addition of 

PEAT to other adsorbents typically increased the adsorption capacity, compared to 

mixtures without PEAT, which would support the conclusion that PEAT is a useful 

natural adsorbent for nickel removal from single-constituent metal ion aqueous solutions. 
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The 1/2 SA+1/2 PEAT (Figure 3.19 (a) and Figure 3.19 (d)) mixture was observed to be 

the best adsorbent mixture for nickel adsorption, for which an equilibrium adsorption 

capacity of 1.54 mg/g was noted which was higher than the adsorption capacities of SA 

(0.69 mg/g) and PEAT (1.13 mg/g) alone. The higher capacities could be attributed to the 

increase in the different types of adsorption sites provided by the two adsorbents, as well 

as the effect on solution pH resulting from the mixing of the 0.6-1.0 mm crushed mollusk 

shells (SA) and the peat moss (PEAT). 
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Figure 3.19 Equilibrium adsorption capacities of different adsorbent mixtures for nickel ion 
adsorption. (a) SA mixed with other media at different mass ratios, (b) SB mixed with other media at 
different mass ratios, (c) GAC mixed with other media at different mass ratios, and (d) PEAT mixed 
with other media at different mass ratios. (І represents the AAS analytical error). 
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From Figure 3.20, it can be seen that adsorbent mixtures containing PEAT also 

generally exhibited higher adsorption capacities for manganese. This observation is also 

consistent with the results found in the adsorption capacity study (Section 3.3.3.2) where 

the order of manganese adsorption capacities for the adsorbents investigated was noted as 

PEAT>SB>SA>GAC. When SA was mixed with PEAT, the mixture showed the highest 

adsorption capacity for manganese removal, as shown in Figure 3.20 (a) and Figure 3.20 

(d). The 1/3PEAT+2/3SA and 1/2 PEAT+1/2SA (Figure 3.20 (a) and Figure 3.20 (d)) 



mixtures were observed to be the best adsorbent mixtures for manganese adsorption, for 

which an equilibrium adsorption capacity of 1.5 mg/g was noted which was higher than 

the adsorption capacity of SA (0.56 mg/g) but not higher than that of PEAT (1.61 mg/g) 

alone. This would suggest that PEAT is the best adsorbent for manganese adsorption. As 

was indicated for nickel adsorption, it is believed that the higher capacities could be 

attributed to an increase in the different types of adsorption sites provided by the two 

adsorbents, as well as the effect on solution pH resulting from the mixing of the 0.6-1.0 

mm crushed mollusk shells (SA) and the peat moss (PEAT). 
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Figure 3.20 Equilibrium adsorption capacities of different adsorbent mixtures for manganese ion 
adsorption. (a) SA mixed with other media at different mass ratios, (b) SB mixed with other media at 
different mass ratios, (c) GAC mixed with other media at different mass ratios, and (d) PEAT mixed 
with other media at different mass ratios. (І represents the AAS analytical error). 
 
 

 102

  Figure 3.21 (a), (b), and (c) illustrates that adsorption capacities for cobalt increased 

significantly with the addition of PEAT as part of the mixture and adsorption capacities 

were observed to increase with increasing PEAT mass ratio. According to Figure 3.21 (d), 

2/3PEAT+1/3SB, 2/3PEAT+1/3SA and 2/3PEAT+1/3GAC were all found to provide 

similar equilibrium adsorption capacities of approximately 0.58 mg/g for cobalt. The 

capacities were as high as the PEAT adsorption capacity 0.58 mg/g obtained in the 

previous adsorption capacity study (Section 3.3.3.2). In Figure 3.21 (a), (b) and (c), SA, 



SB and GAC mixtures without peat all exhibited very low adsorption capacities for 

cobalt.  Hence, it can be concluded that the order of the cobalt adsorption capacities for 

adsorbents is PEAT>SB >SA >GAC (Figure 3.21 (d)), which is consistent with the results 

obtained in the adsorption capacity study (Section 3.3.3.2) presented in Figure 3.5. These 

observations would indicate that PEAT provided the best adsorption capacity for cobalt 

adsorption from single-constituent metal ion aqueous solutions both alone and in 

mixtures. 
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Figure 3.21 Equilibrium adsorption capacities of different adsorbent mixtures for cobalt ion 
adsorption. (a) SA mixed with other media at different mass ratios, (b) SB mixed with other media at 
different mass ratios, (c) GAC mixed with other media at different mass ratios, and (d) PEAT mixed 
with other media at different mass ratios. (І represents the AAS analytical error). 
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3.4 Conclusion 

The removal of cadmium, nickel, manganese and cobalt from single-constituent metal 

ion aqueous solutions by adsorption using natural adsorbent materials including crushed 

mollusk shells from Lake Ontario, granular activated carbon, and sphagnum peat moss 

has been investigated. Studies were conducted in batch experiments using these 

adsorbents alone and in various adsorbent mixtures employing different mass ratios of 
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adsorbents.  

(1) The batch experiments indicated that the crushed mollusk shell (4.0-4.75mm) 

adsorbent was most suitable for cadmium ion removal, while peat moss was 

generally a better adsorbent for nickel, manganese and cobalt removal from 

single-constituent metal ion aqueous solutions.  

(2) Considering solution pH changes, crushed mollusk shells could be a useful natural 

adsorbent in full-scale applications where final solution pH considerations are 

required. After a 24 hour contact period with the 0.6-1.0 mm and 4.0-4.75 mm 

crushed mollusk shells, the solution pH was generally found to equilibrate at 

approximately pH of 8.0 when crushed mollusk shells were employed as adsorbents.  

(3) Parameters such as different initial metal ion concentrations and adsorbent masses 

were also found to significantly affect the adsorption capacities. The metal 

adsorption capacities generally increased with increasing initial metal concentration 

and decreased when adsorbent masses were increased in solution.  

(4) The decrease in adsorption capacity with increase in adsorbent mass addition was 

likely due to corresponding changes in solution chemistry with increases in natural 

adsorbent. This could make the contribution of other metal removal processes more 

significant at higher masses, which was also supported by the lower adsorption 

isotherm model fits for predicting adsorption capacities when varying adsorbent 

masses were employed compared to varying the initial metal concentrations. In 

addition, when the adsorbent mass increased, the presence of more solids could 

result in a decrease in the opportunity for contact between the adsorbate and the 

adsorption sites on the adsorbent. 
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(5) Equilibrium isotherm model constants were derived using existing models: 

Freundlich and Langmuir isotherm models. The Freundlich model was found to be 

more suitable for cadmium, manganese and cobalt adsorption, while the Langmuir 

model was found to describe nickel ion adsorption best. However, the Freundlich 

model for nickel adsorption onto peat based on various initial nickel concentrations 

could be also considered to be adequate. 

(6) Adsorbent mixtures containing crushed mollusk shells exhibited better adsorption 

capacities for cadmium ion removal, while mixtures containing peat moss generally 

had higher adsorption capacities for nickel, manganese and cobalt. These results 

were consistent with the order of adsorption capacities observed for the individual 

adsorbents where PEAT> Mollusk Shells> GAC.  
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Chapter 4 

Comparative fixed-bed column study on the adsorption of 

cadmium (II) and nickel (II) ions in binary metal aqueous 

solutions using peat and crushed mollusk shells 

Chenxi Li, Pascale Champagne 

Civil Engineering Department, Queen’s University, 58 University Avenue, Kingston, 

Ontario, Canada 

 

4.1 Introduction 

Water pollution by heavy metals remains a serious environmental and public concern. 

Although conventional remediation strategies such as precipitation or ion exchange have 

been extensively used, these are not always a feasible approach due to cost, or operation 

and maintenance requirements. As such, alternative adsorption technologies using natural 

materials as biosorbents have been investigated and developed in the last decade (Lodeiro 

et al., 2006). Biosorption has been shown to be a feasible treatment process for removing 

trace metals from water. It has been demonstrated to be more economical and to provide a 

greater metal removal capacity, even at very low metal concentrations, where traditional 

technologies have been, comparatively, more expensive and less effective (Lee and 

Davids, 2001).  

A number of natural materials including activated carbon (Gabaldon et al., 2000), peat 

(Champagne, 2001; Champagne et al., 2005; Sharma and Forster, 1995; Gabaldon et al. 

2006; Fine et al. 2005), chitin (Zhou et al., 2004; Cetin and Pehlivan, 2007), mulch (Jang 
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et al., 2007), sludge (Lee and Davids, 2001), husk (Harsar, 2003; Kumar and 

Bandyopadhyay, 2006), zeolite (Han and Zou et al., 2006; Farm, 2002) have been 

investigated and reported as effective natural adsorbents for heavy metal removal from 

aqueous solutions or from wastewaters.  

The utilization of peat for the removal of transition metals from aqueous systems has 

been extensively studied (Sharma and Forster, 1995; Gabaldon et al., 2006; Fine et al., 

2005; Qin et al., 2006; Champagne, 2001). In a previous batch study (Chapter 3), peat 

exhibited a relatively high adsorption capacity for nickel removal from single-constituent 

aqueous solutions when compared to other natural adsorbents. Crushed mollusk shells are 

an abundant natural polysaccharide that can also be found in fungi, insects, lobsters, 

shrimps and krill (Cetin and Pehlivan, 2007). The results of the previous batch study 

(Chapter 3) indicated that 4.0-4.75 mm crushed mollusk shells from Lake Ontario (Laska, 

2005) could also be employed as an alternative low-cost adsorbent for the removal of 

heavy metals, particularly cadmium. Hence, peat and 4.0-4.75 mm crushed mollusk shells 

were selected as natural adsorption media for further bench-scale fixed-bed column 

investigations examining the removal of heavy metal from aqueous solutions. Cadmium 

and nickel were selected as representatives of heavy metals which are commonly found 

in high strength municipal or industrial wastewaters such as landfill leachate, and were 

treated using these natural adsorbents (Baun and Christensen, 2004). 

Fundamental adsorption model constants were derived from the batch adsorption 

equilibrium study for the peat and the 4.0-4.75 mm crushed mollusk shells. Prior to the 

design of large-scale adsorption filters, laboratory-scale column testing is often conducted 

to simulate and provide the design information for the full-scale reactors. A number of 
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fixed-bed column investigations have been conducted for cadmium (Gabaldon et al., 

2006; Rotting et al., 2006; Kumar and Bandyopadhyay, 2006; Lodeiro et al., 2006; 

Gabaldon et al., 2000) and nickel (Malkoc and Nuhoglu, 2006; Rotting et al., 2006) ion 

removal using various adsorbents, adsorbent bed depths, column diameters, influent 

solution concentrations and influent flow rates. The results of these investigations have 

generally demonstrated that operational conditions could significantly influence treatment 

efficiency and contaminant breakthrough. Thus, in order to assess the adsorption 

capacities and performance of peat and 4.0-4.75mm crushed mollusk shells in fixed-bed 

columns, a number of parameters need to be considered and investigated. 

The main objective of this study was to investigate the adsorption capacities of the 

natural adsorbent media, peat moss and crushed mollusk shells (4.0-4.75 mm) from Lake 

Ontario, for cadmium and nickel ion removal from binary aqueous solutions using 

bench-scale fixed-bed columns. The effects of design parameters such as bed depth and 

flow rate on effluent pH, as well as effluent nickel and cadmium concentrations were 

examined. The life expectancy, metal treatment efficiency and adsorption capacity of 

each adsorbent in the fixed-bed columns were also assessed. 

   

4.2 Materials and Methods 

 

4.2.1 Materials 

A commercially available Sphagnum peat moss and 4.0-4.75 mm crushed mollusk 

shells were used as adsorption media in this investigation. The Sphagnum peat moss used 

in this study is a commercially available material (Canada Brand Peat Moss, produced by 
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Annapolis Valley Peat Moss Co. Ltd., Gulf Island Peat Moss Co. Inc, and Miscouche 

Peat Moss Co. Ltd.). Larger clumps and twigs were removed by hand from the peat to 

minimize flow channeling in the columns. Then the material was allowed to air-dry over 

a 72-hour period. The prepared peat moss was then stored in sealed Ziploc bags in dry 

environment at room temperature (19-21°C) until testing. 

A mixture of mollusk shells was collected from the shores of Main Duck Island, a bird 

sanctuary in the St. Lawrence Islands National Park and prepared by Laska (2005) (Laska, 

2005) in October 2003. The shells were washed with tap water through a 0.25 mm 

diameter mesh screen and air-dried at room temperature (19-21°C) for 48 hours. The 

shells were then oven-dried in a Gallenkamp hotbox oven at 90°C to a constant mass and 

then air-dried to room temperature. Next, the shells were sorted into two discrete sizes 

using a Ro-Tap Soil Sieve Test Shaker mechanical sieve (W.S. Tyler Co. of Canada, Ltd.), 

from which the 4.0-4.75 mm fraction was retained. The prepared crushed mollusk shells 

were stored in sealed Ziploc bags at room temperature (19-21°C) until testing.  

The properties of the natural adsorbents were reported in the previous studies (Chapter 

3) and are summarized in Table 4.1. The hydraulic conductivity of the peat material was 

assessed using a modified ASTM D 4511 Method and was calculated using Darcy’s Law 

and the raw data are presented in Appendix II. Constant head tests were performed using 

a down-flow clear plexiglass tube with 5 cm length and 11.34 cm2 diameter. The PEAT 

was placed in the tube and compacted by applying a 1 Nm torque. The constant head tank 

was filled with tap water and flow through the tube was stabilized. The water through the 

tube was collected using a tank and evaluated using a 100 mL graduated cylinder. The 

time required to collect the water sample was recorded. The test was performed in 



triplicate at a constant head of 10 cm. The hydraulic conductivity of the 4.0-4.75 mm 

crushed mollusk shells was determined by Laska, 2005. The hydraulic conductivity K 

was determined using Darcy’s Law (Appendix II), according to Equation 4.1: 

Aht
VLK =                             (4.1) 

where V is the fluid volume (cm3), K is the hydraulic conductivity (m/s), h is the 

differential head across the sample (cm), L is the sample length (cm), A is the 

cross-section area of the media sample (cm2) and t is the time recorded (s).  

 

Table 4.1 Adsorption media properties for column tests 

Adsorbent Particle Density 
 g/cm3

Bulk Density 
 g/cm3 Porosity Media pH Hydraulic Conductivity

cm/s 
Mollusk Shell 2.68 0.67 0.75 9.4 0.230 

Peat 0.89 0.11 0.88 3.9 0.304 
 

The binary metal aqueous solution used in this study was prepared by dissolving 

analytical grade soluble heavy metal salts (cadmium sulfate: and nickel 

sulfate: ) obtained from Fisher Scientific into distilled water. The initial 

concentration of each metal salt in the binary solution was 500 mg/L, which was the same 

concentration selected for the previous study (Chapter 3), where the adsorption of metals 

from single-constituent metal ion aqueous solutions onto various natural adsorbents was 

tested in batch experiments. Correspondingly, the initial metal ion concentrations of 

cadmium and nickel in solution were 209 mg/L and 105 mg/L respectively, (Table 3.1). 

OHCdSO 24 83 ⋅

OHNiSO 24 6⋅
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4.2.2 Methods 

 

4.2.2.1 Multi-Constituent Adsorption Study 

A batch adsorption study was undertaken to examine the adsorption of cadmium and 

nickel in a multi-component (binary) metal ion solution onto each of the two natural 

adsorbents: 4.0-4.75 mm crushed mollusk shells (SB) and sphagnum peat moss (PEAT). 

The metal ion solution was composed of 500 mg/L cadmium sulfate and 500 mg/L nickel 

sulfate (Table 3.1). Six grams of adsorbent was added to a 125 mL flask containing 100 

mL of the multi-component (binary) metal ion solution and shaken on a reciprocal shaker 

at 100 rpm for 24 hours, which was previously reported to be adequate to reach cadmium 

and nickel adsorption equilibrium using these adsorbents (Chapter 3). Metal ion 

concentrations in solution were determined by atomic absorption spectrophotometer 

(AAS) Varian Spectr AA-20.  

All experiments were performed in duplicate at room temperature (19~21℃). Samples 

were collected, diluted, and stored in 10 mL small glass tubes in a cold room at 4°C and 

analyzed within 2 days.  

 

4.2.2.2 Fixed-bed Column Set-up 

  In this study, 10 cm diameter and 20 cm deep columns operated in a gravity down-flow 

manner were employed. The experimental column set-up is illustrated in Figure 4.1 and 

schematic details of the individual columns are presented in Figure 4.2.  

From the experimental set-up illustrated in Figure 4.1 and individual column details in 

Figure 4.2, it can be seen that eight clear plexiglass cylindrical columns (25cm deep × 
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10cm internal diameter) were used as vertical flow fixed-bed columns. The adsorption 

media, 4.0-4.75 mm crushed mollusk shells and peat moss, were packed into the columns 

at depths of 15 cm or 20 cm. A geotextile and perforated plastic plate (plastic mesh disc) 

were used on the bottom to prevent the adsorbent media from leaching into and clogging 

the drainage area, as well as on top of the adsorption column to better distribute the 

aqueous solution onto the adsorbent surface and maintain a constant flow rate. The plastic 

cover at the top was open to the atmosphere in order to keep the internal pressure in the 

columns near atmospheric pressure. Masterflex peristaltic pumps with LS 14 pump heads 

(Cole Parmer Instrument Company, Vernon Hills, IL, USA) were used to pump the 

influent metal solution to the columns through Masterflex TYGON tubings. All of the 

columns were operated under unsaturated flow conditions. Two peristaltic pumps, each 

with 4 pump heads, were used to distribute the influent metal solution to each column, 

where the initial metal solution was pumped at a rate of 3.4 mL/min (surface loading of 

62.37 cm3/cm2·day) into columns C1, C2, C3 and C4, and a rate of 1.5 mL/min (surface 

loading of 27.52 cm3/cm2·day) into columns C5, C6, C7 and C8. The adsorption medium, 

adsorption medium depth and flow rate to each of the columns are summarized in Table 

4.2.  

 

 



Peristaltic Pump Peristaltic Pump Metal Solution 
1.5mL/min per 

column 
3.4mL/min per 

column 

C1 C2 C3 C4 C5 C6 C7  C8 

15cm 
10cm 

Shell 
Adsorbents 

Peat 

Figure 4.1 Schematic of the column system setup
 

 

 

Table 4.2 Experimental design parameters 
Column No. C1 C2 C3 C4 C5 C6 C7 C8 

Flow Rate (mL/min) 3.4 3.4 3.4 3.4 1.5 1.5 1.5 1.5 
Adsorbent SB SB PEAT PEAT SB SB PEAT PEAT 

Bed Depth (cm) 10 15 10 15 10 15 10 15 
Bed Volume (cm3) 785 1177.5 785 1177.5 785 1177.5 785 1177.5 

Adsorbent Mass (g) 586.36 888.09 105.50 143.56 512.97 885.88 105.70 160.30 
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Figure 4.2 Individual column details 
 

4.2.2.3 Sample Collection and Analysis 

Samples were collected at various time intervals as noted in Appendix II. In the first 24 

hours, samples were collected more frequently (60 minute intervals) such that the 

breakthrough point on the curve could be identified. The cadmium and nickel ion 

concentrations and the pH of the initial and effluent solutions were analyzed. The pH of 

the samples was measured using a calibrated Acumet Model 15 pH meter. Metal ion 

concentrations were analyzed using an atomic absorption spectrophotometer (AAS) 

Varian Spectr AA-20. Samples were diluted 400 times as per the AAS analysis 

procedures and stored in distilled water-washed glass cubes to which 0.1 mL of HCL (1 

mol/L) was added for sample preservation. The samples were then stored in a dark cool 

room at 4°C and analyzed within 3 days. The AAS automatically analyzed the samples 

three times and reported the averaged the reading values. 
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4.2.3 Data Analysis 

The observed multi-constituent adsorption capacity obtained from the multi-constituent 

adsorption batch study (procedure shown in Section 4.2.2.1) can be computed using 

(Ruthven, 1984), 

m
VCC

q multiiemultii
multiie

⋅−
= −−

−

)( ,,0
,                   (4.2) 

where  is the observed multi-constituent equilibrium adsorption capacity in 

the multi-constituent adsorption batch study (mg adsorbate/g adsorbent),  is the 

initial concentration of metal “i” (mg/L or mmol/L),  is the measured 

concentration of metal “i” at multi-constituent adsorption equilibrium (mg/L),  is the 

volume of liquid in the flask (L), and  is mass of adsorbent added into the flask (g), 

“i” represents heavy metal cadmium or nickel.  

multiieq −,

multiiC −,0

multiieC −,

V

m

The throughput volumes required to reach column breakthrough and exhaustion were 

used to evaluate and compare the adsorption performance of the individual column 

systems. Column breakthrough and exhaustion were defined by effluent-to-influent (C/Co) 

concentration ratios of 5% and 95%, respectively (Zhou et al., 2004; Metcalf and Eddy, 

2005).  

The columns were operated in a gravity down-flow manner. At the beginning of the 

testing period, constituent leaching from the adsorption media was noted. Hence, the 

breakthrough curves analyzed in this study were the ones obtained after a minimum C/Co 

was reached. A number of column studies operating in a gravity down-flow manner 

reported using a similar approach for data analysis (Zhou et al., 2004; Lee and Davids, 
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2001). In this experiment, a typical breakthrough curve was expressed as the percentage 

of the ratio of effluent to influent (C/Co) metal concentrations as a function of throughput 

volume as represented by Figure 4.3. 
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Figure 4.3 Typical metal breakthrough curve observed in the column system. 
 

The volumetric throughput or the time to reach breakthrough (volumetric 

throughput/flow rate) as well as the shape of the breakthrough curve are essential in 

evaluating the adsorption capacity of each column. Based on the breakthrough curve, the 

observed column adsorption capacity for each heavy metal can be evaluated and 

computed as the amount of metal ions adsorbed per unit weight of adsorbents as shown in 

Equation 4.3 and Equation 4.4 which were derived from the equations used by Zhou et al., 

(2004). 
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Where  is the amount of metal ion “i” adsorbed per unit weight of 

adsorbents (mg/g); is the amount of metal ion “i” adsorbed per unit volume of 

adsorbent (mg/mL); is the flow rate (mL/min); is the initial influent 

concentration (mg/mL); is the dry weight of the adsorbent packed in the column; is 

the volume of the dry adsorbent packed in the column; and  are the time (min) and 

the volumetric throughput (L) to reach adsorbent exhaustion; and  are the time and 

volumetric throughput required to reach breakthrough (min); f(t) and f(V) are the 

functions representing the effluent curves obtained from the column testing. The area of 

the breakthrough curve under adsorption media exhaustion conditions is represented by 

columnimq −,

columnivq −,
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which can be estimated through integration. Depending on the function, estimation of 

the column treatment efficiencies can be computed and compared using Equation 4.6, 

which can be derived from Equation 4.3 and Equation 4.4.  

%100
)(,inf

, ×
−××

×
= −

beiluent

columnim

ttQC
Wq

Efficiency             (4.6) 

In order to estimate the adsorption exhaustion of each column, empty-bed contact time 

(EBCT), estimated medium usage rate, and the volume treated prior to exhaustion are 

introduced and evaluated using the following Equation 4.7, 4.8, and 4.9 (Metcalf and 

Eddy, 2003), respectively. 
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Q
VEBCT =                             (4.7) 

Where EBCT is the empty bed contact time (min), V is the volume of the dry 

adsorbent packed in the column, is the flow rate (mL/min). Q

The adsorbent medium usage rate in the column can be estimated using the observed 

multi-constituent adsorption capacity  obtained from the multi-constituent 

(binary) batch experiments. The usage rate can be calculated using Equation 4.8 directly, 

multiieq −,

itU  , (g/L) =
multiie

ieffluentiluent

q
CC

−

−

 ,

 , ,inf                    (4.8) 

where is the initial influent concentration of metal “i” (mg/mL); is 

5% of ; is the observed equilibrium adsorption capacity obtained from 

multi-constituent (binary) batch experiments for metal “i”(mg/g) (calculated using 

Equation 4.2), in this study, “i” represents cadmium or nickel. 

iluentC ,inf ieffluentC ,

iluentC ,inf multiieq −,

When the medium usage rate is evaluated using the estimated multi-constituent 

adsorption capacities  obtained from the Langmuir isotherm model 

constants which can be derived from single-constituent batch experiments (Chapter 3), 

the medium usage rate can be estimated using Equation 4.9, 

)(, estimatedmultiieq −

ieU  ,

ieU  , (g/L) =
)( ,

 , ,inf

estimatedmultiie

ieffluentiluent

q
CC

−

−
                  (4.9) 

where is the initial influent concentration of metal “i” (mg/mL); is 

5% of ; is the estimated equilibrium adsorption capacity 

estimated using Langmuir isotherm model constants obtained from single-constituent 

iluentC ,inf ieffluentC ,

iluentC ,inf )( , estimatedmultiieq −
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batch experiments (Chapter 3), in this study, “i” represents cadmium or nickel. 

The estimated multi-constituent equilibrium adsorption capacity can be 

calculated using the observed adsorption capacity from single-constituent batch study in 

Chapter 3 and the following Equation 4.10 and Equation 4.11(Pontius, 1990): 

)(, estimatedmultiieq −

∑ −

−−
− ×+

××
=

i
multiiei
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               (4.11) 

where  and  are the estimated cadmium and nickel 

multi-constituent adsorption capacities of the adsorbent in the multi-constituent (binary) 

solutions at equilibrium concentrations, and , respectively; 

and  are the equilibrium adsorption capacities obtained from 

single-constituent isotherm analysis in the previous study Chapter 3;  represents 

and , which are the constants of Langmuir isotherm models for cadmium and 

nickel adsorption onto adsorbents from single-constituent isotherm analysis in Chapter 3. 

)(  , estimatedmultiCdeq − )(  , estimatedmultiNieq −

multiCdeC −, multiNieC −,

gleCdeq sin , − gleNieq sin , −

ib

Cdb Nib

In this study, the equilibrium adsorption capacities of cadmium and nickel from binary 

aqueous metal ion solutions can be found in Section 4.3.1. The volume of solution treated 

prior to filter media adsorption can be estimated using Equation 4.12 (Metcalf and Eddy, 

2003). 

Volume treated at media exhaustion (L) =
rate usage

column in the media of mass    (4.12) 

In order to figure out if the Langmiur model constants obtained from the previous 
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single-constituent batch study predicted multi-constituent adsorption capacities 

reasonably, estimated single-constituent adsorption capacities   and 

 can be calculated using Equation 4.13 (Pontius, 1990) 

)(sin , estimatedgleCdeq −

)(sin , estimatdgleNieq −

gleiei

gleieigleie
estimatedgleie Cb

Cbq
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sin ,sin ,
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−−
− ×+
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=               (4.13) 

where , which is the equilibrium adsorption capacity obtained from 

single-constituent isotherm analysis in the previous study Chapter 3, represents 

and ;  represents and , which are the constants of 

Langmuir isotherm models for cadmium and nickel adsorption onto adsorbents from 

single-constituent isotherm analysis in Chapter 3; “i” represents heavy metal cadmium or 

nickel. 

gleieq sin , −

gleCdeq sin , − gleNieq sin , − ib Cdb Nib

Calculations and the useful data obtained from Chapter 3 are available in Appendix II. 

 

4.3 Results and Discussions 

 

4.3.1 Competitive Adsorption on the Adsorbents 

In the previous study (Chapter 3), it was found that the crushed mollusk shells 

(4.0-4.75 mm) and peat moss were good adsorbents for cadmium and nickel removal, 

respectively. Analyzed using Equation 4.2, the observed adsorption capacities (mg/g) of 

the 4.0-4.75 mm crushed mollusk shells and the peat moss for cadmium and nickel ions 

in multi-constituent (binary) solutions are compared, in Figure 4.4, to each other as well 

as to the results obtained in the single-constituent cadmium and nickel batch adsorption 
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studies. 
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Figure 4.4 Cadmium and nickel adsorption by 4.0-4.75 mm crushed mollusk shells and peat moss 
from single and binary solutions in batch experiments, for adsorbent mass of 6 g and initial Cd and 
Ni concentrations of 209 mg/L (1.86 mol/L)and 105 mg/L (1.79 mol/L), respectively. (І represents the 
AAS analytical error). 
 
 

From Figure 4.4, it can be seen that the 4.0-4.75 mm crushed mollusk shells (SB) 

exhibited higher adsorption capacities for cadmium in both the single-constituent and 

binary solutions than the peat moss (PEAT), while the peat showed greater adsorption 

capacities for nickel in both the single-constituent and binary solutions. In comparing 

cadmium and nickel adsorption in the binary solution to the adsorption in 

single-constituent aqueous solutions shown in Figure 4.4, the respective adsorption 

capacities of the adsorbents in the binary solution was significantly decreased. These 

observations are also supported by the results summarized in Table 4.3, where the 

observed single-constituent adsorption capacity  obtained from Chapter 3 and 

multi-constituent adsorption capacity  (calculated using Equation 4.2) obtained 

gleieq sin , −

multiieq −,
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from the multi-constituent adsorption batch study are listed. The estimated 

single-constituent adsorption capacity (calculated using Equation 4.13) 

and estimated multi-constituent adsorption capacity  (calculated using 

Equations 4.10 and 4.11) are also shown in Table 4.3. The raw data and calculations are 

available in Appendix II.  

)(sin , estimatedgleieq −

)(, estimatedmultiieq −

 

Table 4.3 Adsorption capacities observed from batch experiments and estimated using Langmuir 
constants 

 Cadmium-SB Cadmium-PEAT Nickel-SB Nickel-PEAT 

gleieq sin , − (mg/g) 3.34 3.07 0.63 1.33 

multiieq −, (mg/g) 2.60 1.87 0.37 0.90 

)(sin , estimatedgleieq − (mg/g) 1.40 1.67 0.36 1.20 

)(, estimatedmultiieq − (mg/g) 2.13 0.57 0.14 1.03 

 

Table 4.3 indicates that the adsorption capacities of the adsorbents observed in 

multi-constituent batch experiments were lower than that observed in a single-constituent 

study. Qin et al. (2005) reported a similar decrease in lead, copper and cadmium binary 

and ternary solutions, which was attributed to competitive adsorption. Competitive 

adsorption results from the competition between metals for the limited number of 

available adsorption sites existing on the surface of the adsorbent when present in a 

multi-component metal ion aqueous solution. Table 4.3 also indicates that with the 

exception of cadmium adsorption onto crushed mollusk shells, the estimated 

single-constituent adsorption capacities calculated using Equation 4.13 

were higher than the estimated multi-constituent capacities , which can also 

)(sin , estimatedgleieq −

)(, estimatedmultiieq −

 127



be explained by the competitive adsorption phenomenon. The exception of cadmium 

adsorption onto crushed mollusk shells should be due to that some mechanisms other 

than adsorption provide mollusk shell combinations such as the formation of cadmium 

carbonate which would have affected the observed  and the Langmuir constants 

obtained. However, it was also noted that the estimated adsorption capacities are not 

always consistent with the observed values. In fact, in all cases, the corresponding 

observed adsorption capacities were always greater than the estimated values for both the 

single-constituent and binary adsorption capacities. This observation would suggest that 

although traditional models like the Langmuir isotherm model is commonly used, it does 

not always give good predictions, particularly for porous adsorbents and competitive 

adsorptions as noted by Pontius (1990). This can be attributed to the fact that there is 

likely more than a mono layer of metal ions interacting on the adsorbent surface and 

would suggest that other removal processes are affecting the observed adsorption 

capacities. This might also suggest that traditionally accepted isotherm models may not 

be adequate in describing and predicting the adsorption of metal ions onto these complex 

organic materials, and that further study would be required to examine adsorption 

mechanisms more thoroughly with these natural adsorbents. According to Figure 4.4, it 

should be expected that in the fixed-bed column testing of heavy metal removal from 

binary aqueous solutions, the 4.0-4.75 mm crushed mollusk shells and the peat moss 

would exhibit effective adsorption capacities of cadmium and nickel that are lower than 

those noted during the single-constituent metal ion batch adsorption study. 

gleieq sin , −

 

4.3.2 Column Adsorption Capacity , Treatment Efficiency, and Exhaustion 
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The adsorption capacities of the adsorbents in the columns were calculated using 

Equations 4.3 and 4.4. The treatment efficiencies obtained from Equation 4.5 and 

Equation 4.6. Figures 4.5 to 4.10 were also used in estimating treatment efficiencies. The 

results are summarized in Table 4.4.  

 

Table 4.4 Adsorption capacity and treatment efficiency of the columns 

 

C1 
10cm  
Shell 
3.4 

mL/min 

C2 
15cm  
Shell 
3.4 

mL/min 

C3 
10cm  
Peat 
3.4 

mL/min 

C4 
15cm 
 Peat 

3.4 
mL/min 

C5 
10cm  
Shell 
1.5 

mL/min 

C6 
15cm  
Shell 
1.5 

mL/min 

C7 
10cm 
Peat 
1.5 

mL/min 

C8 
15cm 
Peat 
1.5 

mL/min 
columnCdmq −,  (mg/g) 1.60 1.62 6.32 5.33 1.91 1.69 8.15 6.32 

columnCdvq −,  (mg/mL) 1.20 1.22 0.85 0.65 1.25 1.28 1.10 0.86 Cd 

Efficiency(%) 13.2 20.2 9.4 10.8 31.3 47.9 27.5 32.3 

columnNimq −,  (mg/g) 0.55 0.26 4.51 4.73 0.33 0.19 5.41 4.20 

columnNivq −,  (mg/mL) 0.41 0.20 0.61 0.58 0.22 0.14 0.73 0.57 Ni 

Efficiency(%) 9.04 6.52 13.3 19.0 10.8 10.4 36.3 42.7 

   

The results in Table 4.4 support the findings noted in Sections 4.4.3 and 4.4.4, which 

indicated that the highest treatment efficiency for cadmium could be achieved in column 

C6 with 15 cm of 4.0-4.75 mm crushed mollusk shells under hydraulic loading conditions 

of 1.5 mL/min. A removal efficiency of 47.9% was achieved, which is lower than 96.2% 

removal observed during the single-constituent batch study (Chapter 3) and 75.12% 

removal observed in the multi-constituent batch study (Appendix II). This was likely due 

to the fact that the column configurations and density of the packed material reduced the 

adsorption capacities of the adsorbents, as a result of a decrease in the contact surface 

area of the adsorbent in the packed column configuration. Conversely, the best nickel ion 

removal efficiency (42.7%) was obtained in column C8, which was packed with 15 cm of 

Sphagnum peat moss and operated at a hydraulic loading of 1.5 mL/min. This was also 
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lower than the 76.7% removal efficiency reported in the single-constituent batch 

experiment (Chapter 3) and 51.43% removal obtained in multi-constituent batch 

experiment (Section 4.3.1), which was also likely due to competitive adsorption and 

column configurations as noted for cadmium removal. These results could also be 

attributed to the fact that the residence time or empty bed contact time (EBCT) of the 

metal solution in the columns was not adequately long enough to reach adsorption 

equilibrium even at the hydraulic loading of 1.5 mL/min (Malkoc and Nuhoglu, 2006). 

As listed in Table 4.5 and Table 4.6, the EBCTs in the columns were ranging from 230.88 

minutes (3.8 hours) to 785.00 minutes (13.1 hours), which were much lower than the 

contact time (24 hours) provided in the batch equilibrium studies (Chapter 3).  

  The removal efficiencies for cadmium and nickel in this study were not as high as 

those reported in other column studies examining metal removal from single-constituent 

metal ion solutions (Gabaldon et al., 2006). This could be explained by the comparatively 

high initial metal ion concentration utilized in this study, as well as competitive 

adsorption taking place from the binary solution (Qin et al., 2006). The results 

summarized in Table 4.4 also indicate that in the column testing using a binary cadmium 

and nickel aqueous solution, peat remained a better adsorption medium for nickel, while 

the 4.0-4.75 mm crushed mollusk shells remained the better adsorption medium for 

cadmium, consistent with the results obtained in the batch study (Chapter 3) and in the 

competitive adsorption batch experiment (Section 4.3.1).  

Column exhaustion can be predicted using the multi-constituent adsorption 

capacities  obtained in multi-constituent batch adsorptions and can also be 

predicated using the estimated multi-constituent adsorption capacities 

multiieq −,
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)(, estimatedmultiieq − estimated from the single-constituent Langmuir isotherms of both the peat 

and 4.0-4.75 mm mollusk shells (SB) for cadmium and nickel single-constituent batch 

adsorptions obtained from the previous study (Chapter 3). Equation 4.8, 4.9, 4.10, 4.11 

and 4.12 were applied for these calculations, which are presented in Appendix II. The 

predications are summarized in Table 4.5 and Table 4.6 for cadmium and nickel 

adsorptions, respectively. 

 

Table 4.5 Estimated and observed cadmium adsorption exhaustion in columns 
 C1 C2 C3 C4 C5 C6 C7 C8 

EBCT (min) 230.88 346.32 230.88 346.32 523.33 785.00 523.33 785.00 

Cdb (Langmiur) 0.09 0.09 0.05 0.05 0.09 0.09 0.05 0.05 

multiCdeq −,  (mg/g) 2.60 2.60 1.87 1.87 2.60 2.60 1.87 1.87 
Volume (L) at Time of Exhaustion, 

predicted using  multiCdeq −,
7.68 11.63 0.99 1.35 6.72 11.60 0.10 1.51 

)(, estimatedmultiCdeq −  (mg/g) 2.13 2.13 0.57 0.57 2.13 2.13 0.57 0.57 
Volume (L) at Time of Exhaustion, 

predicted  using  )(, estimatedmultiCdeq −
6.29 9.53 0.30 0.41 5.50 9.51 0.31 0.46 

Column Adsorption 
Capacity  (mg/g) columnCdmq −,

1.60 1.62 6.32 5.33 1.91 1.69 8.15 6.32 

Observed 
Volume at Time of Exhaustion (L) 14.40 23.50 9.93 9.35 10.30 12.00 15.00 15.00 

 

From Table 4.5, the estimated exhaustion throughput volumes, which were calculated 

from the observed cadmium equilibrium adsorption capacities (mg/g) in the 

binary batch experiments (Section 4.4.1), were generally higher than the estimated 

volumes, calculated using the estimated multi-constituent adsorption capacities 

(mg/g). It must be noted that, as discussed for Table 4.4, the continuous 

flow fixed-bed column operation decreased the treatment efficiencies for cadmium in the 

binary aqueous solutions significantly. However, in all cases (Table 4.5), the observed 

throughput volumes treated at the time of adsorbent exhaustion for cadmium removals in 

multiCdeq −,

)(, estimatedmultiCdeq −
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the columns were significantly higher than the predicted values using either the observed 

or estimated respective adsorption capacities. This would once again support the 

observation that although traditional isotherm models such as the Langmuir model are 

commonly used, these may not be adequate in describing and predicting the adsorption 

behavior of highly porous, organic natural adsorbents, particularly under competitive 

adsorption conditions (Pontius, 1990). Many of these simplified models do not present 

the chemical changes resulting from the adsorbent-adsorbate interactions, as well as 

changes in the solution chemistry imposed by the composition and chemistry of the 

natural adsorbent itself. 

 

Table 4.6 Estimated observed nickel adsorption exhaustion in columns 
 C1 C2 C3 C4 C5 C6 C7 C8 

EBCT (min) 230.88 346.32 230.88 346.32 523.33 785.00 523.33 785.00 

Nib (Langmiur) 0.02 0.02 0.39 0.39 0.02 0.02 0.39 0.39 

multiNieq −,  (mg/g) 0.37 0.37 0.90 0.90 0.37 0.37 0.90 0.90 
Volume (L) at Time of Exhaustion, 

predicted using  multiNieq −,
2.17 3.29 0.95 1.30 1.90 3.29 0.95 1.45 

)(, estimatedmultiNieq −  (mg/g) 0.14 0.14 1.03 1.03 0.14 0.14 1.03 1.03 
Volume (L) at Time of Exhaustion, 

predicted  using  )(, estimatedmultiNieq −
0.84 1.27 1.09 1.48 0.73 1.26 1.09 1.65 

Column Adsorption 
Capacity  (mg/g) columnNimq −,

0.55 0.26 4.51 4.73 0.33 0.19 5.41 4.20 

Observed 
Volume at Time of Exhaustion (L) 

17.80 19.30 18.20 18.20 6.35 10.10 12.90 13.70 

 

Results for nickel adsorption from binary solution are summarized in Table 4.6, 

Similarly to the results noted for cadmium, the predicted exhaustion throughput volumes 

in columns C1, C2, C5 and C6, which were computed using the observed nickel 

equilibrium adsorption capacities (mg/g) in the binary batch experiments 

(Section 4.3.1), were generally higher than the predicted throughput volumes, calculated 

multiNieq −,
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using the estimated multi-constituent adsorption capacities (mg/g). This 

was attributed to the fact that the adsorption capacities  obtained from binary 

solution batch experiments were higher than estimated ones . Conversely, 

the predicted exhaustion throughput volumes using  in columns C3, C4, C7 and 

C8 were lower than that predicted using . However, although these 

predicted throughput volumes were somewhat lower, they were generally noted to be 

fairly similar. Although the continuous flow fixed-bed column configurations decreased 

the removal efficiencies of the adsorbent for nickel from the binary solution significantly 

on a per unit mass basis, the observed treated throughput volumes at time of filter media 

exhaustion of the columns were higher than the predicted volumes calculated using 

multi-constituent adsorption capacities observed in the binary batch experiments (Section 

4.3.1) and the estimated using single-constituent Langmuir model constants obtained 

from Chapter 3. As noted for cadmium, this would once again support the observation 

traditional isotherm models may not be adequate in describing and predicting the 

adsorption behaviors of highly porous, organic natural adsorbents as these simplified 

models cannot account for chemical changes resulting from the adsorbent-adsorbate 

interactions, as well as changes in the solution chemistry imposed by the composition and 

chemistry of the natural adsorbent itself. 

)(, estimatedmultiNieq −

multiNieq −,

)(, estimatedmultiNieq −

multiNieq −,

)(, estimatedmultiNieq −

 

4.3.3 Effect of Hydraulic Loading 

To study the effect of hydraulic loading on the metal adsorption in fixed bed columns, 

3.4 mL/min (surface loading of 62.4 cm3/cm2·day) and 1.5 mL/min (surface loading of 
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27.5 cm3/cm2·day) flow rates were applied to columns packed with peat and crushed 

mollusk shells at 10 cm and 15 cm adsorbent depths and effluent metal concentrations as 

a function of throughput volume were monitored. The metal breakthrough curves are 

shown in Figures 4.5 through 4.8.  

 

4.3.3.1 Adsorption Using Crushed Mollusk Shells 

   Overall, the 4.0-4.75 mm crushed mollusk shells were found to be good adsorbents 

for the removal of cadmium. According to Figures 4.5(a) and (b), it can be seen that 

under higher hydraulic loading 3.4 mL/min, cadmium breakthrough was noted 

immediately and no C/C0=5% was observed as would been expected in an ideal 

breakthrough curve. At the lower hydraulic loading of 1.5 mL/min, a typical 

breakthrough curve was observed which would suggest that lower hydraulic loadings are 

necessary to ensure that an appropriate contact time is provided for adsorption processes 

to occur in fixed-bed columns using crushed mollusk shells as an adsorbent, particularly 

if a portion of the process involves the dissolution of the calcium carbonate (CaCO3) 

present in the shells and the subsequent formation of insoluble cadmium carbonate 

(CdCO3) 
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Figure 4.5 Breakthrough curves for cadmium ion adsorption onto crushed mollusk shells in (a) 10 cm 
and (b) 15 cm bed depths at loading rates of 3.4 mL/min and 1.5 mL/min  
 

The effect of hydraulic loading on nickel adsorption by the crushed mollusk shells can 

be seen in Figure 4.6 (a) and (b). At both the 3.4 mL/min and 1.5 mL/min hydraulic 

loadings, nickel breakthrough was found to be immediate supporting the findings of the 
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batch adsorption study which suggested that crushed mollusk shells alone are not an ideal 

natural adsorbent for the removal of nickel from aqueous solutions through adsorption. In 

previous batch experiments (Chapter 3), it was found that nickel adsorption onto crushed 

mollusk shells could not be adequately described using the Freundlich and Langmuir 

isotherm models (Table 3.7) and that the effect of the natural adsorbent on the solution 

pH may have been a contributing factor. The results also indicated that nickel adsorption 

using crushed mollusk shells as an adsorbent was limited for the range in initial 

concentrations tested. 
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Figure 4.6 Breakthrough curves for nickel ion adsorption onto crushed mollusk shells in (a) 10 cm 
and (b) 15 cm bed depths at loading rates of 3.4 mL/min and 1.5 mL/min 
 

4.3.3.2 Adsorption Using Peat 

  The binary solution of cadmium and nickel ions was applied at hydraulic loadings of 

1.5 mL/min and 3.4 mL/min to the columns containing peat as the adsorption medium, 

The resulting breakthrough curves can be observed in Figure 4.7 and Figure 4.8 

illustrating the cadmium and nickel adsorption, respectively.  

  According to Figure 4.7 (a), the cadmium breakthrough curves which were obtained 

under 3.4 mL/min and 1.5 mL/min loading rates in the 10 cm peat columns were fairly 

similar throughout the entire testing period. However, the lowest cadmium C/C0 value 

noted was 51.6%, which is much higher than 5%. Figure 4.7 (b) illustrates that similar 

cadmium breakthrough curves were observed for the 3.4 mL/min and 1.5 mL/min flow 

rates in the 15 cm peat columns, although the initial breakthrough was higher at the 

higher loading rate. It was concluded that the lower hydraulic loading of 1.5 mL/min 
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would be appropriate to allow for cadmium adsorption to take place in the peat columns. 
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Figure 4.7 Breakthrough curves for cadmium ion adsorption onto peat in (a) 10 cm and (b) 15 cm 
bed depths at loading rates of 3.4 mL/min and 1.5 mL/min  
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In Figure 4.8, although peat was identified as a better adsorbent than 4.0-4.75 mollusk 



shells for nickel adsorption in the previous study (Chapter 3), breakthrough (C/C0 > 5%) 

was immediately noted at the start of the treatment operation under both hydraulic 

loadings. However, a lower C/C0 ratio was observed for the columns operating under the 

1.5 mL/min hydraulic loading. In Figure 4.8 (a), the minimum C/C0 value under 3.4 

mL/min was found to be 57.1%, which was higher than that observed for the 1.5 mL/min 

loading by 25%. In Figure 4.8 (b), the C/C0 values for the 1.5 mL/min loading were 

always lower than those observed for the 3.4 mL/min hydraulic loading. 
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Figure 4.8 Breakthrough curves for nickel ion adsorption onto peat in (a) 10 cm and (b) 15 cm bed 
depths at loading rates of 3.4 mL/min and 1.5 mL/min  
 
 

Based on the breakthrough curves observed in Figures 4.5 to 4.8, the 1.5 mL/min 

hydraulic loading rate was generally found to perform more efficiently than 3.4 mL/min 

for both cadmium and nickel adsorption in fixed-bed columns packed with 10 cm and 15 

cm of adsorption medium. The columns receiving the binary solution at a hydraulic 

loading of 3.4 mL/min typically exhibited higher minimum or initial C/C0 values than 

those noted for the columns receiving the binary solution a hydraulic loading of 1.5 

mL/min. This is likely due to the higher rate of metal ions passing through the column 

and the limited number of opportunities for active binding sites to be contacted with the 

metal solution (Malkoc and Nuhoglu, 2006; Lodeiro et al., 2006). As well, in cadmium 

removal using crushed mollusk shell columns, the dissolution of calcium carbonate found 

in the shells and subsequent formation of insoluble cadmium carbonate could be limited 

at higher hydraulic loadings and lower retention times. Adsorption treatment efficiencies 
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and exhaustion of the columns were estimated and are discussed further in Section 4.3.2. 

 

4.3.4 Effect of Bed Depth 

As the hydraulic loading of 1.5 mL/min was generally noted to provide a better contact 

time for metal adsorption, this section will focus on a comparison of the effects of 

column depths at the 1.5 mL/min hydraulic loading. The results for the columns receiving 

3.4 mL/min showed a similar behavior as those receiving a hydraulic loading of 1.5 

mL/min, although breakthrough was noted earlier. The raw data are available and can be 

found in Appendix II. 

 

4.3.4.1 Adsorption Using Crushed Mollusk Shells 

According to Figure 4.9 (a), cadmium adsorption in the columns with 10 cm and 15 

cm bed depths of crushed mollusk shells both exhibited typical breakthrough curves. 

However, the column with the 10 cm bed depth of crushed mollusk shell column reached 

exhaustion earlier than the column with the 15 cm bed depth. Based on Equations 4.3 and 

4.7, the estimated cadmium removal efficiency of the 10 cm crushed mollusk shell 

column was 31.3%, which was lower than 47.9% estimated for the 15 cm crushed 

mollusk shell column (Table 4.4). Nickel adsorption by 4.0-4.75 mm crushed mollusk 

shells did not present a typical breakthrough curve (Figure 4.9 (b)). The estimated nickel 

treatment efficiencies were 10.8% and 10.4% for 10 cm and 15 cm columns, respectively. 

These results would indicate that bed depth did not influence the nickel removal in the 

columns. These observations were consistent with those reported for the batch adsorption 

study which indicated that crushed mollusk shells were not an ideal adsorbent for nickel 



removal, but were satisfactory for cadmium. 
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Figure 4.9 Breakthrough curves for (a) cadmium ion adsorption onto crushed mollusk shells for 10 
cm and 15 cm column depths and (b) nickel ion adsorption onto crushed mollusk shells for 10 cm and 
15 cm column depths at a hydraulic loading of 1.5mL/min 
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4.3.4.2 Adsorption Using Peat 

Based on Figure 4.10 (a) and (b), there were no C/C0 ratios below 5% for either 

cadmium or nickel adsorption, implying that, by definition, breakthrough was immediate. 

However, the C/C0 ratios for the columns with the 15 cm bed depths were always lower 

than those of the 10 cm bed depth columns. Treatment efficiencies were also estimated 

using Equation 4.3 and 4.7. For cadmium adsorption onto peat, treatment efficiencies of 

32.3% and 27.5% were observed in the 15 cm and 10 cm peat columns, respectively. For 

nickel removal, a treatment efficiency of 42.7% was noted for the 15 cm peat column, 

while an efficiency of 36.3% was observed in the 10 cm peat column. 
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Figure 4.10 Breakthrough curves for (a) cadmium ion adsorption onto peat for 10 cm and 15 cm 
column depths and (b) nickel ion adsorption onto peat for 10 cm and 15 cm column depths at a 
hydraulic loading of 1.5mL/min 
 

From Figures 4.9 (a) and 4.10 (a), it can be reasonably interpreted that the adsorption 

of cadmium in the fixed-bed columns was dependent on the depth of the column which 

affects the contact time between the metals, solution and the adsorbent in the column. 

Column depth did not appear to have a significant effect on nickel removal in the crushed 

mollusk shell columns (Figure 9 (b)), but an increase in column depth was found to 

increase nickel adsorption in the peat column (Figure 10(b)). Generally, both bed 

adsorption capacity and volumetric throughput at the point of medium exhaustion 

increased with increasing bed depth. In simpler terms, greater adsorbent depths provided 

a greater number of binding sites and a higher contact period for adsorption and other 

processes contributing to metal removal to take place within the column (Champagne, 

2001; Malkoc and Nuhoglu, 2006). Adsorption capacity, treatment efficiencies and 

column exhaustion are summarized and discussed in Section 4.3.2  
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4.3.5 Effect of Adsorbents on Effluent pH 

The effluent pH values measured at various time intervals from each column are shown 

in Appendix II. As the pH values were found to be fairly consistent throughout the 

column study, the average effluent pH of the columns are summarized in Table 4.7  

The initial pH value of the binary metal ion solution was 5.8 (SD = 0.23). As discussed 

in the previous batch adsorption study (Chapter 3), the nature of the adsorbent material 

affected final effluent pH. As can be seen in Table 4.7, the average effluent pH values of 

the crushed mollusk shell columns C1, C2, C5 and C6 were generally higher than those 

observed for the peat columns C3, C4, C7 and C8. This difference could mostly be 

attributed to the natural pH of crushed mollusk shells, typically around 9.4, and the 

sphagnum peat moss with a natural pH of 3.9 (Table 4.1).  

 

Table 4.7 Average effluent pH from columns 

 

C1 
10cm  
Shell 
3.4 

mL/min 

C2 
15cm  
Shell 
3.4 

mL/min 

C3 
10cm  
Peat 
3.4 

mL/min 

C4 
15cm 
 Peat 

3.4 
mL/min 

C5 
10cm  
Shell 
1.5 

mL/min 

C6 
15cm  
Shell 
1.5 

mL/min 

C7 
10cm 
Peat 
1.5 

mL/min 

C8 
15cm 
Peat 
1.5 

mL/min 
Mean pH 7.0 7.3 3.2 3.1 7.3 7.7 3.2 3.0 
Standard 
Deviation 0.26 0.35 0.13 0.13 0.41 0.29 0.14 0.11 

 

For the crushed mollusk shell columns, the average effluent pH from the columns C1 

(pH=7.0, SD=0.26) and C2 (pH=7.3, SD=0.35) which were operated at 3.4 mL/min were 

generally lower than the effluent pH from the columns C5 (pH=7.3, SD=0.41) and C6 

(pH=7.7, SD=0.29) receiving 1.5 mL/min. In comparing the columns operated at the 

same hydraulic loading rate, the effluent pH from the crushed mollusk shell columns was 



 146

noted to increase with the increasing bed depth. This would indicate that the greater 

contact period provided by the lower loading rate (1.5 mL/min) and greater column bed 

depth (15 cm) would introduce more contact opportunities for the binary solution with 

the mollusk shells leading to the higher dissolution of the calcium carbonate fraction of 

the crushed shells, resulting in a higher effluent pH. There were no significant differences 

between the effluent pH from the peat columns C3 (pH=3.2, SD=0.13), C4 (pH=3.1, 

SD=0.13), C7 (pH=3.2, SD=0.14) and C8 (pH=3.0, SD=0.11), which would suggest that 

the solution pH equilibrated rapidly with the natural pH of the peat through the 

adsorption pH.. 

 

4.4 Conclusion 

The main objective of this study was to investigate the adsorption characteristics and 

suitability of two natural materials: Sphagnum peat moss and 4.0-4.75 mm crushed 

mollusk shells from Lake Ontario, as potential adsorbents for the removal of cadmium 

and nickel ions from binary aqueous solutions using lab-scale fixed-bed columns. Eight 

columns were constructed to study the effect of design parameters such as bed depth and 

hydraulic loading on the capacity of the adsorbents for metal removal. The results 

indicated that: 

(1) Crushed mollusk shells (4.0-4.75mm) were found to be a better adsorbent for 

cadmium ion removal in column testing. When a 10 cm diameter fixed-bed column 

packed with a 15 cm depth of crushed mollusk shells was hydraulically loaded with 

a nickel and cadmium binary aqueous solution at a rate of 1.5mL/min, the best 

cadmium treatment efficiency observed was 47.9%. 
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(2) The Sphagnum peat moss was noted to be the better adsorbent for nickel ion 

removal in the column testing. In this case, a 10 cm diameter fixed-bed column 

packed with a 15 cm depth of sphagnum peat moss was hydraulically loaded with a 

nickel and cadmium binary aqueous solution at a rate of 1.5mL/min and nickel 

treatment efficiency of 42.7% was achieved. 

(3) Comparing treatment efficiencies of the columns operated under different 

experimental conditions, it can generally be concluded that higher adsorbent bed 

depths and lower hydraulic loadings can contribute to highly efficient treatment 

system with a relatively long adsorbent expectancy prior to exhaustion. In 10 cm 

diameter fixed-bed column, 15 cm adsorbent bed depths and 1.5 mL/min hydraulic 

loadings were the reasonable operational parameters to treat 209 mg/L cadmium and 

105 mg/L nickel.  

(4) The average effluent pH values of the crushed mollusk shell columns C1, C2, C5 

and C6 were generally higher than those observed for the peat columns C3, C4, C7 

and C8. This difference could mostly be attributed to the natural pH of crushed 

mollusk shells, typically around 9.4, and the sphagnum peat moss with a natural pH 

of 3.9. In mollusk shell columns, the lower loading rate (1.5 mL/min) and greater 

column bed depth (15 cm) would result in a higher effluent pH. In peat columns, 

hydraulic loading rates and the bed depths did not affect the effluent pH, which 

would suggest that the solution pH equilibrated rapidly with the natural pH of the 

peat through the adsorption pH. 

(5) The multi-constituent adsorption capacity obtained in multi-constituent batch 

adsorption or the estimated multi-constituent adsorption capacity calculated using 



the Langmiur model constants did not coincide well with the observed results. These 

results indicated that although traditional isotherm models such as the Langmuir 

model are commonly used, these may not be adequate in describing and predicting 

the adsorption behaviors of highly porous, organic natural adsorbents, particularly 

under competitive adsorption conditions, as many of these simplified models do not 

present the chemical changes resulting from the adsorbent-adsorbate interactions, as 

well as changes in the solution chemistry imposed by the composition and chemistry 

of the natural adsorbent itself.   

(6) The estimated single-constituent adsorption capacities  were higher 

than the estimated multi-constituent capacities , with the exception of 

cadmium adsorption onto crushed mollusk shells. The exception of cadmium 

adsorption onto crushed mollusk shells should be due to that some mechanisms 

other than adsorption provide mollusk shell combinations such as the formation of 

cadmium carbonate which would have affected the observed  and the 

Langmuir constants obtained 

)(sin , estimatedgleieq −

)(, estimatedmultiieq −

gleieq sin , −

(7) By comparing the results of this study to the previous batch experiment (Chapter 3), 

it was found that the fixed-bed columns tended to reduce the treatment efficiencies 

of the adsorbents, possibly as a result of the reduced contact time in the columns 

which may not have been adequate to reach adsorption equilibrium, as well as 

reduced contact between the solution and the adsorbent resulting from the column 

packing, as was previously noted in the batch equilibrium study with different 

adsorbent masses.  

 148
(8) The continuous flow fixed-bed column configurations decreased the treatment 
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efficiencies for metal removal in the binary aqueous solutions significantly. 

However, the observed throughput volumes at the time of adsorbent exhaustion for 

cadmium and nickel removals in columns were all higher than the predicted values. 

This would support the observation traditional isotherm models may not be 

adequate in describing and predicting the adsorption behaviors of highly porous, 

organic natural adsorbents as these simplified models cannot account for chemical 

changes resulting from the adsorbent-adsorbate interactions, as well as changes in 

the solution chemistry imposed by the composition and chemistry of the natural 

adsorbent itself. 

(9) The natural adsorbents could be expected to be suitable for the removal of metal 

ions particularly in mutli-constituent conditions. They might be also suggested to be 

effectively when treating a wastewater such as landfill leachate. 
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Chapter 5 

Biosorption of cadmium (II) and nickel (II) from synthetic 

landfill leachate by Sphagnum peat moss and crushed mollusk 

shells in fixed-bed columns 

Chenxi Li, Pascale Champagne 

Department of Civil Engineering, Queen’s University, Kingston, Ontario, Canada. 

 

5.1 Introduction 

Landfill leachate is typically formed as water percolates through landfilled material, 

and dissolves and entrains landfill constituents such as decaying organic matter, 

microorganisms, heavy metals, as well as other organic and inorganic compounds 

(Enzminger et al., 1987). If left untreated, landfill leachate can present a significant threat 

to public health, as it could migrate to and pollute underlying groundwater, as well as 

reach surface waters. 

Metals and heavy metals are used in a variety of applications and are present in the 

waste of municipal as well as industrial landfills. Hence various metals and heavy metals 

have been reported to exist in most landfills, including calcium, sodium, magnesium, 

potassium, iron, manganese, arsenic, cadmium, cobalt, chromium, copper, mercury, 

nickel, palladium, and zinc (Baun and Christensen, 2003). A number of heavy metal ions 

such as cadmium, mercury, and palladium have been reported to pose a threat not only to 

human health, but these can also have serious detrimental effects on receiving aquatic 

ecosystems (Papageorgion et al., 2006). In most landfill leachates, concentrations of 
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organics are generally high, which could lead to organo-metallic complexes in the 

leachate (Cecen and Gursoy, 2001). The removal and disposal of these heavy metals and 

their corresponding complexes through conventional treatment methods such as 

biological degradation, coagulation/precipitation, chemical oxidation, activated carbon 

adsorption or reverse osmosis are often difficult (Enzminger et al., 1987). Thus, a number 

of studies have focused on the use of combined adsorption and biological or chemical 

treatment processes to enhance the treatability (Aziz and Yusoff et al., 2004; Kietlinska 

and Renman, 2005; Uygur and Kargi, 2004; Kargi and Pamukoglu, 2004; Kurniawan et 

al., 2006). For instance, cadmium and nickel are heavy metals that are susceptible to 

complexation with other pollutants, especially organic constituents in landfill leachate 

(Cecen and Gursoy, 2001). Hence, the removal of cadmium, nickel, chemical oxygen 

demand (COD), and total nitrogen from synthetic leachate in biosorption columns and in 

an aerated attached growth chamber followed by biosorption columns was investigated in 

this study. 

Conventional adsorption processes often employ activated carbon as the adsorbent. 

However, activated carbon can be expensive and not effective in the removal of some 

important contaminants including certain heavy metals. Thus, the use of natural low-cost 

adsorbents for the removal of heavy metals from contaminated aqueous streams would be 

optimal. A number of natural and organic residual materials from industrial and waste 

treatment processes have been investigated and noted as potentially good low-cost 

adsorbents including: chitin and chitosan (Aly et al., 1997; Benguella and Benaissa, 2002; 

Rae and Gibb, 2003; Saiano et al., 2005; Zhou et al., 2004; Baran et al., 2006), macro-

algae (Cochrane et al., 2006), crushed crab shells (Cochrane et al., 2006; Lee et al., 2004), 
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peat (Allen et al., 1997; Champagne et al., 2005; Champagne, 2001; Cochrane et al., 

2006; Heavy, 2003; McLellan and Rock, 1988; Qin et al., 2006; Ringqvist et al., 2001), 

activated and waste sludge (Choi and Yun, 2006; Ulmanu et al., 2003), fly ash (Cetin and 

Pehlivan, 2007), lignite (Allen et al., 1997), kaolinite, bentonite, diatomite  (Ulmanu et 

al., 2003), limestone (Aziz and Yusoff et al., 2004), compost  (Ulmanu et al., 2003), and 

fungal biomaterial (Saiano et al., 2005). Of these adsorbents, peat is considered to be a 

simple and effective adsorbent for heavy metal removal from wastewater. It is also 

inexpensive and readily available. Over 90% removal efficiencies have been reported for 

cadmium and nickel sorption (Brown et al., 2000). Various crushed mollusk shells, in 

which chitin and calcium carbonate are the primary constituents, have also been noted to 

be good adsorbents for copper, cobalt, nickel, lead, cadmium and other heavy metal 

removal from aqueous solutions and landfill leachate (Benguella and Benaissa, 2002; 

Zhou et al., 2004; Rae and Gibb, 2003; Lee et al., 2004). The fundamental adsorption 

properties of these adsorbents have been primarily tested in batch-scale experiments, with 

little focus on column and pilot-scale applications. 

The main objective of this study was to investigate the adsorption of heavy metal ions 

(cadmium and nickel ions) from synthetic landfill leachate onto sphagnum peat moss and 

the mixture of peat and crushed mollusk shells in different bed depth ratios. Adsorbents 

were packed in bench-scale columns in a down-flow configuration. In order to compare 

the effects of aeration on adsorption and bioadsorption processes, non-aerated and aerated 

synthetic leachates were pumped into different columns at identical flow rates, and 

cadmium, nickel, COD and total nitrogen concentrations from the column effluents were 

monitored and compared. 
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5.2 Material and Method 

 

5.2.1 Materials 

Sphagnum peat moss, as well as mixtures of 4.0-4.75 mm crushed mollusk shells from 

Lake Ontario were used as natural adsorbents in this column study. The properties of the 

adsorbents are summarized in Table 5.1. 

The sphagnum peat moss used in this study is a commercially available material 

(Canada Brand Peat Moss, produced by Annapolis Valley Peat Moss Co. Ltd., Gulf 

Island Peat Moss Co. Inc, and Miscouche Peat Moss Co. Ltd.). Prior to testing, larger 

clumps and sticks were removed by hand and the prepared peat moss (PEAT) was stored 

in sealed Ziploc bags in a dry environment.  The properties of the peat were reported in 

the previous study (Chapter 4) and are summarized in Table 5.1. 

Table 5.1 Properties of sphagnum peat moss and crushed mollusk shells 

Adsorbent Particle Density 
g/cm3

Bulk Density 
g/cm3 Porosity Media pH 

Hydraulic  
Conductivity 

cm/s 
4.0-4.75mm 

Shell 2.68 0.67 0.75 9.4 0.230 

PEAT 0.89 0.11 0.88 3.9 0.304 
 

Crushed mollusk shells were collected from the shores of Main Duck Island, a bird 

sanctuary in the St. Lawrence Islands National Park and prepared by Laska (2005) in 

October 2003. The shells were washed by tap water through a 0.25 mm diameter mesh 

screen, and air-dried at room temperature for 48 hours. After air-dried, the shells were 

oven-dried in a Gallenkamp hotbox oven at 90℃ to constant mass, then air-cooled to 

room temperature (19-21℃). Next, the 4.0-4.75 mm mollusk shells were sorted out using 



a Ro-Tap Soil Sieve Test Shaker mechanical sieve (W.S. Tyler Co. of Canada, Ltd.), and 

stored in sealed Ziploc bags in a darkened cold room at 4-5℃ until testing. Before used, 

the shells were oven-dried for 2 hours. The properties for the 4.0-4.75 mm shells particles 

were reported by Laska (2005) and are also noted in Table 5.1. 

Table 5.2 Composition of synthetic landfill leachate. (Hrapovic and Rowe, 2002; VanGulck and Rowe, 
2004) 

Typical Component  Per Liter 
Acetatic Acid  (99%) 7mL 

42 HPOK  30mg 

3KHCO  312mg 

32COK  324mg 

3NaNO  50mg 

3NaHCO  3012mg 

2CaCl  2882mg 

OHMgCl 22 6⋅  3114mg 

4MgSO  156mg 

34 HCONH  2439mg 

22 )(NHCO  695mg 
  
Heavy Metals in the Synthetic Leachate  

OHCdSO 24 83 ⋅  80mg 

OHNiSO 24 6⋅  80mg 

NaOH Solution (4mol/L) 125 mL Titrate to a pH 5.8~6.0 
Distilled Water To make 1L solution 
 

The synthetic landfill leachate employed in this research was prepared by dissolving 

the corresponding analytical grades of soluble heavy metal salts into solutions consisting 

of constituent concentrations representative of a typical municipal landfill leachate. 

Specifically, the synthetic leachate was prepared to have a similar composition to the 

leachate that was collected from Keele Valley Landfill (KVL) in Maple, Ontario and 

characterized between June and August 1993 (Hrapovic and Rowe, 2002; VanGulck and 
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Rowe, 2004). The constituents of the synthetic leachate are listed in Table 5.2. The recipe 

was adapted from the research conducted by Hrapovic and Rowe (2002) and VanGulck 

and Rowe (2004) and prepared on a daily basis to maintain the influent leachate used in 

this research fairly consistent throughout the experiment. 

 

5.2.2 Method 

 

5.2.2.1 Column System  

 The schematic of the apparatus and set-up used for the leachate treatment column 

study is illustrated in Figure 5.1. Six clear plexiglass cylinders (25 cm length×10 cm 

internal diameter) were used as vertical fixed-bed columns. Columns 1 and 4 (C1 and C4) 

were packed with a 15 cm depth of prepared peat moss; columns 2 and 5 (C2 and C5) 

were packed to a 15 cm depth with a 1/3 depth ratio of prepared 4.0-4.75 mm crushed 

mollusk shells and peat mixture; while columns 3 and 6 (C3 and C6) were packed to a 15 

cm depth with a 2/3 ratio of prepared 4.0-4.75 mm crushed mollusk shells and peat 

mixture. Masterflex Tygon tubing and LS 14 pump heads (Cole Parmer Instrument 

Company, Vernon Hills, IL, USA) were used to connect the initial solution tank through 

the Masterflex peristaltic pumps, to the aeration tanks and the columns operated in a 

gravity down-flow configuration at room temperature. All of the columns were operated 

under unsaturated synthetic landfill leachate flow conditions. Two peristaltic pumps with 

3 and 6 pump heads respectively were used to maintain the flow rate. Aerated synthetic 

leachate was pumped into the first set of columns C1, C2, and C3 at a rate of 1.5 mL/min 

(surface loading rate was 0.02 cm/min), while unaerated synthetic leachate was pumped 
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into the second set of columns C4, C5, and C6 at the same rate. The flow rate employed 

in this study was selected from the testing conducted in the previous study (Chapter 4). 

Operating parameters of the column set-up are listed in Table 5.3.  

 

Table 5.3 Experimental column parameters 

Column No. C1 C2 C3 C4 C5 C6 

Flow Rate (mL/min) 1.5 1.5 1.5 1.5 1.5 1.5 

Adsorbent 

(Ratio of Bed Height) 
Peat 

1/3Shell 

2/3Peat 

2/3Shell 

1/3Peat 
Peat 

1/3Shell 

2/3Peat 

2/3Shell 

1/3Peat 

Bed Height (cm) 15 15 15 15 15 15 

Bed Volume (cm3) 1178 1178 1178 1178 1178 1178 

Shell Mass(g) 0 319.4 641.7 0 320.3 645.3 

Peat Mass (g) 160.3 105.3 53.3 160.8 105.5 54.3 

  

 The details of the 25 cm length×10 cm internal diameter columns are shown in Figure 

5.2.  The geotextile and the perforated plastic plate layers (plastic mesh at the top and 

bottom of the columns) were employed to provide adequate effluent drainage, prevent the 

adsorption media from clogging the drainage layer, maintain a relatively constant flow 

rate, as well as to evenly distribute the synthetic leachate on the adsorption media surface. 

The plastic cover at the top was open to the atmosphere to maintain the interior column 

pressure at atmospheric pressure. 
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Figure 5.1 Experimental Column System Schematic 
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 experiment, a 15 L volume cylindrical tank was used as an 

e volume of the aeration tank was 8.1 L which was calculated 

tion time of 30 hours (Kargi and Pamukoglu, 2004).  

rowth and the biodegradation of the organic constituents in the 

the aeration tank, commercially available plastic media were 

vide an attachment surface for biological growth. The raw 

t into the aeration tank was equal to the total inflow into 

.5 mL/min×3=4.5 mL/min). Before pumping was initiated, 8.1 

e was aerated using air pump (Elite 803 Air Pump, Air Output: 

0 hours, which was the expected retention time of the raw 

k.  
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5.2.2.3 Bacteria and biofilm Culture in Columns 

In order to inoculate and promote biofilm growth on the natural adsorption media in 

the columns, a mixture of waste activated sludge (1L) and primary sludge (1L) from the 

Kingston West Sewage Treatment Plant (Kingston, Ontario) was diluted using 20 L of 

distilled water. The diluted mixture was then mixed with a 1L nutrient solution and 

aerated for 24 hours at air rate of 2500-2900 cm3/min using Elite 803 Air Pump. The 

nutrient solution was composed of CH3OH, NH4Cl and Na2HPO4·12H2O on a mole ratio 

of C:N:P = 100:5:1 (Kargi and Pamukoglu, 2004). The aerated solutions were settled for 

2 hours. The supernatant was added to each column 6 times per day with a retention time 

of 2 hours for a period of 1 week, the biofilm became apparent in the columns. 

Subsequently, synthetic leachate was used for the duration of the experiment.  

 

5.2.3 Sample Analysis 

The treated effluent samples were collected at specified time intervals. The time 

intervals and their corresponding throughput volumes were shown in Appendix III. In the 

first 24 hours, samples were collected more often than the following days to evaluate 

changes in pollutant concentration changed trend.  

Prior to heavy metal concentration analysis, the effluent samples were diluted 51 times 

(As requirement of AAS analysis) in duplicate and stored with 0.1 mL of HC1 (1 mol/L) 

for sample preservation in glass tubes washed by distilled water and stored in a dark cool 

room for a period of no longer than 3 days. Influent and effluent cadmium and nickel 

concentrations were analyzed using an atomic absorption spectrophotometer (AAS) 

Varian Spectr AA-20 in the Analytical Service Unit of Queen’s University (Kingston, 
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Canada). The AAS automatically analyzed the samples three times and reported the 

average of the three readings. The pH values of the initial and effluent solutions were 

analyzed for each sampling event using a calibrated Acumet Model 15 pH meter (Fisher 

Scientific).  

   The COD of the samples was analyzed according to Standard Methods for the 

Examination of Water and Wastewater (APHA, 1995) using the Closed Reflux, 

Colorimetric Method (Section 5220D). Digested standard COD solutions and standard 

calibration curves were prepared according to the procedures described in the method for 

every collected and digested sample (Appendix III). A HACHTM DR2000 

spectrophotometer was used to analyze the COD of the samples. For the total nitrogen 

analysis, samples were diluted 21 times. The diluted samples were analyzed according to 

HACH Method 10072 (Persulfate Digestion Method). HACH Test ′N Tube TM HR Total 

Nitrogen Reagent Set (10 to 150 mg/L N, Cat No. 26721-45) and the HACHTM DR2000 

spectrophotometer were used in this analysis. The calculated total nitrogen concentration 

of each sample is shown in Appendix III.  

 

5.2.4 Data Analysis 

The effluent-influent concentration ratio C/C0 (%) as a function of throughput volume 

(L) was used to represent the breakthrough curve in each of the treatment column systems. 

Column systems C4, C5, and C6 received non-aerated synthetic leachate, while the 

aeration tank combined with columns C1, C2, and C3 received aerated synthetic leachate 

from the aeration tank formed the aeration column systems C1, C2 and C3. When 

evaluating the effluent-influent concentration ratio C/C0 (%) as a function of throughput 



volume (L) for aerated and non-aerated column systems, C was the effluent concentration 

from each column system, C0 was the concentration of influent raw synthetic landfill 

leachate pumped into the systems. 

 The volumetric throughput to reach breakthrough and shape of the breakthrough curve 

are essential in evaluating the adsorption capacity of the columns. When evaluating the 

treatment efficiency of each column, C was the effluent concentration from each column 

system, C0 was considered as the influent concentrations of each column but not that of 

the corresponding column system. Based on the breakthrough versus throughput volume 

graph Appendix III, the column can be evaluated and computed as the amount of metal 

ions adsorbed per unit weight of adsorbents as shown in Equation 5.1 which was derived 

from the equations used by Zhou et al. (2004). 
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Where is the amount of metal ions adsorbed per unit weight of adsorbents (mg/g); 

is the flow rate (mL/min); is the initial influent concentration to the columns 

(mg/mL); W is the dry weight of the adsorbent packed in the column; V is the volume of 

the dry adsorbent packed in the column; and  are the time (min) and the volumetric 

throughput (L) to reach adsorbent exhaustion; and  are the time and volumetric 

throughput required to reach breakthrough (min); f(t) and f(V) are the functions 

representing the effluent curves obtained from the column testing. The area of the 

breakthrough curve under adsorption media exhaustion conditions is represented by 
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which can be estimated through integration. Depending on the function, estimation of 

the treatment efficiencies can be computed and compared using Equation 5.3, which can 

be derived from Equation 5.1 and Equation 5.2.  
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Efficiency                              (5.3) 

 

5.3 Result and Discussion 

     Raw synthetic leachate was pumped into the aeration tank as well as directly into the 

second set of column systems with no aeration (column systems C4, C5, and C6).  To 

prevent leachate precipitation in the containers and to maintain relatively consistent pH 

values in the raw influent leachate, a fresh 20 L batch of synthetic landfill leachate was 

prepared on a daily basis. The clogging of the columns was noted by a vertical line in 

each of the breakthrough curves. These were noted to occur at 44.7 L (496.5 h) in the 

columns receiving non-aerated leachate (C4, C5 and C6) and at 61.8 L (687.0 h) in the 

columns receiving aerated leachate (C1, C2 and C3). 

 

5.3.1 pH 

Throughout the experiment, the pH of the raw synthetic leachate was typically at an 

average value of 6.1 (Standard Deviation = 0.04). 

 

5.3.1.1 pH in Columns Receiving Non-Aerated Synthetic Landfill Leachate 

 Figure 5.3 shows the effluent pH from columns C4, C5, and C6 which received non-

aerated leachate. During the first 30 hours (< 3L throughput volume), the effluent pH 
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changed significantly as the wastewater added to seed the column to establish biological 

growth was flushed through the adsorption media. After the first 30 hours (throughput 

volume > 3L), the effluent pH from the three columns was relatively constant. An overall 

increase in effluent pH from 6.0 to 7.3 was observed in column C4 which was filled with 

15 cm (160.34 g) peat after 44.69 L throughput volume. An increase of effluent pH from 

6.0 to 7.5 was also noted after 44.69 L throughput volume was passed through column C5, 

which was filled with 320.3 g shells (5 cm) and 105.5 g peat (10 cm). In column C6, the 

effluent pH was initially higher than in columns C4 and C5 and then reached a relatively 

constant effluent pH of 7.9 after 44.69L throughput volumes. The higher pH of the 

effluent from column C6 was attributed to the crushed mollusk shells, the main adsorbent 

in column C6 as shown in Table 5.3 and Figure. 5.1, which have a natural pH of 9.4. The 

solution pH was also noted to change significantly as a result of natural adsorbent pH in 

the previous batch (Chapter 3) and column (Chapter 4) studies. 
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Figure 5.3 Effluent pH from fixed-bed columns receiving non-aerated synthetic leachate 

 

 

5.3.1.2 pH in Columns Receiving Aerated Synthetic Landfill Leachate 

     In the aeration tank, the average pH of the aerated synthetic leachate increased from 

6.1 (Standard Deviation = 0.04) to 7.8 (Standard Deviation = 0.05) after 30-hours of 

aeration. This was likely due to the aeration of the leachate which removed the carbon 

dioxide dissolved in the synthetic raw leachate. Carbon dioxide is present as carbonic 

acid when dissolved in solution, in this case the synthetic landfill leachate, and its 

removal would decrease the free H+ ion concentration, thus, resulting in a slight increase 

in synthetic leachate pH (Khalekuzaman, 2005). 
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Figure 5.4 Effluent pH from fixed-bed columns receiving aerated synthetic leachate. 

 

     Columns C1, C2, and C3 were operated at the same flow rate as columns C4, C5, and 

C6. However, the influent to columns C1, C2, and C3 was aerated synthetic leachate with 

an average pH 7.8 (Standard Deviation = 0.05). As can be seen from Figure 5.4, the 

initial effluent pH from each of the columns changed significantly during the first 20 

hours (throughput volume < 2 L). However, the columns fed with aerated leachate 

reached relatively consistent effluent pH values after 23 L volume of aerated synthetic 

leachate had been treated. The higher effluent pH in each of the columns was consistent 

with the higher influent pH to the columns receiving aerated synthetic landfill leachate. 

The effluent pH from columns C1, C2, and C3 ranged between 8.4-8.5, indicating that 

that the change in pH was mainly a function of influent composition. Hence, the natural 

adsorbent properties, including the peat, did not appear to influence effluent pH from the 

columns receiving aerated leachate as significantly as they did in columns C4, C5 and C6 

which were treating raw synthetic leachate, which could suggest the establishment of a 
 168
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biofilm in the columns receiving aerated leachate. This would be further supported by the 

higher throughput volume (23 L), corresponding to 256.5hours at a loading rate of 1.5 

mL/min, required to reach a relatively consistent effluent pH in each of the columns 

receiving aerated leachate compared to a throughput volume of 3 L (30 hours) for the 

columns receiving non-aerated leachate. 

 

5.3.2 COD Removal  

To measure the concentration of carbonic compounds in the leachate, and monitor their 

potential biodegradation, chemical oxygen demand (COD) measurements are often used, 

as a simplified test which is much less time consuming than the five-day biochemical 

oxygen demand (BOD5) (Kylefors et al., 2003). Thus, COD was monitored in this study 

to evaluate treatment of the biofilter columns. Landfill leachate COD concentrations 

typically vary depending on the nature and maturity of the landfill. Concentrations of 

COD on the order of 10,000 mg/L are often associated with landfills younger than 5 years 

(Morelli, 1992). The average COD of the raw synthetic leachate used in this study was 

8660 mg/L (Standard Deviation 334 mg/L). The compounds added to generate the 

synthetic landfill leachate employed in this study, were primarily inorganic in nature with 

the exception of the acetatic acid. As such, biodegradation, adsorption and bioadsorption 

of the constituents were removal mechanisms expected to contribute to the treatment of 

the synthetic leachate throughout the column systems utilized in this study. The average 

initial COD concentration in the raw synthetic landfill leachate was 8660 mg/L with a 

standard deviation of 334 mg/L. The COD removal in the aeration basin, columns 

receiving aerated leachate (C1, C2 and C3) and non-aerated leachate (C4, C5 and C6) is 
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presented in Figure 5.5. 

 

5.3.2.1 COD Removal in Columns Receiving Non-Aerated Synthetic Landfill 

Leachate 

 As can be seen from Figure 5.5, there was no significant COD removal in the columns 

receiving non-aerated leachate. After 29.5 L throughput volumes, effluent COD 

concentrations from C4, C5, and C6 became higher than that of the influent leachate 

concentration which could be attributed to the leaching of organic materials from the peat 

material used as an adsorbent in all of the columns. Humic and fulvic acids, resulting 

from the chemical breakdown of peat, have been noted to be leached from peat and 

contribute to the effluent COD, which has resulted in difficulties in interpreting COD 

treatment in terms of overall removal (Couillard, 1994; Champagne, 2001). Based on 

these observations, none of the biosorption configurations in columns C4, C5 and C6 

were considered to be effective in enhancing COD removal through biological or 

adsorption processes when receiving non-aerated raw synthetic landfill leachate. 
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Figure 5.5 COD breakthrough curves for aerated and non-aerated column systems. Co is the average 
COD concentrations of the raw synthetic landfill leachate (8660 mg/L, SD=334 mg/L) 
 
 
5.3.2.2 COD Removal in Columns Receiving Aerated Synthetic Landfill Leachate 

     Figure 5.5 shows that COD concentrations of aerated leachate were not found to 

change significantly in the aeration basin. Hence, in this study, the aeration basin was not 

effective in reducing COD concentrations. The effluent COD concentrations before 44.7 

L throughput volumes in column system receiving aerated leachate (C1, C2 and C3) were 

relatively similar to those observed in the columns receiving non-aerated leachate (C4, 

C5, and C6). After 44.7 L, the COD treatment efficiency in the columns receiving aerated 

leachate increased, as noted from the decrease in effluent COD concentrations from C1, 

C2, and C3 until clogging occurred (61.8 L throughput volumes). After 61.8 L of 
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throughput volume in columns C1, C2 and C3, respectively, 13.1%, 16.5% and 9.1% 

COD removals were observed. This was attributed to aeration of the leachate, which 

supplied dissolved oxygen to the influent of columns C1, C2, and C3 receiving the 

aerated leachate, thereby promoting biological activity and COD removal via 

biodegradation, for the biodegradable fraction of the COD, and biosorption of COD in 

these columns. 

     

5.3.3 Total Nitrogen Removal 

Total nitrogen in water is typically comprised of dissolved inorganic and organic 

nitrogen. As nitrogen is one of the limiting nutrients necessary to promote biofilm growth, 

total nitrogen concentrations would be expected to be reduced as a result of biological 

growth through biological nitrification (Metcalf and Eddy, 2003). Hence, total nitrogen 

was monitored in this study as a relative indication of biological activity. The theoretical 

total nitrogen concentration in the raw synthetic leachate was 764.80 mg/L which was 

contributed by , , and . Total nitrogen removal in the 

aeration basin, columns receiving aerated leachate (C1, C2 and C3) and non-aerated 

leachate (C4, C5 and C6) is illustrated in Figure 5.6. 

3NaNO 34 HCONH 22 )(NHCO
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Figure 5.6 Total nitrogen breakthrough curves for aerated and non-aerated column systems. Co is 
the average theoretical total nitrogen concentration in the raw leachate (764.80 mg/L) 

 
 
5.3.3.1 Total Nitrogen Removal in Columns Receiving Non-Aerated Synthetic 

Landfill Leachate 

As can be seen from Figure 5.6, there was no total nitrogen removal occurring in 

column C6 which was packed with 2/3 bed depth ratio of crushed mollusk shells. 

Columns C4 and C5 which were packed with a higher peat volume, showed a slight 

decrease in effluent total nitrogen. Also, as was noted for the COD removal observed in 

these columns (Figure 5.5), it could interpreted that biological activity was limited in 
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columns C4, C5 and C6 and did not significantly contribute to the nitrogen removal, 

which was likely due to oxygen limitation in the columns. 

 

5.3.3.2 Total Nitrogen Removal in Columns Receiving Aerated Synthetic Landfill 

Leachate 

The average total nitrogen concentration in the aerated synthetic landfill leachate was 

548 mg/L with standard deviation of 23.4 mg/L. Figure 5.6 shows that the total nitrogen 

was significantly reduced in the aeration tank. As can also be seen in Figure 5.6, the 

overall total nitrogen effluent concentrations in the columns receiving aerated leachate 

(C1, C2 and C3) was lower than that observed in the columns treating non-aerated 

leachate (C4, C5 and C6). 

According to Figure 5.6, the columns receiving aerated leachate with the 1/3 bed depth 

ratio of crushed mollusk shells (C2) and 2/3 bed depth ratio of crushed mollusk shells 

(C3) exhibited limited little nitrogen removal after 44.7 L throughput volumes. Total 

nitrogen removal was not observed in column C1, which was packed solely with peat. At 

the end of the operation, the effluent nitrogen concentration increased which coincided 

with a decrease in COD effluent concentration in these columns (Figure 5.5). This may 

have been attributed to an increase in biological activity, supported by the subsequent 

clogging of the columns. This may have resulted in oxygen limiting conditions within the 

column and corresponding decrease in nitrogen removal, as well as the death and 

decomposition of microorganisms leading to a re-release of nitrogenous compounds into 

the column effluent. Hence, none of the biosorption media configurations in columns C1, 

C2, and C3 were considered to be effective in enhancing total nitrogen treatment through 
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biological or adsorption processes when receiving aerated raw synthetic landfill leachate.  

Overall, the aeration basin was noted to be primarily responsible for total nitrogen 

removal as a result of activity, which is consistent with the result reported by 

Khalekuzzaman (2005). 

 

5.3.4 Heavy Metal Removal 

In the batch (Chapter 3) and column (Chapter 4) studies previously presented, 4.0-4.75 

mm crushed mollusk shell particles and peat were noted to be the good adsorbents for 

adsorption of cadmium and nickel from the binary metal aqueous solution. Peat was 

generally found to be a better adsorption medium for nickel (initial concentration = 105 

mg/L) in the column test, during which a 42.71% nickel removal efficiency was obtained 

(Chapter 4), while 4.0-4.75mm crushed mollusk shell mixture particles were noted to be a 

better adsorption medium for cadmium (initial concentration = 209 mg/L), during which 

47.89% cadmium removal was achieved (Chapter 4). These adsorption media were 

employed in this study to determine if effective metal removal from a synthetic landfill 

leachate mixture could be achieved, assess the possible effect of biofilm growth and 

biological activity on metal retention within the columns.  

Figure 5.7 and Figure 5.8 illustrate cadmium and nickel breakthrough curves, 

respectively, for each of the column systems as well as the aeration basin. In general, it 

was found that cadmium and nickel removal in the column systems receiving aerated 

leachate were generally better than in the column systems receiving non-aeration leachate. 

The raw synthetic leachate was composed of average cadmium and nickel concentrations 

of 36.2 mg/L (Standard Deviation = 1.17mg/L) and 19.4 mg/L (Standard Deviation= 0.44 
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mg/L), respectively. Heavy metal removal efficiencies of columns receiving non-aerated 

leachate and aerated leachate were computed and are summarized in Table 5.4 and 

presented in Appendix III.  It should be noted that the removal efficiencies for each of the 

columns were computed based on the cadmium and nickel concentrations entering the 

column. As such, the initial concentrations on cadmium and nickel for columns receiving 

aerated leachate (C1, C2 and C3) were 32.9 mg/L (Standard Deviation=1.2 mg/L) and 

17.9 mg/L (Standard Deviation=0.9 mg/L) respectively, while the initial concentrations 

of cadmium and nickel for the columns receiving non-aerated leachate were 36.2 mg/L 

(Standard Deviation =1.2 mg/L) and 19.4 mg/L (Standard Deviation=0.4 mg/L) 

respectively. 
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Figure 5.7 Experimental cadmium concentration as a function of throughput volume in aerated and 
non-aerated column systems. Co is the average cadmium concentration of the raw synthetic leachate 

(36.2 mg/L, SD=1.17 mg/L) 
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Figure 5.8 Experimental nickel concentration as a function of throughput volume in aerated and 
non-aerated column systems. Co is the average nickel concentration of the raw synthetic leachate 

(19.4 mg/L, SD=0.44 mg/L) 

     

Table 5.4 Summary of estimated heavy metal removal efficiencies for columns 

 C1 C2 C3 C4 C5 C6 
Estimated Cd Removal Efficiency (%) 78.586 58.996 56.85 50.495 50.827 63.259 
Estimated Ni Removal Efficiency (%) 83.786 57.951 50.496 64.862 52.717 43.642 
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5.3.4.1 Heavy Metal Removal in Column Systems Receiving Non-Aerated Synthetic 

Landfill Leachate 

For cadmium adsorption, Figure 5.7 illustrates that, generally, the higher the 4.0-4.75 

mm crushed mollusk shell content in the column, the higher the cadmium removal. This 

was consistent with the results obtained in the previous batch (Chapter 3) and column 

(Chapter 4) studies, where crushed mollusk shells were identified as the better natural 

adsorbent material for cadmium adsorption. According to Figure 5.7 which presented the 

cadmium breakthrough curves of the columns C4, C5, and C6 receiving non-aerated 

leachate, column C6 with the highest crushed mollusk shell content (2/3 bed depth ratio 

(Table 5.3 and Figure 5.1) provided the highest cadmium retention, followed by the 

column C5 with a lower crushed mollusk shell content (1/3 bed depth ratio) and C4 

which was packed only with peat. Based on the equations Equation 5.1 and Equation 5.3 

(Chapter 4), the respective computed cadmium removal efficiencies for columns  and 

column systems C4, C5 and C6 based on the experimental results were 50.50%, 50.83%, 

and 63.26% (Table 5.4 and Appendix III). These computed removal efficiencies indicated 

that the cadmium removal capacities of the columns were in the following order C6 > C5 

> C4, which was also correlated with the crushed mollusk shell content in the columns.  

For nickel sorption, Figure 5.8 shows that the peat column (C4) provided the highest 

adsorption capacity throughout the study. Nickel adsorption capacity order is C4 > C5 > 

C6. Column C6 was adsorption medium exhaustion (nickel C/C0>95%) was noted after 

30 L throughput volume pumped through the column, which was much earlier than for 

the other columns containing higher bed depth ratios of peat. The computed nickel 

removal efficiencies were evaluated as 64.86%, 52.72%, and 43.64% for columns and 
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also column systems C4, C5 and C6, respectively. Observation from Figure 5.8 and the 

nickel removal efficiency computations (Table 5.4 and Appendix III) indicated that the 

higher peat bed depth ratio, the higher nickel removal from the non-aerated leachate. 

Thus, in the fixed-bed column study for heavy metal removal from non-aerated 

synthetic leachate, 4.0-4.75 mm crushed mollusk shells was a relatively good adsorption 

medium for cadmium, while peat was a good adsorption medium for nickel. These results 

were consistent with those obtained in the single-constituent batch experiments and the 

binary heavy metal in aqueous solution studies presented in Chapters 3 and 4, 

respectively. The results would also suggest that the treatment capacities of the columns 

receiving the non-aerated synthetic leachate were not significantly affected by the 

presence of other leachate constituents or the establishment of biological activity which 

was considered to be negligible in these columns. 

 

5.3.4.2 Heavy Metal Removal in Column Systems Receiving Aerated Synthetic 

Landfill Leachate 

Figure 5.7 and Figure 5.8, it can be seen that cadmium and nickel removal was 

observed in the aeration tank. Average cadmium and nickel concentrations in the raw 

synthetic raw leachate were 36.3 mg/L (Standard Deviation = 1.17 mg/L) and 19.4 mg/L 

(Standard Deviation = 0.44 mg/L). In the aeration basin, they were reduced to average 

concentrations of 32.9 mg/L (Standard Deviation = 1.17 mg/L) and 17.9 mg/L (Standard 

Deviation = 0.95 mg/L) for cadmium and nickel, respectively. This corresponded to 

cadmium and nickel reductions of 9.4% and 7.9%, respectively. The biomass growth in 
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the aeration tank could have contributed to the heavy metal removals through adsorption 

onto the biomass or biological uptake (Liehr et al., 1994). 

Figure 5.7 and Figure 5.8 also demonstrate that the column systems receiving aerated 

leachate (C1, C2 and C3) generally showed higher cadmium and nickel removal than 

those receiving non-aerated leachate. From the column systems receiving the aerated 

synthetic leachate, the peat column system C1 showed the best biosorption capacity in 

terms of both cadmium and nickel retention. The estimated cadmium and nickel removal 

efficiencies of column C1 could reach 78.6% and 83.8% (Table 5.4), respectively. The 

peat column system C1 receiving aerated leachate exhibited better cadmium removal than 

the peat column system C4 receiving non-aerated leachate. The results shown in Figure 

5.7 and Figure 5.8 for column systems C2 and C3 also suggested that peat played an 

important role in terms of cadmium and nickel retention since higher cadmium and nickel 

retentions were generally noted in column C2 which was packed with a higher peat 

content (peat bed depth ratio = 2/3) than in column C3 which had a lower peat content 

(peat bed depth ratio= 1/3).  

The results for the column systems receiving aerated leachate were not consistent with 

those obtained in the columns receiving non-aerated leachate. This was attributed to the 

aeration which provided dissolved oxygen to the column influent to promote biological 

activity and biofilm growth in the columns, particularly the peat which is a highly porous 

and organic medium which provides an ideal matrix for biological growth (Champagne, 

2001). This would have likely contributed to the biosorption and biological uptake of 

cadmium in the aerated column system, which would not have been observed in the non-

aerated column system.  
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   Similar results were obtained for nickel adsorption in the column systems receiving 

aerated leachate, for which a nickel adsorption order of C1 > C2 > C3 was obtained. This 

would suggest that the peat would be a good natural adsorbent for nickel removal in both 

an aerated and non-aerated system configuration. 

According to Table 5.4 and Figure 5.7 and Figure 5.8, peat generally exhibited better 

metal removal capacities from aerated leachate than from the non-aerated leachate. This 

phenomenon could be explained by fact that peat moss has more pore space (peat 

porosity = 0.88) than 4.0-4.75 mm crushed mollusk shells (shell porosity = 0.75). The 

pore spaces contributed to the establishment of biofilm which may also contribute to the 

retention of the metals in the columns since the biofilm is an organic material which can 

act as a carbon source as the biofilm grows. The observation would also indicate that the 

adsorption capacities of the columns receiving aerated synthetic leachate were positively 

affected by aeration and biological activity. Computed cadmium and nickel removal 

efficiencies for the peat column C1, which received aerated leachate, were higher than 

the other computed values. 

Other studies have also shown that aerated biological treatment processes can enhance 

heavy metal retention and that aeration should take place prior to adsorption to limit the 

extent of biofilm growth on the adsorbent medium packed in the column and minimize 

clogging. This was also noted in a study by Scott et al. (1994), where biofilm growth was 

found to significantly increase the cadmium and nickel adsorption capacity of granular 

activated carbon (GAC). Biofilm and biomass growth onto the surface of the adsorbents 

was also shown to increase the contacting area with the metal ions in a study by Cloirec 

et al. (2003). The cellular wall of the biofilm has various surface functional groups which 



can interact with metal ions via ion exchange, complexation and precipitation (Birch and 

Bachoffen, 1990). In addition, the biomass growth in the columns can decrease the 

hydraulic conductivity of the adsorbent and increase the metal ion retention in the column, 

which could also enhance the metal removal. However, consideration must be given to 

extensive biofilm growth which can lead to clogging, particularly at the column surface.  

 

5.3.5 Clogging 

The columns experienced the significant decrease in effluent rate (hydraulic 

conductivity) due to clogging of the pore spaces of the adsorption media (Picture in 

Appendix IV), which ultimately led to columns failure after 496.5 hours (44.7 L 

throughput volume) in the columns receiving non-aerated leachate, and failure after 687 

hours (61.8 L throughput volume) in the columns receiving aerated leachate.  

In the previous study (Chapter 4) using binary metal aqueous solutions, no clogging 

phenomenon was observed in the columns treating heavy metal aqueous solutions. This 

would indicate that the clogging noted in this study caused by the various constituents 

composing the synthetic leachate. VanGulck and Rowe (2004) reported that clogging 

occurred due to a combination of biofilm growth and calcium precipitation accumulating 

within the pore space of the media. As listed in Table 5.2, 2882 mg/L was added as 

part of the synthetic leachate recipe, which would have introduced a relatively high 

concentration of calcium into the columns. The wastewater used to seed the columns at 

the beginning of the column testing, as well as the high COD concentration of the 

leachate could produce biofilm growth onto the media in the columns. These factors 

could have contributed to the clogging of the columns.  

2CaCl
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5.4 Conclusion 

Cadmium and nickel removal from synthetic landfill leachate using sphagnum peat 

moss, and sphagnum peat moss and 4.0-4.75 mm crushed mollusk shell mixed at 

different bed depth ratios as biosorbents were examined in this study.   

(1) The crushed mollusk shells and the peat moss exhibited relatively good cadmium and 

nickel removal, respectively, in the column system (C4, C5 and C6) receiving raw 

synthetic landfill leachate treatment, which was consistent to the results obtained in a 

previous study (Chapter 4). Biological activity or the active biofilm growth was 

considered to be negligible because COD and total nitrogen in the non-aerated 

leachate was not reduced significantly and no oxygen was introduced into the 

columns to support aerobic biological activity.  

(2) Peat moss was found to be a better bioadsorbent for both cadmium and nickel when 

treating aerated synthetic leachate. COD was reduced slightly in the aerated column 

systems, which reflected that the biological activity existed in the column systems 

receiving aerated leachate. In addition, the highest computed cadmium and nickel 

removal efficiencies (78.6% and 83.8%, respectively) were obtained in the peat 

aerated leachate column. Observations from this study, as well as other research 

studies, would suggest that the Sphagnum peat moss would act as a good low-cost 

natural adsorbent for heavy metal removal from landfill leachate; and that the 

biological treatment processes should be provided prior to adsorption to enhance 

heavy metal removals and minimize clogging.  

(3) The benefits of the biological aeration processes, which should be operated prior to 

the adsorption, should be investigated further in future studies. A more effective 
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attachment medium should be added into the aeration basin to enhance biofilm 

growth within the aeration basin. Also, in order to avoid COD and total nitrogen 

contribution for degrading biomass in the aeration basin, sludge accumulated in the 

aeration basin should be removed periodically. Activated sludge can be introduced to 

seed the biological process, and enhance biomass growth to remove the COD and 

total nitrogen from the landfill leachate.  

(4) The mechanisms of the clogging and biosorption within the adsorption media matrix 

should also be further investigated in future studies.  
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CHAPTER 6 

Conclusions and Recommendations 

 
6.1 Conclusions 

The removal of cadmium, nickel, manganese and cobalt from single-constituent metal 

aqueous solutions by adsorption using natural adsorbent materials including crushed 

mollusk shells from Lake Ontario, granular activated carbon, and sphagnum peat moss 

was investigated in the fundamental batch experiments and reported in Chapter 3. 

Generally, crushed mollusk shells (4.0-4.75mm) were most suitable for cadmium ion 

removal, while the sphagnum peat moss was generally a better adsorbent for nickel, 

manganese and cobalt removal from single-constituent metal aqueous solutions. After a 

24 hour contact period with the 0.6-1.0 mm and 4.0-4.75 mm crushed mollusk shells, the 

solution pH was generally found to equilibrate at a pH of approximately 8.0 when 

crushed mollusk shells were employed as adsorbents. Hence, crushed mollusk shells 

could be a useful natural adsorbent in full-scale applications where final solution pH 

considerations are required. The metal adsorption capacities generally increased with 

increasing initial metal concentration and decreased with the adsorbent mass increases. 

The decrease in adsorption capacity with increase in adsorbent mass addition was likely 

due to corresponding changes in solution chemistry with increases in natural adsorbent. 

In addition, when the adsorbent mass increased, the presence of more solids could result 

in a decrease in the opportunity for contact between the adsorbate and the adsorption sites 

on the adsorbent. Equilibrium isotherm model parameters were derived using existing 

models: Freundlich and Langmuir isotherm models. The Freundlich model was found to 



 192

be more suitable for cadmium, manganese and cobalt adsorption, while the Langmuir 

model was found to better describe nickel ion adsorption. However, the Freundlich model 

for nickel adsorption onto peat based on various initial nickel concentrations was also 

considered to be adequate. Adsorbent mixtures containing increasing mass ratios of 

crushed mollusk shells exhibited better adsorption capacities for cadmium ion removal, 

while mixtures containing increasing mass ratios of peat moss generally had higher 

adsorption capacities for nickel, manganese and cobalt. These results were consistent 

with the order of adsorption capacities observed for the individual adsorbents where 

PEAT> crushed mollusk Shells > GAC.  

 

Based on the results obtained in Chapter 3, the adsorption characteristics and 

suitability of sphagnum peat moss and 4.0-4.75 mm crushed mollusk shells from Lake 

Ontario, as potential adsorbents for the removal of cadmium and nickel ions from binary 

aqueous solutions using bench-scale fixed-bed columns, were investigated in Chapter 4. 

Eight columns were constructed to study the effect of design parameters such as bed 

depth and hydraulic loading on the capacity of the adsorbents for metal removal. As was 

found in the batch study, the crushed mollusk shells (4.0-4.75 mm) were generally found 

to be a better adsorbent for cadmium ion removal from binary solution in column testing. 

When a 10 cm diameter fixed-bed column packed with a 15 cm depth of crushed mollusk 

shells was hydraulically loaded with a nickel and cadmium binary aqueous solution at a 

rate of 1.5mL/min, the best cadmium treatment efficiency observed was 47.9%. The 

Sphagnum peat moss was noted to be the better adsorbent for nickel ion removal in the 

column testing. In this case, a 10 cm diameter fixed-bed column packed with a 15 cm 
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depth of Sphagnum peat moss was hydraulically loaded with a nickel and cadmium 

binary aqueous solution at a rate of 1.5mL/min and a nickel treatment efficiency of 

42.7% was achieved. From these results, it was generally concluded that higher adsorbent 

bed depths and lower hydraulic loadings were necessary to achieve an efficient treatment 

system with a relatively long adsorbent expectancy prior to exhaustion. In 10 cm 

diameter fixed-bed column, a 15 cm adsorbent bed depths combined with a 1.5 mL/min 

hydraulic loading were reasonable operational parameters to treat 209 mg/L cadmium and 

105 mg/L nickel. The fixed-bed columns tended to reduce the adsorption efficiencies of 

the adsorbents, possibly as a result of the reduced contact time in the columns which may 

not have been adequate to reach the adsorption equilibrium and the effective contact 

surface area in the column. The average effluent pH values of the crushed mollusk shell 

columns were generally higher than those observed for the peat columns. This difference 

could mostly be attributed to the natural pH of crushed mollusk shells, typically around 

9.4, and the sphagnum peat moss with a natural pH of 3.9. In mollusk shell columns, the 

lower loading rate (1.5 mL/min) and greater column bed depth (15 cm) would result in a 

higher effluent pH. In peat columns, hydraulic loading rates and the bed depths did not 

affect the effluent pH, which would suggest that the solution pH equilibrated rapidly with 

the natural pH of the peat through the adsorption pH. The multi-constituent adsorption 

capacity obtained in multi-constituent batch adsorption or the estimated multi-constituent 

adsorption capacity calculated using the Langmiur model constants did not coincide well 

with the observed results. It would support the fact that there is likely more than a mono 

layer of metal ions on the adsorbent and would suggest that other removal processes are 

affecting the results. These results indicated that although traditional isotherm models 
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such as the Langmuir model are commonly used, these may not be adequate in describing 

and predicting the adsorption behaviors of highly porous, organic natural adsorbents, 

particularly under competitive adsorption conditions, as many of these simplified models 

do not present the chemical changes resulting from the adsorbent-adsorbate interactions, 

as well as changes in the solution chemistry imposed by the composition and chemistry 

of the natural adsorbent itself.  The estimated single-constituent adsorption capacities 

 were higher than the estimated multi-constituent 

capacities , with the exception of cadmium adsorption onto crushed 

mollusk shells. The exception of cadmium adsorption onto crushed mollusk shells should 

be due to that some mechanisms other than adsorption provide mollusk shell 

combinations such as the formation of cadmium carbonate which would have affected the 

observed  and the Langmuir constants obtained. The column exhaustions can be 

predicted using the adsorption capacities obtained from the batch experiments for 

cadmium and nickel binary solutions. However, in all cases the treated solution 

throughput volumes observed prior to exhaustion were significantly greater than those 

predicted using the observed multi-constituent and estimated multi-constituent adsorption 

capacity values. This would support the observation traditional isotherm models may not 

be adequate in describing and predicting the adsorption behaviors of highly porous, 

organic natural adsorbents as these simplified models cannot account for chemical 

changes resulting from the adsorbent-adsorbate interactions, as well as changes in the 

solution chemistry imposed by the composition and chemistry of the natural adsorbent 

itself. According to the results obtained in Chapter 4, the natural adsorbents and their 

mixtures could be expected to be suitable for the removal of heavy metal ions particularly 

)(sin , estimatedgleieq −

)(, estimatedmultiieq −
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in multi-constituent conditions. Hence, the adsorbents and adsorbent mixtures might be 

predicted to be effectively when treating a wastewater such as landfill leachate. This was 

tested in Chapter 5. 

 

Cadmium and nickel removal from synthetic landfill leachate using Sphagnum peat 

moss, and Sphagnum peat moss and 4.0-4.75 mm crushed mollusk shells mixed at 

different bed depth ratios as biosorbents were examined in Chapter 5. The crushed 

mollusk shells and the peat moss exhibited relatively good cadmium and nickel removal, 

respectively, in the column system receiving raw synthetic landfill leachate treatment, 

which was consistent to the results obtained in Chapter 4 and Chapter 3. Biological 

activity and active biofilm growth were considered to be negligible because COD and 

total nitrogen in the non-aerated leachate was not reduced significantly and no oxygen 

was introduced into the columns to support aerobic biological activity. Peat moss was 

found to be a better biosorbent for both cadmium and nickel when treating aerated 

synthetic leachate. COD was reduced slightly in the aerated column systems, which 

reflected that the biological activity existed in the column systems receiving aerated 

leachate. In addition, the highest computed cadmium and nickel removal efficiencies 

(78.6% and 83.8%, respectively) were obtained in the peat column which was receiving 

the aerated leachate.  

 

The results obtained from Chapter 3, 4 and 5 would suggest that the Sphagnum peat 

moss would act as a good low-cost natural adsorbent for most heavy metal removal from 

single-constituent metal ion aqueous solutions, multi-constituent metal aqueous solutions 
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and aerated synthetic landfill leachate. The exceptions were that 4.0-4.75 mm crushed 

mollusk shells presented better adsorption capacity for cadmium removal from 

single-constituent heavy metal aqueous solutions, multi-constituent heavy metal aqueous 

solutions and un-aerated synthetic landfill leachate. This may have been due to other 

removal mechanisms as a result of the chemistry of the natural adsorbent other than the 

adsorption. Chapter 3 and 4 reported the dissolution of the calcium carbonate in the 

crushed mollusk shells leading the potential formation of insoluble cadmium carbonate. 

The biological treatment processes should be provided prior to adsorption to enhance 

heavy metal removals and minimize clogging.  

 

 
6.2 Recommendations 
 

This study has tested and contributed the knowledge toward the understanding of 

heavy metal adsorption from aqueous solutions and synthetic landfill leachate using 

low-cost natural adsorbents. According to the results obtained from the three chapters 3, 4, 

and 5, recommendations regarding the adsorbent applications and possible extensions of 

the research are presented. 

 

Specific short-term work arising directly from this study would include: 

The benefits of the biological aeration processes, which should be operated prior to the 

adsorption, should be investigated further in future studies. A more effective attachment 

medium should be added into the aeration basin to enhance biofilm growth within the 

aeration basin. Also, in order to avoid COD and total nitrogen contribution for degrading 

biomass in the aeration basin, sludge accumulated in the aeration basin should be 
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removed periodically. Activated sludge can be introduced to seed the biological process, 

and enhance biomass growth to remove the COD and total nitrogen from the landfill 

leachate.  

For metal aqueous solutions, although peat moss could be applied as the reliable 

adsorbent for most heavy metals (eg. nickel, cobalt, and manganese), mollusk shell 

particles from Lake Ontario could be used as more efficient adsorbent for cadmium 

adsorption.  

It can be expected that for the heavy removal from real landfill leachate, the sphagnum 

peat moss could be used as the good low-cost adsorbents. Biological treatment processes 

which can effectively enhance the treatment of organic and inorganic carbon or nitrogen 

compounds should be combined with the adsorption processes. In the biological 

treatment processes, activated sludge or the effective growth media which could attach 

the biomass should be added to increase the biological treatment efficiencies on high 

concentrations of organic and inorganic pollutants.  

In this research, in order to obtain the obvious treatment comparison between different 

adsorbents, the heavy metal concentrations in the synthetic landfill leachate were higher 

than that in most real landfill leachate. Thus, for the heavy metal removal from real 

landfill leachates, more effective adsorption and longer lifespan of the peat moss could be 

obtained. 

 

Long-term study would consider the following: 

The following recommendations for future areas of research are based on an extension 

of the research performed in this study: 
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(1) A better understanding of the mechanisms of metal adsorption from the aqueous 

solutions by the adsorbent is necessary to be studied. 

(2) Low heavy metal concentrations are required to test so that the corresponding exact 

adsorption capacities and isotherm models can be obtained. 

(3) Real landfill leachate is required to be tested and to evaluate the effects of the 

constituents in the real leachate on the adsorption. 

(4) The effects of the natural adsorbents on solution pH and potential removal 

mechanisms when treating a wastewater stream such as landfill leachate are needed to 

be focused on for the real application. 

(5) Emphasis should be provided for proper design of pilot-scale and full-scale systems. 

(6) More effective biological treatment processes are necessary to be developed for 

enhancing the organic and inorganic carbon and nitrogen treatment. 

(7) Methods for avoiding the clogging in the adsorption columns should also be 

considered further. 
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Appendix I 

Data and Calculations of Chapter 3  

PAPER I:  

Removal of cadmium, nickel, manganese, and cobalt ions from 

aqueous solutions using low-cost natural adsorbents 
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I-1. For Section 3.3.1.2, Recipe of the typical synthetic landfill leachate 
Table I- 1 Composition of synthetic landfill leachate. 
Typical Component  Per Liter 
Acetate Acid  (99%) 7mL 

42HPOK  30mg 

3KHCO  312mg 

32COK  324mg 

3NaNO  50mg 

3NaHCO  3012mg 

2CaCl  2882mg 
OHMgCl 22 6⋅  3114mg 

4MgSO  156mg 

34HCONH  2439mg 

22 )(NHCO  695mg 
  
Heavy Metals in the Synthetic Leachate  

OHCdSO 24 83 ⋅  80mg 
OHNiSO 24 6⋅  80mg 

NaOH Solution (4mol/L) 125 mL Titrate to a pH 5.8~6.0 
Distilled Water To make 1L solution 

 

 

I-2. Data for Section 3.3.2.1, Metal adsorption of filter paper and flask wall. 
Table I- 2 Metal adsorption of filter paper and flask wall 

 Cadmium Nickel Manganese Cobalt 
Initial Concentration (mg/L) 209.00 105.00 142.00 35.00 

Final Concentration #1 (mg/L) 204.00 107.00 143.00 33.00 
Final Concentration #2 (mg/L) 212.00 104.55 143.00 35.00 
Final Concentration #3 (mg/L) 208.00 106.08 139.00 36.00 

Average Final Concentration (mg/L) 208.00 104.88 141.67 34.67 
Standard Deviation of Final Concentration (mg/L) 3.27 1.42 1.89 1.25 

 

I-3. Data for Section 3.3.2.2 Adsorbent Characteristics  
Table I- 3 Adsorbent Bulk Density 

 Water GAC PEAT 
Flask Mass (g) 39.39 29.54 28.07 

Flask+Water Mass (g) 88.88 92.7 86.23 
Volume (mL) 50.00 63.81 58.76 

Flask+Mdium Mass(g) 88.88 85.34 34.24 
Medium Mass (g) 49.49 55.80 6.17 

Bulk Density (g/mL) 0.99 0.87 0.11 
 
 



 201

Table I- 4 Adsorbent Particle Density  
 GAC PEAT 

sM  (g) 10.03 5.01 

wfsM ++ (g) 191.71 188.39 

wfM +  (g) 189.63 188.94 
Distilled Water Density (g/mL) 0.99 0.99 

Particle Density (g/mL) 1.25 0.89 

 
 
Table I- 5  Adsorbent Porosity 

 GAC PEAT 
bρ (g/mL) 0.874 0.105 
sρ  (g/Ml) 1.249 0.892 

Porosity % 29.974 88.226 
 
 
Table I- 6 Cation exchange capacity of adsrobents 

Adsorbent NaOH (mL) Adsorbent Mass (g) CEC 
(meq/100g) 

SA 0 0.511 0 
SB 0 0.523 0 

GAC 0.5 0.506 9.887 
PEAT 6 0.503 119.261 

 

Table I- 7 General accuracy of AAS analysis and error range 

Metal Reference 
concentration (mg/L) 

Average analyzed 
concentration (mg/L) 

Accuracy
(%) 

Error 
Range(%) 

Cd 41.7 33.1 79.3765 20.6235 
Cu 39.3 35.6 90.58524 9.414758 
Pb 1162 1156 99.48365 0.516351 
Zn 350 324 92.57143 7.428571 

 
Accuracy (%)= Average analyzed concentration/Reference concentration 

Error Range (%)= 1-Accuracy 
 

General 
Accuracy(%) 90.50 (SD= 7.22)   

General Error 
Range(%) 9.50 (SD=7.22)   
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I-4. Data for Section 3.4.1, Crushed Mollusk Shell Adsorption and Effect of Particle 
Size 

Table I- 8 Equilibrium metal ion concentrations after adsorbed by different particle size shells 

Shell Particle Cd 
eC  (mg/L) 

Ni 
eC  (mg/L) 

Mn 
eC  (mg/L) 

Co 
eC  (mg/L) 

0.6-1.0mm 38 82 121 29 
4.0-4.75mm 7 78 62 29 
6.3-8.0mm 2 80 82 26 

 
 
Table I- 9 Equilibrium metal ion uptake capacity of the shells 

Shell Particle Cd 
q (mmol/g) 

Ni  
q (mmol/g) 

Mn  
q (mmol/g) 

Co 
 q (mmol/g) 

0.6-1.0mm 0.025 0.006 0.007 0.002 
4.0-4.75mm 0.030 0.007 0.024 0.002 
6.3-8.0mm 0.030 0.007 0.018 0.003 

 

I-5. Data for 3.4.2.1 Contact Time 
Table I- 10 Cd ion concentrations in the solution at different time 

Time 
(min) 

Cd-SA 
tC  

(mg/L) 

Cd-SA 
tC  

(mg/L) 

Cd-SB 
tC  

(mg/L) 

Cd-SB 
tC  

(mg/L) 

Cd-GAC 
tC  

(mg/L) 

Cd-GAC 
tC  

(mg/L) 

Cd-PEAT 
tC  

(mg/L) 

Cd-PEAT 
tC  

(mg/L) 
60 88 100 82 76 172 146 42 36 

120 60 68 72 56 132 160 42 36 
240 44 80 50 38 158 160 42 26 
360 46 46 20 38 160 160 42 30 
480 36 26 20 24 152 152 26 26 
720 32 34 20 22 144 148 24 22 
960 32 32 18 20 132 146 26 20 

1440 32 34 10 8 132 146 24 24 
1920 32 32 8 8 132 146 24 24 

 
Table I- 11 Cd ion uptake capacity of adsorbents 

Time 
(min) 

Cd-SA 
q (mg/g) 

Cd-SB 
q (mg/g) 

Cd-GAC 
q (mg/g) 

Cd-PEAT 
q (mg/g) 

60 1.907 2.159 0.830 2.821 
120 2.405 2.408 1.045 2.821 
240 2.437 2.740 0.830 2.904 
360 2.703 2.990 0.813 2.871 
480 2.952 3.106 0.946 3.037 
720 2.918 3.122 1.045 3.087 
960 2.935 3.156 1.161 3.087 

1440 2.919 3.322 1.161 3.071 
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1920 2.935 3.339 1.161 3.071 
 
Table I- 12 Ni ion concentrations in the solution at different time 

Time 
(min) 

Ni-SA 
tC  

(mg/L) 

Ni-SA 
tC  

(mg/L) 

Ni-SB 
tC  

(mg/L) 

Ni-SB 
tC  

(mg/L) 

Ni-GAC 
tC  

(mg/L) 

Ni-GAC 
tC  

(mg/L) 

Ni-PEAT 
tC  

(mg/L) 

Ni-PEAT 
tC  

(mg/L) 
60 65 65 84 80 83 85 31 36 

120 65 68 65 73 82 81 25 24 
240 66 65 66 70 84 89 21 16 
480 63 57 64 70 88 87 21 23 
720 58 62 67 67 85 84 22 23 

1140 62 65 65 70 91 90 24 25 
1800 62 64 66 68 101 97 23 26 

 
 
Table I- 13 Ni ion uptake capacity of adsorbents 

Time 
(min) 

Ni-SA 
q (mg/g) 

Ni-SB 
q (mg/g) 

Ni-GAC 
q (mg/g) 

Ni-PEAT 
q (mg/g) 

60 0.660 0.381 0.347 1.179 
120 0.634 0.597 0.389 1.328 
240 0.651 0.614 0.306 1.427 
480 0.742 0.630 0.289 1.369 
720 0.741 0.630 0.339 1.361 

1140 0.684 0.622 0.240 1.328 
1800 0.692 0.630 0.099 1.328 

 
 
Table I- 14 Mn ion concentrations in the solution at different time 

Time 
(min) 

Mn-SA 
tC  

(mg/L) 

Mn-SA 
tC  

(mg/L) 

Mn-SB 
tC  

(mg/L) 

Mn-SB 
tC  

(mg/L) 

Mn-GAC 
tC  

(mg/L) 

Mn-GAC 
tC  

(mg/L) 

Mn-PEAT 
tC  

(mg/L) 

Mn-PEAT 
tC  

(mg/L) 
60 134 134 115 113 128 133 73 78 
120 134 131 118 118 127 128 55 66 
240 132 127 105 107 117 123 53 57 
360 112 123 100 98 117 127 53 52 
480 72 85 97 81 119 118 40 49 

1200 111 106 78 67 120 115 43 46 
1440 111 106 78 62 131 127 47 44 
1920 110 106 75 65 135 131 46 44 
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Table I- 15 Mn ion uptake capacity of adsorbents 

Time 
(min) 

Mn-SA 
q (mg/g) 

Mn-SB 
q (mg/g) 

Mn-GAC 
q (mg/g) 

Mn-PEAT 
q (mg/g) 

60 0.132 0.464 0.191 1.101 
120 0.157 0.398 0.241 1.349 
240 0.207 0.597 0.366 1.440 
360 0.406 0.713 0.333 1.481 
480 1.054 0.879 0.391 1.614 

1200 0.557 1.154 0.408 1.6142 
1440 0.557 1.195 0.216 1.600 
1920 0.564 1.195 0.150 1.606 

 
 
Table I- 16 Co ion concentrations in the solution at different time 

Time 
(min) 

Co-SA 
tC  

(mg/L) 

Co-SA 
tC  

(mg/L) 

Co-SB 
tC  

(mg/L) 

Co-SB 
tC  

(mg/L) 

Co-GAC 
tC  

(mg/L) 

Co-GAC 
tC  

(mg/L) 

Co-PEAT 
tC  

(mg/L) 

Co-PEAT 
tC  

(mg/L) 
60 21 22 25 25 21 29 6 8 

120 22 22 18 19 24 29 4 4 
240 14 14 11 16 22 22 3 3 
360 10 12 13 13 21 22 2 3 
600 12 12 13 10 23 23 4 5 
760 10 12 11 11 15 22 2 0 

1440 10 12 6 7 16 23 0 0 
1800 10 12 6 7 18 18 0 0 
1920 10 12 6 6 18 18 0 0 

 
 
Table I- 17 Co ion uptake capacity of adsorbents 

Time 
(min) 

Mn-SA 
q (mg/g) 

Mn-SB 
q (mg/g) 

Mn-GAC 
q (mg/g) 

Mn-PEAT 
q (mg/g) 

60 0.222 0.165 0.166 0.465 
120 0.214 0.273 0.141 0.514 
240 0.345 0.356 0.215 0.531 
360 0.394 0.364 0.224 0.539 
600 0.378 0.389 0.199 0.506 
760 0.394 0.398 0.273 0.564 

1440 0.394 0.472 0.257 0.581 
1800 0.394 0.472 0.282 0.581 
1920 0.394 0.480 0.282 0.581 
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I-6. Data for Section, 3.4.2.2 Adsorption Capacity  

Table I- 18 Metal ion adsorption capacity and efficiencies of adsorbents 
Using Equation (3.6) SA(6g) SB(6g) GAC(6g) PEAT(6g) 

0C  (mg/L) 209 209 209 209 
eC  (mg/L) 32 8 139 24 Cd 

Efficiency (%) 84.689 96.172 33.492 88.516 
0C  (mg/L) 105 105 105 105 
eC  (mg/L) 63 67 99 24.5 Ni 

Efficiency (%) 40.000 36.190 5.7143 76.667 
0C  (mg/L) 142 142 142 142 
eC  (mg/L) 108 70 133 45 Mn 

Efficiency (%) 23.944 50.704 6.338 68.310 
0C  (mg/L) 35 35 35 35 
eC  (mg/L) 11 6 18 0 Co 

Efficiency (%) 68.571 82.857 48.571 100.000 
 

I-7. Data for Section 3.4.2.3, Effect of initial metal ion concentration 
Table I- 19 Equilibrium Cd ion concentrations of duplicate samples  

0C  (mg/L) 82 82 167 167 209 209 330 330 
SA eC  (mg/L) 16 16 24 26 32 34 44 38 
SB eC  (mg/L) 2 2 4 4 8 8 14 14 

GAC eC  (mg/L) 60 68 128 124 132 146 216 208 
PEAT eC  (mg/L) 6 6 16 16 24 24 72 70 
 
Table I- 20 Equilibrium Cd ion concentrations 

0C  (mg/L) 82 167 209 330 
SA eC  (mg/L) 16 25 33 41 
SB eC  (mg/L) 2 4 8 14 

GAC eC  (mg/L) 64 126 139 212 
PEAT eC  (mg/L) 6 16 24 71 
 
Table I- 21 Equilibrium Cd ion uptake capacity of adsorbents on different initial Cd ion 
concentration solutions 

0C  (mg/L) 82 167 209 330 
SA eq (mg/g) 

1.100 2.367 2.933 4.817 

SB eq (mg/g) 
1.333 2.717 3.350 5.267 

GAC eq (mg/g) 
0.300 0.683 1.167 1.967 

PEAT eq (mg/g) 
1.267 2.517 3.083 4.317 
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Table I- 22 Equilibrium Ni ion concentrations of duplicate samples 
0C  (mg/L) 42.6 42.6 85 85 174.4 174.4 

SA eC (mg/L) 11 10 77 74 123 127 
SB eC (mg/L) 12 17 63 63 123 123 

GAC eC (mg/L) 11 12 60 62 154 156 
PEAT eC (mg/L) 1 1 3 4 40 38 
 
 
 
 
Table I- 23 Equilibrium Ni ion concentrations 

0C  (mg/L) 42.6 85 174.4 
SA eC (mg/L) 10.5 75.5 125.0 
SB eC (mg/L) 14.5 63.0 123.0 

GAC eC (mg/L) 11.5 61.0 155.0 
PEAT eC (mg/L) 1.0 3.5 39.0 

 
Table I- 24 Equilibrium Ni ion uptake capacity of adsorbents on different initial Ni ion concentration 
solutions 

0C  (mg/L) 42.6 85 174.4 
SA eq (mg/g) 

0.534 0.158 0.823 

SB eq (mg/g) 
0.468 0.367 0.857 

GAC eq (mg/g) 
0.517 0.400 0.323 

PEAT eq (mg/g) 
0.692 1.358 2.257 

 
Table I- 25 Equilibrium Mn ion concentrations of duplicate samples 

0C  (mg/L) 57.6 57.6 114 114 142 142 230.4 230.4 
SA eC (mg/L) 42 45 90 92 110 106 156 160 
SB eC (mg/L) 39 40 55 55 75 65 83 82 

GAC eC (mg/L) 42 38 90 94 131 131 114 118 
PEAT eC (mg/L) 11 11 35 30 46 44 80 88 
 
Table I- 26 Equilibrium Mn ion concentrations 

0C  (mg/L) 57.6 114 142 230.4 
SA eC (mg/L) 43.5 91 108 158 
SB eC (mg/L) 39.5 55 70 82.5 

GAC eC (mg/L) 40 92 131 116 
PEAT eC (mg/L) 11 32.5 45 84 

 
 



 207

Table I- 27 Equilibrium Mn ion uptake capacity of adsorbents on different initial Mn ion 
concentration solutions 

0C  (mg/L) 57.6 114 142 230.4 
SA eq (mg/g) 

0.235 0.383 0.567 1.207 

SB eq (mg/g) 
0.302 0.983 1.200 2.465 

GAC eq (mg/g) 
0.293 0.367 0.183 1.906 

PEAT eq (mg/g) 
0.777 1.358 1.617 2.440 

 
Table I- 28 Equilibrium Co ion concentrations of duplicate samples 

0C  (mg/L) 22 22 34 34 45 45 90 90 
SA eC (mg/L) 8 9 12 10 15 14 44 40 
SB eC (mg/L) 9 11 10 10 19 22 40 41 

GAC eC (mg/L) 6 7 9 9 17 16 28 28 
PEAT eC (mg/L) 1 1 2 2 6 4 13 11 
 
Table I- 29 Equilibrium Co ion concentrations 

0C  (mg/L) 22 34 45 90 
SA eC  (mg/L) 8.5 11.0 14.5 42.0 
SB eC  (mg/L) 10.0 10.0 20.5 40.5 

GAC eC  (mg/L) 13.0 18.0 33.0 56.0 
PEAT eC  (mg/L) 1.0 2.0 5.0 12.0 

 
Table I- 30 Equilibrium Co ion uptake capacity of adsorbents on different initial Co ion 
concentration solutions 

0C  (mg/L) 22 34 45 90 
SA eq (mg/g) 

0.225 0.383 0.508 0.800 

SB eq (mg/g) 
0.200 0.400 0.408 0.825 

GAC eq (mg/g) 
0.150 0.267 0.200 0.567 

PEAT eq (mg/g) 
0.350 0.533 0.667 1.300 

 

 

 

 



 208

I-8. Data for Section 3.4.2.4, Effect of adsorbent mass 
Table I- 31 Equilibrium Cd ion concentrations of duplicate samples 

MASS 2g 2g 4g 4g 6g 6g 8g 8g 
SA eC (mg/L) 46 46 36 36 32 32 30 30 
SB eC (mg/L) 10 8 6 8 8 8 6 6 

GAC eC (mg/L) 128 132 132 120 120 132 118 124 
PEAT eC (mg/L) 56 48 34 34 24 24 14 14 
 
Table I- 32 Equilibrium Cd ion concentrations 

MASS 2g 4g 6g 8g 
SA eC (mg/L) 46 36 32 30 
SB eC (mg/L) 9 7 8 6 

GAC eC (mg/L) 130 126 126 121 
PEAT eC (mg/L) 52 34 24 14 

 
Table I- 33 Equilibrium Cd ion uptake capacity of different adsorbent masses 

MASS 2g 4g 6g 8g 
SA eq (mg/g) 

8.100 4.300 2.933 2.225 

SB eq (mg/g) 
9.950 5.025 3.333 2.525 

GAC eq (mg/g) 
3.900 2.050 1.367 1.088 

PEAT eq (mg/g) 
7.800 4.350 3.067 2.425 

 
Table I- 34 Cd ion removal efficiencies of different adsorbent masses 

MASS 2g 4g 6g 8g 
SA Efficiency% 77.884 82.692 84.615 85.576 
SB Efficiency% 95.673 96.634 96.153 97.115 

GAC Efficiency% 37.500 39.423 39.423 41.826 
PEAT Efficiency% 75.000 83.654 88.461 93.269 
 
Table I- 35 Equilibrium Ni ion concentrations 

MASS 2g 4g 6g 8g 
SA eC (mg/L) 75 62.5 64 68 
SB eC (mg/L) 76 62 61 59.5 

GAC eC (mg/L) 66 66 90 32.5 
PEAT eC (mg/L) 19 6.5 5 0.5 
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Table I- 36 Equilibrium Ni ion uptake capacity of different adsorbent masses 
MASS 2g 4g 8g 6g 

SA eq (mg/g) 
1.500 1.062 0.462 0.683 

SB eq (mg/g) 
1.450 1.075 0.568 0.733 

GAC eq (mg/g) 
1.950 0.975 0.906 0.250 

PEAT eq (mg/g) 
4.300 2.462 1.306 1.667 

 
 
Table I- 37 Ni ion removal efficiencies of different adsorbent masses 

MASS 2g 4g 6g 8g 
SA Efficiency% 28.571 40.476 39.047 35.238 
SB Efficiency% 27.619 40.952 41.904 43.333 

GAC Efficiency% 37.143 37.142 14.285 69.047 
PEATEfficiency% 81.904 93.809 95.238 99.523 
 
Table I- 38 Equilibrium Mn ion concentrations of duplicate samples 

MASS 2g 2g 4g 4g 6g 6g 8g 8g 
SA eC (mg/L) 85 89 72 82 119 119 98 100 
SB eC (mg/L) 78 72 57 58 83 83 72 73 

GAC eC (mg/L) 129 127 134 130 120 120 135 138 
PEAT eC (mg/L) 77 76 39 39 60.5 60.5 28 29 
 
Table I- 39 Equilibrium Mn ion concentrations 

MASS 2g 4g 6g 8g 
SA eC (mg/L) 87.00 77.00 119.00 99.00 
SB eC (mg/L) 75.00 57.50 83.00 72.50 

GAC eC (mg/L) 128.00 132.00 120.00 136.50 
PEAT eC (mg/L) 76.50 39.00 60.50 28.50 

 
 
Table I- 40 Equilibrium Mn ion uptake capacity of different adsorbent masses 

MASS 2g 4g 6g 8g 
SA eq (mg/g) 

2.650 1.625 0.383 0.537 

SB eq (mg/g) 
3.250 2.112 0.983 0.868 

GAC eq (mg/g) 
0.600 0.250 0.367 0.068 

PEAT eq (mg/g) 
3.175 2.575 1.358 1.418 
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Table I- 41 Mn ion removal efficiencies of different adsorbent masses 

MASS 2g 4g 6g 8g 
SA Efficiency% 38.732 45.774 23.943 30.281 
SB Efficiency% 47.183 59.507 50.704 48.943 

GAC Efficiency% 9.859 7.042 7.746 3.873 
PEAT Efficiency% 46.126 72.535 68.309 79.929 

 
 
Table I- 42 Equilibrium Co ion concentrations 

MASS 2g 4g 8g 6g 
SA eC (mg/L) 15.50 12.00 11.00 11.00 
SB eC (mg/L) 10.00 12.50 12.50 12.50 

GAC eC (mg/L) 21.00 22.00 20.00 18.00 
PEAT eC (mg/L) 5.00 3.50 1.00 1.00 

 
 
Table I- 43 Equilibrium Co ion uptake capacity of different adsorbent masses 

MASS 2g 4g 8g 6g 
SA eq (mg/g) 

0.975 0.575 0.300 0.400 

SB eq (mg/g) 
1.250 0.562 0.281 0.375 

GAC eq (mg/g) 
0.700 0.325 0.187 0.283 

PEAT eq (mg/g) 
1.500 0.787 0.425 0.567 

 
 
 
Table I- 44 Co ion removal efficiencies of different adsorbent masses 

MASS 2g 4g 6g 8g 
SA Efficiency% 55.714 65.714 68.571 68.571 
SB Efficiency% 71.428 64.285 64.285 64.285 

GAC Efficiency% 40.000 37.142 48.571 42.857 
PEATEfficiency% 85.714 90.000 97.142 97.142 
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I-9. Data for Section 3.4.2.5, pH Changes of the Solutions 
Table I- 45 Final pH values of equilibrium Cd ion solutions after adsorbed by various adsorbent 
masses 

MASS SA SB GAC PEAT 
2g 7.6 7.6 4 3.1 
4g 7.7 7.8 3.7 3.1 
6g 7.8 7.8 3.5 3.1 
8g 7.9 8 3.4 3.2 

 
 
Table I- 46 Final pH values of equilibrium Ni ion solutions after adsorbed by various adsorbent 
masses 

MASS SA SB GAC PEAT 
2g 8.2 8.4 4.2 3.3 
4g 8.4 8.5 4 3.2 
6g 8.3 8.3 3.7 3.2 
8g 8.5 8.5 3.7 3.2 

 
 
 
Table I- 47 Final pH values of equilibrium Mn ion solutions after adsorbed by various adsorbent 
masses 

MASS SA SB GAC PEAT 
2g 8.1 8.4 4.2 3.5 
4g 8.3 8.5 3.7 3.4 
6g 8.4 8.5 3.6 3.4 
8g 8.4 8.6 3.5 3.4 

 
 
 
Table I- 48 Final pH values of equilibrium Co ion solutions after adsorbed by various adsorbent 
masses 

MASS SA SB GAC PEAT 
2g 8.1 8.4 4.2 3.5 
4g 8.3 8.5 3.7 3.4 
6g 8.4 8.5 3.6 3.4 
8g 8.4 8.6 3.5 3.4 
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I-10. Data for Section 3.4.3, Single Metal Ion Adsorption Isotherm Models 
 
I-10-1. Cd ion adsorption isotherm models 
Table I- 49 Equilibrium ion concentrations based on various initial ion concentrations 

 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
82 16 1.1 2 1.33 64 0.3 6 1.27 

167 25 2.37 4 2.72 126 0.68 16 2.52 
209 33 2.93 8 3.35 139 1.17 24 3.08 
330 41 4.82 14 5.27 212 1.97 71 4.32 

 
Table I- 50 Freundlich model calculation based on various initial ion concentrations 

 SA  SB  GAC  PEAT  
0C  

(mg/L) 
log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

82 1.204 0.041 0.301 0.123 1.807 -0.523 0.778 0.103 
167 1.397 0.374 0.602 0.434 2.100 -0.167 1.204 0.401 
209 1.518 0.466 0.903 0.525 2.143 0.068 1.380 0.488 
330 1.612 0.683 1.146 0.721 2.326 0.294 1.851 0.635 

 
 
 
Table I- 51 Freundlich model parameters based on various initial ion concentrations 

 1/n log fK  2R  fK  

SA 1.496 -1.754 0.980 0.017 
SB 0.664 -0.039 0.960 0.913 

GAC 1.588 -3.407 0.960 0.0003 
P 0.492 -0.234 0.950 0.583 
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Figure I- 1 Freundlich models for Cd ion adsorption based on initial Cd ion concentrations 

 
Table I- 52 Langmuir model calculation based on various initial ion concentrations  

 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  

82 16 14.545 2 1.503 64 213.333 6 4.724 
167 25 10.548 4 1.470 126 185.294 16 6.349 
209 33 11.263 8 2.38 139 118.803 24 7.792 
330 41 8.506 14 2.656 212 107.614 71 16.435 
 

Table I- 53 Langmuir model parameters based on various initial ion concentrations 
 1/a 1/ab 2R  a ab b 

SA -0.211 17.299 0.820 -4.725 0.057 -0.012 
SB 0.107 1.250 0.880 9.276 0.799 0.086 

GAC -0.741 256.590 0.770 -1.348 0.004 -0.003 
PEAT 0.182 3.5170 0.990 5.510 0.284 0.052 
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Figure I- 2 Langmuir models for Cd ion adsorption based on initial Cd ion concentraitons 
 
Table I- 54 Equilibrium ion concentrations based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass (g) eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

2 46 8.10 9 9.95 130 3.9 52 7.8 
4 36 4.3 7 5.03 126 2.05 34 2.35 
6 32 2.93 8 3.33 126 1.37 24 3.07 
8 30 2.23 6 2.53 121 1.09 14 2.43 

 
Table I- 55 Freundlich model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  
Mass(g) log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

2 1.663 0.908 0.954 0.998 2.113 0.591 1.716 0.892 
4 1.556 0.633 0.845 0.701 2.100 0.311 1.531 0.371 
6 1.505 0.466 0.903 0.522 2.100 0.136 1.380 0.487 
8 1.477 0.348 0.778 0.403 2.082 0.037 1.146 0.385 

 
 
Table I- 56 Freundlich model parameters based on various adsorbent masses 

 1/n log fK  2R  fK  

SA 2.954 -3.992 0.990 0.0001 
SB 2.649 -1.688 0.620 0.021 

GAC 17.254 -35.930 0.820 1.17E-36 
P 0.747 -0.544 0.540 0.285 
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Figure I- 3 Freundlich models for Cd ion adsorption based on various adsorbent masses 
 
Table I- 57 Lnagmuir model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass(g) eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  

2 46 5.679 9 0.904 130 33.333 52 6.667 
4 36 8.372 7 1.391 126 61.463 34 14.468 
6 32 10.922 8 2.402 126 91.971 24 7.817 
8 30 13.452 6 2.371 121 111.009 14 5.761 

 
 

Table I- 58 Langmuir model parameters based on various adsorbent masses 
 1/a 1/ab 2R  a ab b 

SA -0.445 25.620 0.900 -2.248 0.039 -0.017 
SB -0.339 4.310 0.350 -2.949 0.232 -0.078 

GAC -8.522 1146.100 0.840 -0.117 0.001 -0.007 
PEAT 0.039 7.469 0.030 25.641 0.133 0.005 
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Figure I- 4 Langmuir models for Cd ion adsorption based on various adsorbent masses 
 

I-10-2. Ni ion adsorption isotherm models 

Table I- 59 Equilibrium ion concentrations based on various initial ion concentrations 
 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
42.6 10.5 0.53 14.5 0.47 11.5 0.52 1 0.69 
85 75.5 0.16 63 0.37 61.0 0.4 3.5 1.36 

174.4 125 0.82 123 0.86 155 0.32 39 2.26 
 
 

Table I- 60 Freundlich model calculation based on various initial ion concentrations 
 SA  SB  GAC  PEAT  
0C  

(mg/L) 
log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

42.6 1.021 -0.275 1.161 -0.327 1.060 -0.284 0.000 -0.161 
85 1.877 -0.795 1.799 -0.431 1.785 -0.397 0.544 0.133 

174.4 2.096 -0.086 2.090 -0.065 2.190 -0.494 1.591 0.354 
 

Table I- 61 Freundlich model parameters based on various initial ion concentrations 
 1/n log fK  2R  fK  

SA -0.044 -0.311 0.005 0.487 
SB 0.209 -0.628 0.280 0.235 
G -0.183 -0.084 0.990 0.822 
P 0.030 -0.111 0.930 0.774 
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Figure I- 5 Freundlich models for Ni ion adsorption based on initial Ni ion concentrations 
 
Table I- 62 Langmuir model calculation based on various initial ion concentrations 

 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  

42.6 10.5 19.811 14.5 30.851 11.5 22.115 1 1.449 
85 75.5 471.875 63 170.270 61 152.500 3.5 2.573 

174.4 125 152.439 123 143.023 155 484.375 39 17.256 
 

Table I- 63 Langmuir model parameters based on various initial ion concentrations 
 1/a 1/ab 2R  a ab b 

SA 1.453 112.480 0.130 0.687 0.008 0.012 
SB 0.975 49.491 0.520 1.024 0.020 0.019 

GAC 3.261 -27.697 0.995 0.306 -0.036 -0.118 
PEAT 0.415 1.073 1.000 2.409 0.931 0.386 
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Figure I- 6 Langmuir models for Ni ion adsorption based on initial Ni ion concentrations 
 
Table I- 64 Equilibrium ion concentrations based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass (g) eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

2 75 1.50 76 1.45 66 1.95 19 4.3 
4 62.5 1.06 62 1.08 66 0.98 6.5 2.46 
6 64 0.68 61 0.73 90 0.25 5 1.67 
8 68 0.46 59.5 0.57 32.5 0.91 0.5 1.31 

 
 

Table I- 65 Freundlich model calculation based on various adsorbent masses 
 SA  SB  GAC  PEAT  

Mass(g) log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  
2 1.875  0.176  1.881  0.161  1.820  0.290  1.279  0.633  
4 1.795  0.025  1.792  0.033  1.820  -0.009  0.813  0.391  
6 1.806  -0.167  1.785  -0.137  1.954  -0.602  0.699  0.223  
8 1.833  -0.337  1.775  -0.244  1.512  -0.041  -0.301  0.117  

 
Table I- 66 Freundlich model calculation parameters based on various adsorbent masses 

 1/n log fK  2R  fK  

SA 2.520  -4.681  0.160  2.08E-05 
SB 3.140  -5.725  0.730  1.88E-06 
G -0.799  1.329  0.160  21.311  
P 0.301  0.154  0.790  1.425  
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Figure I- 7 Freundlich Models for Ni ion adsorption based on various adsorbent masses 

 
 
Table I- 67 Langmuir model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass(g) eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  

2     66 33.846 19 4.418 
4 62.5 58.962 62 57.407 66 67.346 6.5 2.642 
6 64 94.117 61 83.561 90 360.000 5 2.994 
8 68 147.826 59.5 104.385 32.5 35.7143 0.5 0.381 

 
Table I- 68 Langmuir model parameters based on various adsorbent masses 

 1/a 1/ab 2R  a ab b 
SA 15.594  -910.720 0.980  0.064  -0.001  -0.017  
SB -18.404  1201.400 0.970  -0.054  0.001  -0.015  

GAC 5.146  -203.210 0.590  0.194  -0.005  -0.025  
PEAT 0.188  1.152  0.790  5.316  0.868  0.163  
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Figure I- 8 Langmuir models for Ni ion adsorption based on various adsorbent masses 

 
 

I-10-3. Mn ion adsorption isotherm models 

Table I- 69 Equilibrium ion concentrations based on various initial ion concentrations 
 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
57.6 43.5 0.24 39.5 0.3 40 0.29 11 0.78 
114 91 0.38 55 0.98 92 0.37 32.5 1.36 
142 108 0.57 70 1.2 131 0.18 45 1.62 

230.4 158 1.21 82.5 2.47 116 1.91 84 2.44 
 

Table I- 70 Freundlich model calculation based on various initial ion concentrations 
 SA  SB  GAC  PEAT  
0C  

(mg/L) 
log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

57.6 1.638  -0.620  1.597  -0.523  1.602  -0.538  1.041  -0.108  
114 1.959  -0.420  1.740  -0.009  1.964  -0.432  1.512  0.134  
142 2.033  -0.244  1.845  0.079    1.653  0.210  

230.4 2.199  0.083  1.916  0.393  2.064  0.281  1.924  0.387  
 

Table I- 71 Freundlich model parameters based on various initial ion concentrations 
1/n log fK  2R  fK  1/n 
SA 1.197  -2.664  0.890  0.002  
SB 2.669  -4.751  0.950  0.000  

GAC 1.377  -2.814  0.570  0.002  
PEAT 0.555  -0.694  0.996  0.202  



 221

 

R2 = 0. 8917
R2 = 0. 9532

R2 = 0. 5656

R2 = 0. 9955

- 0. 8

- 0. 6

- 0. 4

- 0. 2

0

0. 2

0. 4

0. 6

0 0. 5 1 1. 5 2 2. 5

l og Ce

lo
g 

qe

SA SB GAC PEAT  
Figure I- 9 Freundlich models for Mn ion adsorption based on initial Mn ion concentrations 

 
Table I- 72 Langmuir model calculation based on various initial ion concentrations 

 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  

57.6 43.5 181.250 39.5 131.667 40 137.931 11 14.102 
114 91 239.473 55 56.122 92 248.648 32.5 23.897 
142 108 189.473 70 58.333   45 27.778 

230.4 158 130.578 82.5 33.401 116 60.732 84 34.426 
 

Table I- 73 Langmuir model parameters based on various initial ion concentrations 
 1/a 1/ab 2R  a ab b 

SA -0.507  235.980  0.290  -1.972  0.004  -0.002  
SB -2.054  196.680  0.800  -0.487  0.005  -0.010  

GAC -0.510  191.270  0.040  -1.960  0.005  -0.003  
PEAT 0.267  13.543  0.930  3.747  0.074  0.020  
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Figure I- 10 Langmuir models for Mn ion adsorption based on initial Mn ion concentratioans 

 
Table I- 74 Equilibrium ion concentrations based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass (g) eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

2 87 2.65 75 3.25 128 0.60 76.5 3.18 
4 77 1.63 57.5 2.11 132 0.25 39 2.58 
8 99 0.54 72.5 0.87 136.5 0.07 28.5 1.42 

 
Table I- 75 Freundlich model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  
Mass(g) log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

2 1.940  0.423  1.875  0.512  2.107  -0.222  1.884  0.502  
4 1.886  0.212  1.760  0.324  2.121  -0.602  1.591  0.412  
8 1.996  -0.268  1.860  -0.060  2.135  -1.155  1.455  0.152  

 
Table I- 76 Freundlich model parameters based on various adsorbent mases 

 1/n log fK  2R  fK  

SA -4.473  8.802  0.480  634015682.000  
SB -0.366  0.929  0.006  8.486  

GAC -33.483  70.358  0.990  2.28E+70 
PEAT 0.736  -0.854  0.790  0.140  
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Figure I- 11 Freundlich models for Mn ion adsorption based on various adsorbent masses 

 
Table I- 77 Langmuir model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass(g) eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  

2 87 32.830 75 23.076 128 213.333 76.5 24.056 
4 77 47.239 57.5 27.251 132 528.000 39 15.116 
8 99 183.333 72.5 83.333 136.5 1950.000 28.5 20.070 

 
Table I- 78 Langmuir model parameters based on various adsorbent masses 

 1/a 1/ab 2R  a ab b 
SA 0.034  65.335  0.090  29.326  0.015  0.001  
SB 1.149  -33.955  0.100  0.870  -0.029  -0.034  

GAC 206.630  -26412.000 0.900  0.005  0.000  -0.008  
PEAT 0.124  13.785  0.490  8.052  0.073  0.009  
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Figure I- 12 Langmuir models for Mn ion adsorption based on various adsorbent masses 

I-10-4. Co ion adsorption isotherm models 

Table I- 79 Equilibrium ion concentrations based on various initial ion concentrations 
 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
eC  

(mg/L) 
eq  

(mg/g) 
22 8.5 0.23 10 0.2 13 0.15 1 0.35 
34 11 0.38 10 0.4 18 0.27 2 0.53 
45 14.5 0.51 20.5 0.41 33 0.2 5 0.67 
90 42 0.8 40.5 0.83 56 0.57 12 1.3 
 

Table I- 80 Freundlich model calculation based on various initial ion concentrations 
 SA  SB  GAC  PEAT  
0C  

(mg/L) 
log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

22 0.929  -0.638  1.000  -0.699  1.114  -0.824  0.000  -0.456  
34 1.041  -0.420    1.255  -0.569  0.301  -0.276  
45 1.161  -0.292  1.312  -0.387  1.519  -0.699  0.699  -0.174  
90 1.623  -0.097  1.607  -0.081  1.748  -0.244  1.079  0.114  
 
 

Table I- 81 Freundlich model parameters based on various initial ion concentratins 
1/n log fK  2R  fK  1/n 
SA 0.695  -1.188  0.870  0.065  
SB 1.012  -1.718  0.999  0.019  

GAC 0.720  -1.598  0.660  0.025  
PEAT 0.498  -0.457  0.960  0.350  
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Figure I- 13 Freundlich models for Co ion adsorption based on initial Co ion concentrations 

 
 
Table I- 82 Lnagmuir model calculation based on various initial ion concentrations 

 SA  SB  GAC  PEAT  
0C  

(mg/L) 
eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  

22 8.5 36.956 10 50.00 13 86.667 1 2.857 
34 11 28.947 10 25.00 18 66.667 2 3.774 
45 14.5 28.431 20.5 50.00 33 165.00 5 7.462 
90 42 52.500 40.5 48.795 56 98.246 12 9.230 
 
 

Table I- 83 Langmuir model parameters based on various initial ion concentrations 
 1/a 1/ab 2R  a ab b 

SA 0.636  24.630  0.770  1.573  0.041  0.026  
SB 0.374  35.879  0.190  2.675  0.028  0.010  

GAC 0.694  83.320  0.098  1.441  0.012  0.008  
PEAT 0.566  3.002  0.870  1.767  0.333  0.188  
 



 226

R2 = 0. 7731

R2 = 0. 1906

R2 = 0. 0989

R2 = 0. 8677
0

20
40
60
80

100
120
140
160
180

0 10 20 30 40 50 60
Ce

Ce
/q

e

SA SB GAC PEAT  
Figure I- 14 Langmuir models for Co ion adsorption based on initial Co ion concentrations 

 
 
Table I- 84 Equilibrium ion concentrations based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass (g) eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

eC  
(mg/L) 

eq  
(mg/g) 

2 15.5 0.98 10 1.25 21 0.7 5 1.5 
4 12 0.58 12.5 0.56 22 0.33 3.5 0.79 
6 11 0.4 12.5 0.38 18 0.28 1 0.57 
8 11 0.3 12.5 0.28 20 0.19 1 0.43 

 
 
Table I- 85 Freundlich model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  
Mass(g) log eC  log eq  log eC  log eq  log eC  log eq  log eC  log eq  

2 1.190  -0.009  1.000  0.097  1.322  -0.155  0.699  0.176  
4 1.079  -0.237  1.097  -0.252  1.342  -0.481  0.544  -0.102  
6 1.041  -0.398  1.097  -0.420  1.255  -0.553  0.000  -0.244  
8 1.041  -0.523  1.097  -0.553  1.301  -0.721  0.000  -0.367  

 
Table I- 86 Freundlich model parameters based on various adsorbent masses 

 1/n log fK  2R  fK  

SA 2.967  -3.520  0.890  0.000  
SB -5.213  5.310  0.810  204173.800  

GAC 2.418  -3.634  0.140  0.000  
PEAT 0.588  -0.317  0.840  0.482  

 



 227

R2 = 0. 8871

R2 = 0. 8079

R2 = 0. 1446

R2 = 0. 8434

- 0. 8
- 0. 7
- 0. 6
- 0. 5
- 0. 4
- 0. 3
- 0. 2
- 0. 1

0
0. 1
0. 2
0. 3

0 0. 2 0. 4 0. 6 0. 8 1 1. 2 1. 4 1. 6

l og Ce

lo
g 

qe

SA SB GAC PEAT  
Figure I- 15 Freundlich models for Co ion adsorption based on various adsorbent mases 

 
 
Table I- 87 Langmuir model calculation based on various adsorbent masses 

 SA  SB  GAC  PEAT  

Mass(g) eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  eC  
(mg/L) ee qC /  eC  

(mg/L) ee qC /  

2 15.5 15.816 10 8.000 21 30.000 5 3.333 
4 12 20.689 12.5 22.321 22 66.667 3.5 4.430 
6 11 27.500 12.5 32.894 18 64.286 1 1.754 
8 11 36.667 12.5 44.642 20 105.263 1 2.326 

 
 

Table I- 88 Langmuir model parameters based on various adsorbent masses 
 1/a 1/ab 2R  a ab b 

SA -3.402  67.265  0.646  -0.294  0.015  -0.051  
SB 10.115  -93.145  0.660  0.099  -0.011  -0.109  

GAC -3.633  140.130  0.040  -0.275  0.007  -0.026  
PEAT 0.442  1.801  0.550  2.263  0.555  0.245  
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Figure I- 16 Langmuir models for Co ion adsorption based on various adsorbent masses 
 
 
I-11. Data for Section 3.4.4, Adsorbent Mixtures 

In order to get the equilibrium time and adsorption kinetics of different adsorbents, 

equation (3.1) is used, and the unit is changed to mg/L. tC (mg/L) used in the equation 

(3.1) is the average concentrations of the corresponding collected samples in the first 

table. The collected samples were diluted by a factor of 200(Cd), 100(Ni) using distilled 

water. Thus, the equation (3.1) needs to time the diluted factor. The following 

calculations for adsorbent mixture adsorptions on different metal ions will the same as the 

calculation for cadmium, and time 100 when using equation (3.1). 

I-11-1. Data for Mixture Adsorption of Cadmium Ion.  

Initial Cd ion concentration= 190.4mg/L 
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Table I- 89 Initial data for 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 
Min 

(1/3 SA) 
SA+SB 

tC  mg/L 
SA+SB 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+PEAT 

tC  mg/L 
SA+PEAT 

tC  mg/L 
120 0.31 0.31 0.47 0.47 0.17 0.17 
240 0.13 0.16 0.36 0.47 0.16 0.13 
480 0.05 0.05 0.18 0.13 0.09 0.07 
720 0.02 0.02 0.14 0.24 0.1 0.12 

1440 0.02 0.01 0.15 0.12 0.06 0.06 
2880 0.02 0.01 0.14 0.12 0.06 0.07 

 
Table I- 90 1/3 mass ration of SA in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/3SA 

1/3SA+2/3SB 
(q mg/g) 

1/3SA+2/3GAC 
(q mg/g) 

1/3SA+PEAT 
(q mg/g) 

120 2.140  1.607  2.607  
240 2.690  1.790  2.690  
480 3.007  2.657  2.907  
720 3.107  2.540  2.807  

1440 3.123  2.723  2.973  
2880 3.123  2.740  2.957  
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Figure I- 17 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 

 

 

 

 

 



 230

Table I- 91 Initial data for 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 
Min 

1/2 SA 
SA+SB 

tC  mg/L 
SA+SB 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+PEAT 

tC  mg/L 
SA+PEAT 

tC  mg/L 
120 0.32 0.32 0.31 0.34 0.18 0.18 
240 0.32 0.29 0.11 0.09 0.15 0.15 
480 0.16 0.2 0.03 0.04 0.07 0.07 
720 0.2 0.16 0.16 0.2 0.08 0.07 

1440 0.03 0.08 0.03 0.02 0.01 0.02 
2880 0.07 0.05 0.05 0.07 0.03 0.03 

 
Table I- 92 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/2SA 

1/2SA+1/2SB  
(q mg/g) 

1/2SA+1/2GAC 
 (q mg/g) 

1/2SA+1/2PEAT 
(q mg/g) 

120 2.107  2.090  2.573  
240 2.157  2.840  2.673  
480 2.573  3.057  2.940  
720 2.573  2.573  2.923  

1440 2.990  3.090  3.123  
2880 2.973  2.973  3.073  
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Figure I- 18 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 93 Initial data for 2/3 SA in 6g adsorbent, adsorption uptake of Cd ion 
Min 

2/3SA 
SA+SB 

tC  mg/L 
SA+SB 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+PEAT 

tC  mg/L 
SA+PEAT 

tC  mg/L 
120 0.28 0.22 0.41 0.42 0.26 0.26 
240 0.09 0.09 0.24 0.25 0.19 0.16 
480 0.03 0.04 0.1 0.09 0.08 0.09 
720 0.01 0.03 0.17 0.1 0.1 0.11 

1440 0.01 0.00 0.05 0.04 0.03 0.05 
2880 0.01 0.00 0.23 0.16 0.05 0.03 
 
Table I- 94 2/3 mass ration of SA in 6g adsorbent, adsorption uptake of Cd ion 

Min 
2/3SA 

2/3SA+1/3SB 
(q mg/g) 

2/3SA+1/3GAC 
(q mg/g) 

2/3SA+1/3PEAT 
(q mg/g) 

120 2.340  1.790  2.307  
240 2.873  2.357  2.590  
480 3.057  2.857  2.890  
720 3.107  2.723  2.823  

1440 3.157  3.023  3.040  
2880 3.157  2.523  3.040  
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Figure I- 19 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 95 Initial data for 1/3 mass ration of SB in 6g adsorbent, adsorption uptake of Cd ion 
Min 

1/3SB 
SB+SA 

tC  mg/L 
SB+SA 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+PEAT 

tC  mg/L 
SB+PEAT 

tC  mg/L 
120 0.28 0.22 0.44 0.44 0.25 0.23 
240 0.09 0.09 0.39 0.39 0.12 0.15 
480 0.03 0.04 0.29 0.27 0.09 0.09 
720 0.01 0.03 0.29 0.29 0.11 0.09 

1440 0.01 0 0.14 0.15 0.08 0.08 
2880 0.01 0 0.09 0.07 0.08 0.09 

 
Table I- 96 1/3 mass ration of SB in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/3SB 

1/3SB+2/3SA 
(q mg/g) 

1/3SB+2/3GAC 
(q mg/g) 1/3SB+2/3PEAT (q mg/g) 

120 2.340  1.707  2.373  
240 2.873  1.873  2.723  
480 3.057  2.240  2.873  
720 3.107  2.207  2.840  

1440 3.157  2.690  2.907  
2880 3.157  2.907  2.890  
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Figure I- 20 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 97 Initial data for 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 
Min 

1/2SB 
SB+SA 

tC  mg/L 
SB+SA 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+PEAT 

tC  mg/L 
SB+PEAT 

tC  mg/L 
120 0.32 0.32 0.4 0.41 0.25 0.25 
240 0.32 0.29 0.28 0.24 0.19 0.19 
480 0.16 0.2 0.08 0.09 0.07 0.08 
720 0.16 0.2 0.09 0.1 0.09 0.1 

1440 0.03 0.08 0.01 0.01 0.04 0.03 
2880 0.05 0.07 0.06 0.08 0.03 0.04 

 
Table I- 98 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/2SB 

1/2SB+1/2SA  
(q mg/g) 

1/2SB+1/2GAC  
(q mg/g) 

1/2SB+1/2PEAT  
(q mg/g) 

120 2.107  1.823  2.340  
240 2.157  2.307  2.540  
480 2.573  2.890  2.923  
720 2.573  2.857  2.857  

1440 2.990  3.140  3.057  
2880 2.973  2.940  3.057  
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Figure I- 21 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 99 Initial data for 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 
Min 

2/3SB 
SB+SA 

tC  mg/L 
SB+SA 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+PEAT 

tC  mg/L 
SB+PEAT 

tC  mg/L 
120 0.31 0.31 0.34 0.32 0.31 0.31 
240 0.13 0.16 0.19 0.19 0.27 0.28 
480 0.05 0.05 0.05 0.06 0.12 0.1 
720 0.02 0.02 0.14 0.07 0.14 0.18 

1440 0.02 0.01 0.01 0.02 0.05 0.06 
2880 0.02 0.01 0.04 0.06 0.05 0.06 

 
Table I- 100 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 

Min 
2/3SB 

2/3SB+1/3SA  
(q mg/g) 

2/3SB+1/3GAC 
 (q mg/g) 

2/3SB+1/3PEAT  
(q mg/g) 

120 2.140  2.073  2.140  
240 2.690  2.540  2.257  
480 3.007  2.990  2.807  
720 3.107  2.823  2.640  

1440 3.123  3.123  2.990  
2880 3.123  3.007  2.990  
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Figure I- 22 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 101 Initial data for 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 
Min 

1/3GAC 
GAC+SA 

tC  mg/L 
GAC+SA 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
120 0.41 0.42 0.34 0.32 0.32 0.27 
240 0.24 0.25 0.19 0.19 0.22 0.23 
480 0.1 0.09 0.05 0.06 0.16 0.17 
720 0.17 0.1 0.14 0.07 0.23 0.21 

1440 0.05 0.04 0.01 0.02 0.16 0.19 
2880 0.23 0.16 0.04 0.06 0.16 0.18 

 
Table I- 102 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/3GAC 

1/3GAC+2/3SA 
 (q mg/g) 

1/3GAC+2/3SB  
(q mg/g) 

1/3GAC+2/3PEAT  
(q mg/g) 

120 1.790  2.073  2.190  
240 2.357  2.540  2.423  
480 2.857  2.990  2.623  
720 2.723  2.823  2.440  

1440 3.023  3.123  2.590  
2880 2.523  3.007  2.607  
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Figure I- 23 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 103 Initial data for 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 
Min 

1/2GAC 
GAC+SA 

tC  mg/L 
GAC+SA 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
120 0.31 0.34 0.41 0.4 0.36 0.27 
240 0.11 0.09 0.28 0.24 0.28 0.29 
480 0.04 0.03 0.08 0.09 0.29 0.22 
720 0.04 0.09 0.09 0.1 0.3 0.26 

1440 0.03 0.02 0.01 0.01 0.25 0.23 
2880 0.08 0.04 0.06 0.08 0.23 0.23 

 
Table I- 104 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/2GAC 

1/2GAC+1/2SA 
 (q mg/g) 

1/2GAC+1/2SB 
 (q mg/g) 

1/2GAC+1/2PEAT  
(q mg/g) 

120 2.090  1.823  2.123  
240 2.840  2.307  2.223  
480 3.057  2.890  2.323  
720 2.957  2.857  2.240  

1440 3.090  3.140  2.373  
2880 2.973  2.940  2.407  

 

0

0. 5

1

1. 5

2

2. 5

3

3. 5

4

0 400 800 1200 1600 2000 2400 2800 3200
Ti me ( mi n)

q 
(m

g/
g)

1/ 2GAC 1/ 2SA 1/ 2GAC 1/ 2SB 1/ 2GAC 1/ 2PEAT  
Figure I- 24 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 105 Initial data for 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 
Min 

2/3GAC 
GAC+SA 

tC  mg/L 
GAC+SA 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
120 0.47 0.47 0.44 0.44 0.32 0.27 
240 0.36 0.47 0.39 0.39 0.22 0.23 
480 0.18 0.13 0.29 0.27 0.16 0.17 
720 0.14 0.24 0.29 0.29 0.34 0.35 

1440 0.15 0.12 0.14 0.15 0.34 0.33 
2880 0.12 0.14 0.09 0.07 0.32 0.28 

 
Table I- 106 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 

Min 
2/3GAC 

2/3GAC+1/3SA  
(q mg/g) 

2/3GAC+1/3SB  
(q mg/g) 

2/3GAC+1/3PEAT  
(q mg/g) 

120 1.607  1.707  2.190  
240 1.790  1.873  2.423  
480 2.657  2.240  2.623  
720 2.540  2.207  2.023  

1440 2.723  2.690  2.057  
2880 2.740  2.907  2.173  
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Figure I- 25 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 107 Initial data for 1/3 mass ratio of PEATin 6g adsorbent, adsorption uptake of Cd ion 
Min 

1/3PEAT 
PEAT+SA 

tC  mg/L 
PEAT+SA 

tC  mg/L 
PEAT+SB 

tC  mg/L 
PEAT+SB 

tC  mg/L 
PEAT+GAC 

tC  mg/L 
PEAT+GAC 

tC  mg/L 
120 0.26 0.24 0.31 0.31 0.47 0.46 
240 0.19 0.16 0.27 0.28 0.44 0.4 
480 0.08 0.09 0.12 0.1 0.37 0.33 
720 0.1 0.11 0.14 0.18 0.34 0.35 

1440 0.03 0.05 0.05 0.06 0.34 0.33 
2880 0.05 0.03 0.06 0.05 0.32 0.3 

 
Table I- 108 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/3PEAT 

1/3PEAT+SA 
 (q mg/g) 

1/3PEAT+SB 
 (q mg/g) 

1/3PEAT+GAC 
 (q mg/g) 

120 2.340  2.140  1.623  
240 2.590  2.257  1.773  
480 2.890  2.807  2.007  
720 2.823  2.640  2.023  

1440 3.040  2.990  2.057  
2880 3.040  2.990  2.140  
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Figure I- 26 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 109 Initial data for 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 

Min 1/2 PEAT 
PEAT+SA 

tC  mg/L 
PEAT+SA 

tC  mg/L 
PEAT+SB 

tC  mg/L 
PEAT+SB 

tC  mg/L 
PEAT+GAC 

tC  mg/L 
PEAT+GAC 

tC  mg/L 
120 0.18 0.18 0.25 0.25 0.36 0.37 
240 0.15 0.15 0.19 0.19 0.29 0.28 
480 0.07 0.07 0.07 0.08 0.29 0.22 
720 0.08 0.07 0.09 0.1 0.3 0.26 

1440 0.01 0.02 0.04 0.03 0.25 0.23 
2880 0.03 0.03 0.03 0.04 0.23 0.23 

 
Table I- 110 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 

Min 
1/2PEAT 

1/2PEAT+1/2 
SA (q mg/g) 

1/2PEAT+1/2SB 
 (q mg/g) 

1/2PEAT+1/2GAC 
 (q mg/g) 

120 2.573  2.340  1.957  
240 2.673  2.540  2.223  
480 2.940  2.923  2.323  
720 2.923  2.857  2.240  

1440 3.123  3.057  2.373  
2880 3.073  3.057  2.407  
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Figure I- 27 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 111 Initial data for 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 
Min 

2/3PEAT 
PEAT+SA 

tC  mg/L 
PEAT+SA 

tC  mg/L 
PEAT+SB 

tC  mg/L 
PEAT+SB 

tC  mg/L 
PEAT+GAC 

tC  mg/L 
PEAT+GAC 

tC  mg/L 
120 0.17 0.17 0.25 0.23 0.32 0.27 
240 0.16 0.13 0.12 0.15 0.22 0.23 
480 0.09 0.07 0.09 0.09 0.16 0.17 
720 0.1 0.12 0.11 0.09 0.23 0.21 

1440 0.06 0.06 0.08 0.08 0.16 0.19 
2880 0.06 0.07 0.09 0.08 0.16 0.18 

 
Table I- 112 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Cd ion 

Min 
2/3PEAT 

2/3PEAT+1/3 
SA (q mg/g) 

2/3PEAT+1/3SB 
(q mg/g) 

2/3PEAT+1/3GAC  
(q mg/g) 

120 2.607  2.373  2.190  
240 2.690  2.723  2.423  
480 2.907  2.873  2.623  
720 2.807  2.840  2.440  

1440 2.973  2.907  2.590  
2880 2.957  2.890  2.607  
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Figure I- 28 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Cd ion 
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Table I- 113 Conclusion for adsorbent mixture equilibrium adsorption uptake of Cd ion 
 1/3SA 1/2SA 2/3SA 

SB (mg/g) 3.12 2.97 3.16 
GAC(mg/g) 2.74 2.97 2.52 
PEAT(mg/g) 2.96 3.07 3.04 

 1/3SB 1/2SB 2/3SB 
SA (mg/g) 3.16 2.97 3.12 

GAC (mg/g) 2.91 2.94 3.01 
PEAT (mg/g) 2.89 3.06 2.99 

 1/3GAC 1/2GAC 2/3GAC 
SA (mg/g) 2.36 2.97 2.74 
SB (mg/g) 3.01 2.94 2.91 

PEAT (mg/g) 2.61 2.41 2.17 
 1/3PEAT 1/2PEAT 2/3PEAT 

SA (mg/g) 3.04 3.07 2.96 
SB (mg/g) 2.99 3.06 2.89 

GAC (mg/g) 2.14 2.41 2.61 
 

I-11-2. Data for Mixture Adsorption of Nickel Ion.  

Initial Ni ion concentration= 103mg/L 

Table I- 114 Initial data for 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 

Min 1/3SA 
SA+SB 

tC  mg/L 
SA+SB 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+PEAT 

tC  mg/L 
SA+PEAT 

tC  mg/L 
120 0.78 0.71 0.67 0.7 0.22 0.2 
240 0.71 0.73 0.69 0.78 0.21 0.21 
480 0.73 0.73 0.84 0.83 0.23 0.22 
720 0.26 0.23 0.67 0.67 0.15 0.16 

1440 0.21 0.23 0.61 0.57 0.15 0.14 
1920 0.6 0.63 0.7 0.72 0.08 0.08 
2880 0.69 0.69 0.73 0.7 0.14 0.15 

 
Table I- 115 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/3SA 

1/3SA+2/3SB 
(q mg/g) 

1/3SA+2/3GAC 
(q mg/g) 

1/3SA+2/3PEAT 
(q mg/g) 

120 0.475  0.575  1.367  
240 0.517  0.492  1.367  
480 0.500  0.325  1.342  
720 1.308  0.600  1.458  

1440 1.350  0.733  1.475  
1920 0.692  0.533  1.583  
2880 0.567  0.525  1.475  
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Figure I- 29 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 116 Initial data for 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/2 SA 
SA+SB 

tC  mg/L 
SA+SB 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+PEAT 

tC  mg/L 
SA+PEAT 

tC  mg/L 
120 0.69 0.77 0.66 0.65 0.16 0.18 
240 0.79 0.72 0.77 0.71 0.26 0.24 
480 0.74 0.8 0.77 0.74 0.26 0.22 
720 0.66 0.66 0.71 0.71 0.2 0.19 

1440 0.52 0.57 0.65 0.67 0.15 0.17 
1920 0.68 0.6 0.68 0.65 0.11 0.15 
2880 0.67 0.57 0.65 0.67 0.11 0.1 

 
Table I- 117 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/2SA 

1/2SA+1/2SB 
(q mg/g) 

1/2SA+GAC 
(q mg/g) 

1/2SA+1/2PEAT 
(q mg/g) 

120 0.500  0.625  1.433  
240 0.458  0.483  1.300  
480 0.433  0.458  1.317  
720 0.617  0.533  1.392  

1440 0.808  0.617  1.450  
1920 0.650  0.608  1.500  
2880 0.683  0.617  1.542  
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Figure I- 30 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 118 Initial data for 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 
Min 

2/3SA 
SA+SB 

tC  mg/L 
SA+SB 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+GAC 

tC  mg/L 
SA+PEAT 

tC  mg/L 
SA+PEAT 

tC  mg/L 
120 0.68 0.65 0.67 0.69 0.24 0.26 
240 0.68 0.68 0.67 0.63 0.3 0.27 
480 0.65 0.68 0.77 0.77 0.3 0.27 
720 0.59 0.62 0.65 0.67 0.23 0.27 

1440 0.56 0.58 0.67 0.72 0.17 0.15 
1920 0.64 0.6 0.71 0.74 0.15 0.14 
2880 0.6 0.64 0.74 0.7 0.14 0.15 
 
Table I- 119 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Niion 

Min 
2/3SA 

2/3SA+1/3SB 
(q mg/g) 

2/3SA+1/3GAC 
(q mg/g) 

2/3SA+1/3PEAT 
(q mg/g) 

120 0.608  0.583  1.300  
240 0.583  0.633  1.242  
480 0.608  0.433  1.242  
720 0.708  0.617  1.300  

1440 0.767  0.558  1.450  
1920 0.683  0.508  1.475  
2880 0.683  0.517  1.475  
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Figure I- 31 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 120 Initial data for 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/3SB 
SB+SA 

tC  mg/L 
SB+SA 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+PEAT 

tC  mg/L 
SB+PEAT 

tC  mg/L 
120 0.68 0.65 0.78 0.85 0.24 0.21 
240 0.68 0.68 0.78 0.77 0.21 0.22 
480 0.65 0.68 0.92 0.84 0.24 0.2 
720 0.59 0.62 0.73 0.73 0.14 0.12 

1440 0.56 0.58 0.61 0.64 0.13 0.18 
1920 0.64 0.6 0.63 0.63 0.15 0.16 
2880 0.6 0.64 0.62 0.63 0.14 0.16 
 
Table I- 121 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/3SB 

1/3SB+2/3SA  
(q mg/g) 

1/3SB+2/3GAC 
(q mg/g) 

1/3SB+2/3PEAT 
(q mg/g) 

120 0.608  0.358  1.342  
240 0.583  0.425  1.358  
480 0.608  0.250  1.350  
720 0.708  0.500  1.500  

1440 0.767  0.675  1.458  
1920 0.683  0.667  1.458  
2880 0.683  0.675  1.467  
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Figure I- 32 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 122 Initial data for 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/2SB 
SB+SA 

tC  mg/L 
SB+SA 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+PEAT 

tC  mg/L 
SB+PEAT 

tC  mg/L 
120 0.69 0.77 0.72 0.85 0.29 0.26 
240 0.79 0.72 0.8 0.81 0.27 0.29 
480 0.74 0.8 0.78 0.78 0.32 0.3 
720 0.66 0.66 0.75 0.77 0.18 0.24 

1440 0.52 0.57 0.66 0.68 0.19 0.19 
1920 0.68 0.6 0.66 0.66 0.2 0.2 
2880 0.67 0.57 0.65 0.66 0.14 0.15 

 
Table I- 123 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/2SB 

1/2CB+1/2CA 
(q mg/g) 

1/2CB+1/2G 
(q mg/g) 

1/2CB+1/2P 
(q mg/g) 

120 0.600  0.408  1.258  
240 0.550  0.375  1.250  
480 0.520  0.417  1.200  
720 0.740  0.450  1.367  

1440 0.970  0.600  1.400  
1920 0.780  0.617  1.383  
2880 0.820  0.625  1.475  
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Figure I- 33 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 124 Initial data for 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 
Min 

2/3SB 
SB+SA 

tC  mg/L 
SB+SA 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+GAC 

tC  mg/L 
SB+PEAT 

tC  mg/L 
SB+PEAT 

tC  mg/L 
120 0.78 0.71 0.78 0.77 0.39 0.32 
240 0.71 0.73 0.8 0.8 0.35 0.31 
480 0.73 0.73 0.79 0.75 0.36 0.38 
720 0.26 0.23 0.73 0.74 0.25 0.26 

1440 0.21 0.23 0.62 0.63 0.25 0.26 
1920 0.6 0.63 0.64 0.62 0.26 0.26 
2880 0.69 0.69 0.67 0.6 0.28 0.25 

 
Table I- 125 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 

Min 
2/3SB 

2/3SB+1/3SA 
(q mg/g) 

2/3SB+1/3GAC 
(q mg/g) 

2/3SB+1/3PEAT 
(q mg/g) 

120 0.475  0.425  0.808  
240 0.517  0.383  0.792  
480 0.500  0.433  0.775  
720 1.308  0.492  0.883  

1440 1.350  0.675  0.975  
1920 0.692  0.667  0.983  
2880 0.567  0.658  1.008  
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Figure I- 34 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 126 Initial data for 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/3GAC 
GAC+SA 

tC  mg/L 
GAC+SA 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
120 0.67 0.69 0.78 0.77 0.32 0.35 
240 0.67 0.63 0.8 0.8 0.36 0.34 
480 0.77 0.77 0.79 0.75 0.35 0.34 
720 0.67 0.65 0.73 0.74 0.26 0.29 

1440 0.67 0.72 0.63 0.62 0.23 0.25 
1920 0.71 0.74 0.64 0.62 0.25 0.24 
2880 0.74 0.7 0.67 0.6 0.26 0.23 

 
Table I- 127 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/3GAC 

1/3GAC+2/3SA 
(q mg/g) 

1/3GAC+2/3SB 
(q mg/g) 

1/3GAC+2/3PEAT 
(q mg/g) 

120 0.583  0.425  1.158  
240 0.633  0.383  1.133  
480 0.433  0.433  1.142  
720 0.617  0.492  1.258  

1440 0.558  0.675  1.317  
1920 0.508  0.667  1.308  
2880 0.517  0.658  1.308  
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Figure I- 35 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 128 Initial data for 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/2GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+SB 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
GAC+PEAT 

tC  mg/L 
120 0.66 0.65 0.72 0.85 0.34 0.31 
240 0.77 0.71 0.8 0.81 0.37 0.31 
480 0.77 0.74 0.78 0.78 0.31 0.37 
720 0.71 0.71 0.75 0.75 0.3 0.32 

1440 0.65 0.67 0.66 0.68 0.3 0.3 
1920 0.68 0.65 0.66 0.66 0.3 0.38 
2880 0.65 0.67 0.65 0.66 0.3 0.3 

 
Table I- 129 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/2GAC 

1/2GAC+1/2SA 
(q mg/g) 

1/2GAC+1/2SB 
(q mg/g) 

1/2GAC+1/2PEAT 
(q mg/g) 

120 0.625  0.408  1.175  
240 0.483  0.375  1.150  
480 0.458  0.417  1.150  
720 0.533  0.467  1.200  

1440 0.617  0.600  1.217  
1920 0.608  0.617  1.150  
2880 0.617  0.625  1.217  
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Figure I- 36 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 130 Initial data for 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 
Min 

2/3GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 0.67 0.7 0.78 0.85 0.44 0.4 
240 0.69 0.78 0.77 0.78 0.4 0.39 
480 0.84 0.83 0.92 0.84 0.49 0.47 
720 0.67 0.67 0.73 0.73 0.48 0.4 

1440 0.61 0.57 0.61 0.64 0.38 0.38 
1920 0.7 0.72 0.63 0.63 0.42 0.4 
2880 0.73 0.7 0.62 0.63 0.44 0.4 

 
Table I- 131 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 

Min 
2/3GAC 

2/3GAC+1/3SA 
(q mg/g) 

2/3GAC+1/3SB 
(q mg/g) 

2/3GAC+1/3PEAT 
(q mg/g) 

120 0.575  0.358  1.017  
240 0.492  0.425  1.058  
480 0.325  0.250  0.917  
720 0.600  0.500  0.983  

1440 0.733  0.675  1.083  
1920 0.533  0.667  1.033  
2880 0.525  0.675  1.017  
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Figure I- 37 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 132 Initial data for 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/3PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.26 0.24 0.39 0.32 0.44 0.4 
240 0.3 0.27 0.35 0.31 0.4 0.39 
480 0.3 0.27 0.36 0.38 0.49 0.47 
720 0.23 0.27 0.25 0.26 0.48 0.4 

1440 0.17 0.15 0.25 0.26 0.38 0.38 
1920 0.15 0.14 0.26 0.26 0.42 0.4 
2880 0.14 0.15 0.28 0.25 0.44 0.4 

 
Table I- 133 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/3PEAT 

1/3PEAT+2/3SA 
(q mg/g) 

1/3PEAT+2/3SB 
(q mg/g) 

1/3PEAT+2/3GAC 
(q mg/g) 

120 1.300  1.125  1.017  
240 1.242  1.167  1.058  
480 1.242  1.100  0.917  
720 1.300  1.292  0.983  

1440 1.450  1.292  1.083  
1920 1.475  1.283  1.033  
2880 1.475  1.275  1.017  
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Figure I- 38 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 134 Initial data for 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 
Min 

1/2PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.16 0.18 0.29 0.26 0.31 0.34 
240 0.26 0.24 0.27 0.29 0.37 0.31 
480 0.26 0.22 0.32 0.3 0.37 0.31 
720 0.2 0.19 0.18 0.24 0.3 0.32 

1440 0.15 0.17 0.19 0.19 0.3 0.3 
1920 0.11 0.15 0.2 0.2 0.3 0.38 
2880 0.11 0.1 0.14 0.15 0.3 0.3 

 
Table I- 135 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 

Min 
1/2PEAT 

1/2PEAT+1/2SA 
(q mg/g) 

1/2PEAT+1/2SB 
(q mg/g) 

1/2PEAT+1/2GAC 
(q mg/g) 

120 1.433  1.258  1.175  
240 1.300  1.250  1.150  
480 1.317  1.200  1.150  
720 1.392  1.367  1.200  

1440 1.450  1.400  1.217  
1920 1.500  1.383  1.150  
2880 1.542  1.475  1.217  
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Figure I- 39 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 136 Initial data for 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 
Min 

2/3PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.22 0.2 0.24 0.21 0.32 0.35 
240 0.21 0.21 0.21 0.22 0.34 0.36 
480 0.23 0.22 0.24 0.2 0.34 0.35 
720 0.15 0.16 0.14 0.12 0.29 0.26 

1440 0.15 0.14 0.13 0.18 0.23 0.25 
1920 0.08 0.08 0.15 0.16 0.24 0.25 
2880 0.14 0.15 0.14 0.16 0.26 0.23 

 
Table I- 137 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 

Min 
2/3PEAT 

2/3PEAT+1/3SA 
(q mg/g) 

2/3PEAT+1/3SB 
(q mg/g) 

2/3PEAT+1/3GAC 
(q mg/g) 

120 1.367  1.342  1.158  
240 1.367  1.358  1.133  
480 1.342  1.350  1.142  
720 1.458  1.500  1.258  

1440 1.475  1.458  1.317  
1920 1.583  1.458  1.308  
2880 1.475  1.467  1.308  

 



 253

0

0. 5

1

1. 5

2

2. 5

3

3. 5

4

0 400 800 1200 1600 2000 2400 2800 3200
Ti me ( mi n)

q 
(m

g/
g)

2/ 3PEAT 1/ 3SA 2/ 3PEAT 1/ 3SB 2/ 3PEAT 1/ 3GAC  

Figure I- 40 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Ni ion 
 

Table I- 138 Conclusion for adsorbent mixture equilibrium adsorption uptake of Ni ion 
 1/3SA 1/2SA 2/3SA 

SB (mg/g) 0.57 0.68 0.68 
GAC(mg/g) 0.53 0.62 0.52 
PEAT(mg/g) 1.48 1.54 1.48 

 1/3SB 1/2SB 2/3SB 
SA(mg/g) 0.68 0.82 0.57 

GAC(mg/g) 0.68 0.63 0.66 
PEAT(mg/g) 1.47 1.48 1.01 

 1/3GAC 1/2GAC 2/3GAC 
SA(mg/g) 0.52 0.62 0.53 
SB(mg/g) 0.66 0.63 0.68 

PEAT(mg/g) 1.31 1.22 1.02 
 1/3PEAT 1/2PEAT 2/3PEAT 

SA(mg/g) 1.48 1.54 1.48 
SB(mg/g) 1.28 1.48 1.47 

GAC(mg/g) 1.02 1.22 1.31 
 

 

 

I-11-3. Data for Mixture Adsorption of Manganese Ion.  

Initial Mn ion concentration= 120mg/L 
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Table I- 139 Initial data for 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/3SA 
SA+SB 

tC mg/L 
SA+SB 

tC mg/L 
SA+GAC 

tC mg/L 
SA+GAC 

tC mg/L 
SA+PEAT 

tC mg/L 
SA+PEAT 

tC mg/L 
120 1.18 1.06 1.12 1.08 0.6 0.61 
240 1.09 1.09 1.08 1.08 0.6 0.62 
480 1.07 1.1 1.04 1.12 0.48 0.49 
720 1.02 1.02 1.12 1.12 0.47 0.48 

1040 0.96 0.95 1.12 1.1 0.35 0.35 
1440 0.76 0.94 1.1 1.08 0.3 0.41 
1960 0.9 0.9 1.08 1.08 0.36 0.38 

 
 

Table I- 140 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/3SA 
1/3SA+2/3SB 

(q mg/g) 
1/3SA+2/3GAC 

(q mg/g) 
1/3SA+2/3PEAT 

(q mg/g) 
120 0.133  0.167  0.992  
240 0.183  0.200  0.983  
480 0.192  0.200  1.192  
720 0.300  0.133  1.208  

1040 0.408  0.150  1.417  
1440 0.583  0.183  1.408  
1960 0.500  0.200  1.383  
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Figure I- 411/3 mass ratio SA in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 141 Initial data for 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/2SA 
SA+SB 

tC mg/L 
SA+SB 

tC mg/L 
SA+GAC 

tC mg/L 
SA+GAC 

tC mg/L 
SA+PEAT 

tC mg/L 
SA+PEAT 

tC mg/L 
120 1.18 1.17 1.02 1.12 0.6 0.53 
240 1.18 1.18 0.98 1.1 0.54 0.53 
480 1.07 1.06 1.08 1.12 0.52 0.52 
720 1.05 1.05 0.98 0.98 0.47 0.48 

1040 1.04 1.02 1.06 1.09 0.3 0.31 
1440 0.79 0.94 1.08 1.06 0.36 0.3 
1960 1.06 1.06 0.98 1.08 0.3 0.3 

 
Table I- 142 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/2SA 

1/2SA+1/2SB 
(q mg/g) 

1/2SA+1/2GAC 
(q mg/g) 

1/2SA+1/2PEAT 
(q mg/g) 

120 0.042  0.217  1.500  
240 0.033  0.267  1.550  
480 0.225  0.167  1.567  
720 0.250  0.367  1.608  

1040 0.283  0.208  1.750  
1440 0.558  0.217  1.700  
1960 0.233  0.283  1.750  
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Figure I- 42 1/2 mass ratio SA in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 143 Initial data for 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Mn ion 
Min 

2/3SA 
SA+SB 

tC mg/L 
SA+SB 

tC mg/L 
SA+GAC 

tC mg/L 
SA+GAC 

tC mg/L 
SA+PEAT 

tC mg/L 
SA+PEAT 

tC mg/L 
120 0.92 1 1.08 1 0.31 0.39 
240 1.14 1.14 1 1 0.48 0.48 
480 1.06 1.05 1.16 1.16 0.43 0.38 
720 1.12 1.1 0.92 0.96 0.38 0.38 

1040 0.99 1.02 0.98 0.98 0.45 0.46 
1440 0.94 1.01 0.96 0.96 0.32 0.32 
1960 1.09 1.01 0.96 0.96 0.28 0.32 

 
Table I- 144 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Mn ion 

Min 
2/3SA 

2/3SA+1/3SB 
(q mg/g) 

2/3SA+1/3GAC 
(q mg/g) 

2/3SA+1/3PEAT 
(q mg/g) 

120 0.400  0.267  1.417  
240 0.100  0.333  1.200  
480 0.242  0.067  1.325  
720 0.150  0.433  1.367  

1040 0.325  0.367  1.242  
1440 0.375  0.400  1.467  
1960 0.250  0.400  1.500  
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Figure I- 43 2/3 mass ratio SA in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 145 Initial data for 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/3SB 
SB+SA 

tC mg/L 
SB+SA 

tC mg/L 
SB+GAC 

tC mg/L 
SB+GAC 

tC mg/L 
SB+PEAT 

tC mg/L 
SB+PEAT 

tC mg/L 
120 0.92 1 0.78 0.74 0.57 0.58 
240 1.14 1.14 1.04 1.04 0.54 0.55 
480 1.06 1.05 1.04 1.04 0.48 0.5 
720 1.12 1.1 1.04 1.04 0.5 0.48 

1040 0.99 1.02 1.1 1.09 0.41 0.43 
1440 0.94 1.01 1 0.94 0.4 0.44 
1960 1.09 1.01 0.74 0.74 0.41 0.41 

 
Table I- 146 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/3SB 

1/3SB+2/3SA 
(q mg/g) 

1/3SB+2/3GAC 
(q mg/g) 

1/3SB+2/3PEAT 
(q mg/g) 

120 0.400  0.733  1.042  
240 0.100  0.267  1.092  
480 0.242  0.267  1.183  
720 0.150  0.267  1.183  

1040 0.325  0.175  1.300  
1440 0.375  0.383  1.300  
1960 0.250  0.767  1.317  
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Figure I- 44 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 147 Initial data for 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/2SB 
SB+SA 

tC mg/L 
SB+SA 

tC mg/L 
SB+GAC 

tC mg/L 
SB+GAC 

tC mg/L 
SB+PEAT 

tC mg/L 
SB+PEAT 

tC mg/L 
120 1.18 1.17 1.06 1.12 0.54 0.55 
240 1.18 1.18 1.02 1.02 0.52 0.52 
480 1.07 1.06 1.08 0.98 0.56 0.52 
720 1.05 1.05 1.12 1.12 0.46 0.46 

1040 1.04 1.02 1.02 1 0.43 0.43 
1440 1.05 1.04 0.88 0.92 0.42 0.42 
1960 1.06 1.06 0.92 0.92 0.42 0.42 

 
Table I- 148 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/2SB 

1/2SB+1/2SA 
(q mg/g) 

1/2SB+1/2GAC 
(q mg/g) 

1/2SB+1/2PEAT 
(q mg/g) 

120 0.042  0.183  1.092  
240 0.033  0.300  1.133  
480 0.225  0.283  1.100  
720 0.250  0.133  1.233  

1040 0.283  0.317  1.283  
1440 0.258  0.500  1.300  
1960 0.233  0.467  1.300  
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Figure I- 45 1/2 mass ration of SB in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 149 Initial data for 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 
Min 

2/3SB 
SB+SA 

tC mg/L 
SB+SA 

tC mg/L 
SB+GAC 

tC mg/L 
SB+GAC 

tC mg/L 
SB+PEAT 

tC mg/L 
SB+PEAT 

tC mg/L 
120 1.06 1.18 1.1 1.12 0.78 0.78 
240 1.09 1.09 1.14 1.04 0.76 0.74 
480 1.07 1.1 1.18 0.94 0.67 0.72 
720 1.02 1.1 0.88 0.88 0.65 0.65 

1040 0.96 0.95 0.76 0.74 0.49 0.4 
1440 0.96 0.94 0.8 0.68 0.4 0.55 
1960 0.9 0.9 0.6 0.64 0.49 0.45 

 
Table I- 150 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 

Min 
2/3SB 

2/3SB+1/3SA 
(q mg/g) 

2/3SB+1/3GAC 
(q mg/g) 

2/3SB+1/3PEAT 
(q mg/g) 

120 0.133  0.150  0.700  
240 0.183  0.183  0.750  
480 0.192  0.233  0.842  
720 0.233  0.533  0.917  

1040 0.408  0.750  1.258  
1440 0.417  0.767  1.208  
1960 0.500  0.967  1.217  
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Figure I- 46 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 151 Initial data for 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/3GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 1.08 1 1.1 1.12 0.68 0.69 
240 1 1 1.14 1.04 0.65 0.64 
480 1.16 1.16 1.18 0.94 0.65 0.59 
720 0.92 0.96 0.88 0.88 0.55 0.55 

1040 0.96 0.98 0.76 0.74 0.55 0.55 
1440 0.96 0.96 0.8 0.68 0.6 0.55 
1960 0.96 0.96 0.6 0.64 0.55 0.55 

 
Table I- 152 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/3GAC 

1/3GAC+2/3SA 
(q mg/g) 

1/3GAC+2/3SB 
(q mg/g) 

1/3GAC+2/3PEAT 
(q mg/g) 

120 0.267  0.150  0.858  
240 0.333  0.183  0.925  
480 0.067  0.233  0.967  
720 0.433  0.533  1.083  

1040 0.383  0.750  1.083  
1440 0.400  0.767  1.042  
1960 0.400  0.967  1.083  
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Figure I- 47 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 153 Initial data for 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/2GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 1.02 1.12 1.06 1.12 0.5 0.58 
240 0.98 1.1 1.02 1.02 0.76 0.76 
480 1.08 1.12 1.18 0.98 0.65 0.7 
720 0.98 0.98 1.12 1.12 0.61 0.67 

1040 1.06 1.09 1.02 1 0.67 0.67 
1440 1.08 1.06 0.88 0.92 0.42 0.52 
1960 0.98 1.08 0.92 0.92 0.59 0.6 

 
Table I- 154 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/2GAC 

1/2GAC+1/2SA 
(mg/g) 

1/2GAC+1/2SB 
(mg/g) 

1/2GAC+1/2PEAT 
(mg/g) 

120 0.217  0.183  1.100  
240 0.267  0.300  0.733  
480 0.167  0.200  0.875  
720 0.367  0.133  0.933  

1040 0.208  0.317  0.883  
1440 0.217  0.500  1.217  
1960 0.283  0.467  1.008  
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Figure I- 48 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 155 Initial data for 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 
Min 

2/3GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 1.12 1.08 0.78 0.74 0.86 0.85 
240 1.08 1.08 1.04 1.04 0.83 0.82 
480 1.04 1.12 1.04 1.04 0.81 0.78 
720 1.12 1.12 1.04 1.04 0.78 0.78 

1040 1.12 1.1 1.1 1.09 0.83 0.82 
1440 1.1 1.08 1 0.94 0.72 0.75 
1960 1.08 1.08 0.74 0.74 0.78 0.75 

 
Table I- 156 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 

Min 
2/3GAC 

2/3GAC+1/3SA 
(mg/g) 

2/3GAC+1/3SB 
(mg/g) 

2/3GAC+1/3PEAT 
(mg/g) 

120 0.167  0.733  0.575  
240 0.200  0.267  0.625  
480 0.200  0.267  0.675  
720 0.133  0.267  0.700  

1040 0.150  0.175  0.625  
1440 0.183  0.383  0.775  
1960 0.200  0.767  0.725  
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Figure I- 49 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 157 Initial data for 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/3PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.31 0.39 0.78 0.78 0.85 0.86 
240 0.48 0.48 0.76 0.74 0.83 0.82 
480 0.43 0.38 0.67 0.72 0.81 0.78 
720 0.38 0.38 0.65 0.65 0.78 0.78 

1040 0.45 0.46 0.49 0.4 0.83 0.82 
1440 0.32 0.32 0.4 0.55 0.72 0.75 
1960 0.28 0.32 0.49 0.45 0.78 0.75 

 
Table I- 158 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/3PEAT 

1/3PEAT+2/3SA 
(q mg/g) 

1/3PEAT+2/3SB 
(q mg/g) 

1/3PEAT+2/3GAC 
(q mg/g) 

120 1.417  0.700  0.575  
240 1.200  0.750  0.625  
480 1.325  0.842  0.675  
720 1.367  0.917  0.700  

1040 1.242  1.258  0.625  
1440 1.467  1.208  0.775  
1960 1.500  1.217  0.725  
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Figure I- 50 1/3 mass ration of PEAT in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 159 Initial data for 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 
Min 

1/2PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.6 0.53 0.54 0.55 0.5 0.58 
240 0.54 0.53 0.52 0.52 0.76 0.76 
480 0.52 0.52 0.56 0.52 0.65 0.7 
720 0.47 0.48 0.46 0.46 0.61 0.67 

1040 0.3 0.31 0.43 0.43 0.67 0.67 
1440 0.36 0.3 0.42 0.42 0.42 0.52 
1960 0.3 0.3 0.42 0.42 0.59 0.6 

 
Table I- 160 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 

Min 
1/2PEAT 

1/2PEAT+1/2SA 
(q mg/g) 

1/2PEAT+1/2SB 
(q mg/g) 

1/2PEAT+1/2GAC 
(q mg/g) 

120 1.058  1.092  1.100  
240 1.108  1.133  0.733  
480 1.133  1.100  0.875  
720 1.208  1.233  0.933  

1040 1.492  1.283  0.883  
1440 1.450  1.300  1.217  
1960 1.500  1.300  1.008  
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Figure I- 51 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 161 Initial data for 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 
Min 

2/3PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.6 0.61 0.57 0.58 0.68 0.69 
240 0.6 0.62 0.54 0.55 0.64 0.65 
480 0.48 0.49 0.48 0.5 0.65 0.59 
720 0.47 0.48 0.5 0.48 0.55 0.55 

1040 0.35 0.35 0.41 0.43 0.55 0.55 
1440 0.3 0.41 0.4 0.44 0.6 0.55 
1960 0.36 0.38 0.41 0.41 0.55 0.55 

 
Table I- 162 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 

Min 
2/3PEAT 

2/3PEAT+1/3SA 
(mg/g) 

2/3PEAT+1/3SB 
(mg/g) 

2/3PEAT+1/3GAC 
(mg/g) 

120 0.992  1.042  0.858  
240 0.983  1.092  0.925  
480 1.192  1.183  0.967  
720 1.208  1.183  1.083  

1040 1.417  1.300  1.083  
1440 1.408  1.300  1.042  
1960 1.383  1.317  1.083  
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Figure I- 52 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Mn ion 
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Table I- 163 Conclusion of adsorbent mixture equilibrium adsorption uptake of Mn ion  
 1/3SA 1/2SA 2/3SA 

SB(mg/g) 0.5 0.23 0.25 
GAC(mg/g) 0.2 0.28 0.4 
PEAT(mg/g) 1.38 1.75 1.5 

 1/3SB 1/2SB 2/3SB 
SA(mg/g) 0.25 0.23 0.5 

GAC(mg/g) 0.77 0.47 0.97 
PEAT(mg/g) 1.32 1.3 1.22 

 1/3GAC 1/2GAC 2/3GAC 
SA(mg/g) 0.4 0.28 0.2 
SB(mg/g) 0.97 0.47 0.77 

PEAT(mg/g) 1.08 1.01 0.73 
 1/3PEAT 1/2PEAT 2/3PEAT 

SA(mg/g) 1.5 1.5 1.38 
SB(mg/g) 1.22 1.3 1.32 

GAC(mg/g) 0.73 1.01 1.08 
 

I-11-4. Data for Mixture Adsorption of Cobalt Ion.  

Initial Co ion concentration= 35mg/L 

 

Table I- 164 Initial data for 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/3SA 
SA+SB 

tC mg/L 
SA+SB 

tC mg/L 
SA+GAC 

tC mg/L 
SA+GAC 

tC mg/L 
SA+PEAT 

tC mg/L 
SA+PEAT 

tC mg/L 
120 0.32 0.32 0.33 0.35 0.25 0.25 
480 0.29 0.33 0.34 0.35 0.23 0.2 
720 0.25 0.35 0.32 0.32 0.23 0.23 

1440 0.35 0.35 0.32 0.3 0 0 
1920 0.35 0.34 0.31 0.33 0.01 0 

 
Table I- 165 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/3SA 

1/3SA+2/3SB 
(q mg/g) 

1/3SA+2/3GAC 
(q mg/g) 

1/3SA+2/3PEAT 
(q mg/g) 

120 0.050  0.017  0.167  
480 0.067  0.008  0.225  
720 0.083  0.050  0.200  

1440 0.000  0.067  0.583  
1920 0.008  0.050  0.575  
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Figure I- 53 1/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 166 Initial data for 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/2SA 
SA+SB 

tC mg/L 
SA+SB 

tC mg/L 
SA+GAC 

tC mg/L 
SA+GAC 

tC mg/L 
SA+PEAT 

tC mg/L 
SA+PEAT 

tC mg/L 
120 0.32 0.32 0.35 0.35 0.26 0.25 
480 0.35 0.34 0.35 0.31 0.24 0.25 
720 0.34 0.35 0.35 0.3 0.22 0.21 

1440 0.35 0.34 0.35 0.34 0.03 0.02 
1920 0.32 0.33 0.3 0.32 0.02 0.02 

 
Table I- 167 1/2 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/2SA 

1/2SA+1/2SB 
(q mg/g) 

1/2SA+1/2GAC 
(q mg/g) 

1/2SA+1/2PEAT 
(q mg/g) 

120 0.050  0.000  0.158  
480 0.008  0.033  0.175  
720 0.008  0.042  0.225  

1440 0.008  0.008  0.542  
1920 0.042  0.067  0.550  
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Figure I- 54 1/2 mass ratio in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 168 Initial data for 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 
Min 

2/3SA 
SA+SB 

tC mg/L 
SA+SB 

tC mg/L 
SA+GAC 

tC mg/L 
SA+GAC 

tC mg/L 
SA+PEAT 

tC mg/L 
SA+PEAT 

tC mg/L 
120 0.27 0.29 0.32 0.33 0.27 0.26 
480 0.31 0.34 0.32 0.34 0.23 0.22 
720 0.31 0.3 0.34 0.35 0.2 0.22 

1440 0.32 0.32 0.34 0.34 0.07 0.05 
1920 0.31 0.3 0.34 0.34 0.06 0.05 

 
Table I- 169 Initial data for 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 

Min 
2/3SA 

2/3SA+1/3SB 
(q mg/g) 

2/3SA+1/3GAC 
(q mg/g) 

2/3SA+1/3PEAT 
(q mg/g) 

120 0.117  0.042  0.142  
480 0.042  0.033  0.208  
720 0.075  0.008  0.233  

1440 0.050  0.017  0.483  
1920 0.075  0.017  0.492  
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Figure I- 55 2/3 mass ratio of SA in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 170 Initial data for 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/3SB 
SB+SA 

tC mg/L 
SB+SA 

tC mg/L 
SB+GAC 

tC mg/L 
SB+GAC 

tC mg/L 
SB+PEAT 

tC mg/L 
SB+PEAT 

tC mg/L 

120 0.27 0.29 0.35 0.34 0.24 0.24 
480 0.31 0.34 0.32 0.35 0.23 0.23 
720 0.31 0.3 0.32 0.35   

1440 0.32 0.34 0.3 0.32 0 0 
1920 0.3 0.31 0.31 0.32 0 0 

 
Table I- 171 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/3SB 

1/3SB+2/3SA 
(q mg/g) 

1/3SB+2/3GAC 
(q mg/g) 

1/3SB+2/3PEAT 
(q mg/g) 

120 0.117  0.008  0.183  
480 0.042  0.025  0.200  
720 0.075  0.025   

1440 0.033  0.067  0.583  
1920 0.075  0.058  0.583  
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Figure I- 56 1/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 172 Initial data for 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/2SB 
SB+SA 

tC mg/L 
SB+SA 

tC mg/L 
SB+GAC 

tC mg/L 
SB+GAC 

tC mg/L 
SB+PEAT 

tC mg/L 
SB+PEAT 

tC mg/L 
120 0.32 0.32 0.33 0.34 0.25 0.29 
480 0.35 0.34 0.35 0.34 0.23 0.23 
720 0.34 0.35 0.35 0.34   

1440 0.35 0.34 0.35 0.29 0.01 0.01 
1920 0.32 0.32 0.31 0.29 0.01 0.01 

 
Table I- 173 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/2SB 

1/2SB+1/2SA 
(q mg/g) 

1/2SB+1/2GAC 
(q mg/g) 

1/2SB+1/2PEAT 
(q mg/g) 

120 0.050  0.025  0.133  
480 0.008  0.008  0.200  
720 0.008  0.008  0.583  

1440 0.008  0.050   
1920 0.050  0.083  0.567  
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Figure I- 57 1/2 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 174 Initial data for 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 
Min 

2/3SB 
SB+SA 

tC mg/L 
SB+SA 

tC mg/L 
SB+GAC 

tC mg/L 
SB+GAC 

tC mg/L 
SB+PEAT 

tC mg/L 
SB+PEAT 

tC mg/L 
120 0.32 0.32 0.33 0.34 0.25 0.25 
480 0.29 0.33 0.33 0.35 0.24 0.23 
720 0.25 0.35 0.33 0.33   

1440 0.35 0.35 0.33 0.35 0.03 0.02 
1920 0.35 0.34 0.32 0.32 0.03 0.03 

 
Table I- 175 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 

Min 
2/3SB 

2/3SB+1/3SA 
(q mg/g) 

2/3SB+1/3GAC 
(q mg/g) 

2/3SB+1/3PEAT 
(q mg/g) 

120 0.050  0.025  0.167  
480 0.067  0.017  0.192  
720 0.083  0.033   

1440 0.000  0.017  0.542  
1920 0.008  0.050  0.533  
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Figure I- 58 2/3 mass ratio of SB in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 176 Initial data for 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/3GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 0.32 0.33 0.33 0.34 0.26 0.25 
480 0.32 0.34 0.33 0.35 0.23 0.24 
720 0.34 0.35 0.33 0.33 0.18 0.19 

1440 0.34 0.34 0.33 0.35 0 0.01 
1920 0.34 0.34 0.32 0.32 0 0 

 
Table I- 177 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/3GAC 

1/3GAC+2/3SA 
(q mg/g) 

1/3GAC+2/3SB 
(q mg/g) 

1/3GAC+2/3PEAT 
(q mg/g) 

120 0.042  0.025  0.158  
480 0.033  0.017  0.192  
720 0.008  0.033  0.275  

1440 0.017  0.017  0.575  
1920 0.017  0.050  0.583  
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Figure I- 59 1/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 178 Initial data for 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/2GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 0.35 0.35 0.34 0.33 0.26 0.26 
480 0.35 0.31 0.35 0.34 0.25 0.23 
720 0.35 0.3 0.35 0.34 0.2 0.2 

1440 0.35 0.34 0.35 0.29 0.02 0.03 
1920 0.3 0.32 0.31 0.29 0.02 0.02 

 
Table I- 179 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/2GAC 

1/2GAC+1/2SA 
(q mg/g) 

1/2GAC+1/2SB 
(q mg/g) 

1/2GAC+1/2PEAT 
(q mg/g) 

120 0.000  0.025  0.150  
480 0.033  0.008  0.183  
720 0.042  0.008  0.250  

1440 0.008  0.050  0.542  
1920 0.067  0.083  0.550  
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Figure I- 60 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 180 Initial data for 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 
Min 

2/3GAC 
GAC+SA 

tC mg/L 
GAC+SA 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+SB 

tC mg/L 
GAC+PEAT 

tC mg/L 
GAC+PEAT 

tC mg/L 
120 0.33 0.35 0.35 0.34 0.31 0.29 
480 0.34 0.35 0.35 0.32 0.26 0.25 
720 0.3 0.32 0.35 0.32 0.26 0.23 

1440 0.32 0.3 0.32 0.3 0.01 0.01 
1920 0.31 0.33 0.32 0.31 0.01 0.01 

 
Table I- 181 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 

Min 
2/3GAC 

2/3GAC+1/3SA 
(q mg/g) 

2/3GAC+1/3SB 
(q mg/g) 

2/3GAC+1/3P 
(q mg/g) 

120 0.017  0.008  0.083  
480 0.008  0.025  0.158  
720 0.067  0.025  0.175  

1440 0.067  0.067  0.567  
1920 0.050  0.058  0.567  
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Figure I- 61 2/3 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 182 Initial data for 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/3PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.27 0.26 0.25 0.25 0.31 0.29 
480 0.23 0.22 0.24 0.23 0.26 0.25 
720 0.2 0.22   0.26 0.23 

1440 0.07 0.05 0.03 0.02 0.01 0.01 
1920 0.06 0.05 0.03 0.03 0.01 0.01 

 
Table I- 183 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/3PEAT 

1/3PEAT+2/3SA 
(q mg/g) 

1/3PEAT+2/3SB 
(q mg/g) 

1/3PEAT+2/3GAC 
(q mg/g) 

120 0.142  0.167  0.083  
480 0.208  0.192  0.158  
720 0.233   0.175  

1440 0.483  0.542  0.567  
1920 0.492  0.533  0.567  
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Figure I- 62 1/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 184 Initial data for 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 
Min 

1/2PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.26 0.25 0.29 0.25 0.26 0.26 
480 0.24 0.25 0.23 0.23 0.25 0.23 
720 0.22 0.21   0.2 0.2 

1440 0.03 0.02 0.01 0.01 0.02 0.03 
1920 0.02 0.02 0.01 0.01 0.02 0.02 

 
Table I- 185 1/2 mass ratio of GAC in 6g adsorbent, adsorption uptake of Co ion 

Min 
1/2PEAT 

1/2PEAT+1/2SA 
(q mg/g) 

1/2PEAT+1/2SB 
(q mg/g) 

1/2PEAT+1/2GAC 
(q mg/g) 

120 0.158  0.133  0.150  
480 0.175  0.200  0.183  
720 0.225   0.250  

1440 0.542  0.567  0.542  
1920 0.550  0.567  0.550  

 



 277

0

0. 5

1

1. 5

2

2. 5

3

3. 5

4

0 400 800 1200 1600 2000 2400
Ti me ( mi n)

q 
(m

g/
g)

1/ 2PEAT 1/ 2SA 1/ 2PEAT 1/ 2SB 1/ 2PEAT 1/ 2GAC  

Figure I- 63 1/2 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 186 Initial data for 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 
Min 

2/3PEAT 
PEAT+SA 

tC mg/L 
PEAT+SA 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+SB 

tC mg/L 
PEAT+GAC 

tC mg/L 
PEAT+GAC 

tC mg/L 
120 0.25 0.25 0.24 0.24 0.26 0.25 
480 0.23 0.2 0.23 0.23 0.23 0.24 
720 0.23 0.23   0.18 0.19 

1440 0 0 0 0 0.01 0.01 
1920 0.01 0 0 0 0 0 

 
Table I- 187 2/3 mass ratio of PEAT in 6g adsorbent, adsorption uptake of Co ion 

Min 
2/3PEAT 

2/3PEAT+1/3SA 
(q mg/g) 

2/3PEAT+1/3SB 
(q mg/g) 

2/3PEAT+1/3GAC 
(q mg/g) 

120 0.167  0.183  0.158  
480 0.225  0.200  0.192  
720 0.200   0.275  

1440 0.583  0.583  0.567  
1920 0.575  0.583  0.583  
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Figure I- 64 2/3 mass ratio PEAT in 6g adsorbent, adsorption uptake of Co ion 
 

Table I- 188 Conclusion of adsorbent mixture equilibrium adsorption uptake of Co ion 
 1/3SA 1/2SA 2/3SA 

SB(mg/g) 0.008 0.04 0.08 
GAC(mg/g) 0.05 0.07 0.02 
PEAT(mg/g) 0.56 0.55 0.49 

 1/3SB 1/2SB 2/3SB 
SA(mg/g) 0.08 0.05 0.008 

GAC(mg/g) 0.06 0.08 0.05 
PEAT(mg/g) 0.58 0.57 0.53 

 1/3GAC 1/2GAC 2/3GAC 
SA(mg/g) 0.02 0.07 0.05 
SB(mg/g) 0.05 0.08 0.06 

PEAT(mg/g) 0.58 0.55 0.57 
 1/3PEAT 1/2PEAT 2/3PEAT 

SA(mg/g) 0.49 0.55 0.58 
SB(mg/g) 0.53 0.57 0.58 

GAC(mg/g) 0.57 0.55 0.58 
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Appendix II 

Data and Calculations for Chapter 4  

PAPER II:  

Comparative fixed-bed column study on the adsorption of 

cadmium (II) and nickel (II) ions in high concentration 

aqueous binary metal solutions using peat and crushed 

mollusk shells 
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Table II- 1 Hydraulic conductivity of peat 

 
Fluid 

volume 
cm3

Sample 
length 

cm 

Sample 
cross-section area 

cm2

Ti
me 
s 

Differential head across 
the sample 

cm 

Hydraulic 
Conductivity 

m/s 
1 410 5 11.34 60 10 0.301293 
2 416 5 11.34 60 10 0.305703 
3 415 5 11.34 60 10 0.304968 
 
 
Table II- 2 Metal adsorption capacity of different adsorbents in single and binary solutions 

 Cd in single solution 
(mg/g) 

Ni in single solution 
(mg/g) 

Cd in binary solution 
(mg/g) 

Ni in binary solution 
(mg/g) 

Shell 3.34 0.63 2.60 0.37 
Peat 3.07 1.33 1.87 0.90 
 

Table II- 3 Metal ion removal efficiencies by different adsorbents in single and binary solutions 

 
Cd removal efficiency 

% 
single solution 

Ni removal efficiency
% 

single solution 

Cd removal efficiency 
% 

binary solution 

Ni removal efficiency
% 

binary solution 
Shell 96.15 41.90 75.12 21.14 
Peat 88.46 95.24 54.07 51.43 
 



 
Table II- 4 Cadmium (%) changes versus time in different columns at 3.4mL/min flow rate 0/ CC

Time 
(min) 

0/ CC (%) 
Column #1 
10cm Shell 
Flow rate 
3.4mL/min 

0/ CC (%) 
Column #2 
15cm Shell 
Flow rate 

 3.4mL/min 

0/ CC (%) 
Column #3 
10cm Peat 
Flow rate 
3.4mL/min 

0/ CC (%) 
Column #4 
15cm Peat 
Flow rate 
3.4mL/min 

50 69.47368 47.36842 64.21053 85.26316 
110 66.31579 70.52632 83.15789 85.26316 
170 64.21053 65.26316 77.89474 86.31579 
230 54.73684 52.63158 72.63158 77.89474 
290 38.94737 43.15789 74.73684 61.05263 
440 89.47368 24.21053 81.05263 61.05263 
560 82.10526 56.84211 77.89474 61.05263 
660 87.36842 36.84211 78.94737 70.52632 
890 44.21053 27.36842 57.89474 80 

1310 54.73684 46.31579 56.84211 48.42105 
1550 66.31579 45.26316 63.15789 80 
2000 44.21053 28.42105 68.42105 52.63158 
2840 49.47368 31.57895 55.78947 58.94737 
3140 48.42105 35.78947 51.57895 53.68421 
3320 50.52632 35.78947 66.31579 61.05263 
4220 71.57895 57.89474 77.89474 74.73684 
4630 72.63158 74.73684 88.42105 90.52632 
4750 65.26316 74.73684 90.52632 89.47368 
4860 80 75.78947 90.52632 86.31579 
4920 80 84.21053 96.84211 90.52632 
5700 91.57895 84.21053 96.84211 91.57895 
5930 93.68421 91.57895 98.94737 94.73684 
6235 95.78947 84.21053 98.94737 95.78947 
7225 96.84211 85.26316 98.94737 95.78947 
7675 96.84211 88.42105 98.94737 95.78947 
8705 96.84211 86.31579 98.94737 96.84211 
8830 96.84211 91.57895 98.94737 95.78947 
8910 98.94737 94.73684 98.94737 97.89474 
9500 98.94737 96.84211 98.94737 98.94737 
10000 98.94737 98.94737 98.94737 98.94737 
12000 -- -- 98.94737 98.94737 
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Table II- 5 Cadmium (%) changes versus time in different columns at 1.5mL/min flow rate 0/ CC

Time 
(min) 

0/ CC (%) 
Column #5 
10cm Shell 
Flow rate 
1.5mL/min 

0/ CC (%) 
Column #6 
15cm Shell 
Flow rate 
1.5mL/min 

0/ CC (%) 
Column #7 
10cm Peat 
Flow rate 
1.5mL/min 

0/ CC (%) 
Column #8 
15cm Peat 
Flow rate 
1.5mL/min 

50 54.73684 41.05263 66.31579 57.89474 
110 49.47368 47.36842 76.84211 60 
170 24.21053 33.68421 70.52632 70.52632 
230 32.63158 10.52632 72.63158 78.94737 
290 25.26316 24.21053 73.68421 90.52632 
440 25.26316 43.15789 64.21053 86.31579 
560 27.36842 23.15789 60 51.57895 
660 27.36842 23.15789 46.31579 36.84211 
890 28.42105 25.26316 42.10526 27.36842 

1310 27.36842 16.84211 31.57895 23.15789 
1550 21.05263 16.84211 27.36842 16.84211 
2000 5.263158 7.368421 28.42105 14.73684 
2840 6.315789 4.210526 34.73684 23.15789 
3140 7.368421 5.263158 40 29.47368 
3320 7.368421 6.315789 40 29.47368 
4220 18.94737 8.421053 45.26316 45.26316 
4630 22.10526 12.63158 56.84211 52.63158 
4750 25.26316 14.73684 67.36842 54.73684 
4860 33.68421 17.89474 74.73684 63.15789 
4920 40 22.10526 71.57895 64.21053 
5700 70.52632 37.89474 75.78947 69.47368 
5930 77.89474 38.94737 78.94737 70.52632 
6235 81.05263 38.94737 81.05263 69.47368 
7225 85.26316 49.47368 81.05263 72.63158 
7675 88.42105 52.63158 81.05263 74.73684 
8705 92.63158 61.05263 83.15789 80 
8830 95.78947 65.26316 87.36842 83.15789 
8910 96.84211 65.26316 87.36842 83.15789 
9500 98.94737 91.57895 87.36842 84.21053 
10000 98.94737 95.78947 87.36842 85.26316 
12000 98.94737 97.89474 87.36842 87.36842 
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Table II- 6 Nickel (%) changes versus time in different columns at 3.4mL/min flow rate 0/ CC

Time 
(min) 

0/ CC (%) 
Column #1 
10cm Shell 
Flow rate 
3.4mL/min 

0/ CC (%) 
Column #2 
15cm Shell 
Flow rate 
3.4mL/min 

0/ CC (%) 
Column #3 
10cm Peat 
Flow rate 
3.4mL/min 

0/ CC (%) 
Column #4 
15cm Peat 
Flow rate 
3.4mL/min 

50 58.92857 55.35714 83.92857 69.64286 
110 89.28571 85.71429 78.57143 78.57143 
170 94.64286 96.42857 80.35714 96.42857 
230 96.42857 89.28571 82.14286 91.07143 
290 98.21429 100 107.1429 80.35714 
440 100 91.07143 82.14286 60.71429 
560 89.28571 100 94.64286 64.28571 
660 100 94.64286 89.28571 75 
890 80.35714 71.42857 57.14286 44.64286 

1310 53.57143 73.21429 64.28571 48.21429 
1550 80.35714 82.14286 82.14286 75 
2000 76.78571 71.42857 80.35714 51.78571 
2840 67.85714 78.57143 75 62.5 
3140 69.64286 78.57143 82.14286 62.5 
3320 83.92857 89.28571 80.35714 62.5 
4220 76.78571 91.07143 76.78571 71.42857 
4630 94.64286 89.28571 76.78571 73.21429 
4750 78.57143 92.85714 83.92857 73.21429 
4860 87.5 92.85714 83.92857 73.21429 
4920 82.14286 91.07143 71.42857 73.21429 
5700 82.14286 91.07143 76.78571 73.21429 
5930 83.92857 91.07143 89.28571 85.71429 
6235 92.85714 91.07143 98.21429 96.42857 
7225 96.42857 91.07143 100 98.21429 
7675 100 94.64286 98.21429 100 
8705 100 100 100 100 
8830 100 98.21429 92.85714 100 
8910 100 100 100 100 
9500 100 98.21429 100 100 
10000 100 100 100 100 
12000 100 100 100 100 
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Table II- 7 Nickel (%) changes versus time in different columns at 1.5mL/min flow rate 0/ CC

Time 
(min) 

0/ CC (%) 
Column #5 
10cm Shell 
Flow rate 
1.5mL/min 

0/ CC (%) 
Column #6 
15cm Shell 
Flow rate 
1.5mL/min 

0/ CC (%) 
Column #7 
10cm Peat 
Flow rate 
1.5mL/min 

0/ CC (%) 
Column #8 
15cm Peat 
Flow rate 
1.5mL/min 

50 71.42857 66.07143 57.14286 55.35714 
110 78.57143 57.14286 75 60.71429 
170 76.78571 64.28571 69.64286 80.35714 
230 87.5 69.64286 76.78571 69.64286 
290 89.28571 94.64286 67.85714 67.85714 
440 92.85714 80.35714 62.5 67.85714 
560 87.5 87.5 55.35714 58.92857 
660 98.21429 76.78571 48.21429 44.64286 
890 83.92857 55.35714 25 26.78571 

1310 78.57143 64.28571 32.14286 17.85714 
1550 94.64286 85.71429 28.57143 25 
2000 50 83.92857 41.07143 25 
2840 71.42857 82.14286 42.85714 32.14286 
3140 64.28571 69.64286 62.5 37.5 
3320 71.42857 60.71429 50 37.5 
4220 66.07143 76.78571 46.42857 37.5 
4630 75 71.42857 53.57143 51.78571 
4750 78.57143 82.14286 60.71429 53.57143 
4860 69.64286 76.78571 42.85714 53.57143 
4920 69.64286 73.21429 51.78571 53.57143 
5700 82.14286 82.14286 44.64286 51.78571 
5930 85.71429 82.14286 64.28571 51.78571 
6235 96.42857 92.85714 64.28571 60.71429 
7225 98.21429 92.85714 69.64286 58.92857 
7675 100 94.64286 89.28571 55.35714 
8705 100 96.42857 92.85714 69.64286 
8830 100 96.42857 92.85714 87.5 
8910 100 96.42857 92.85714 92.85714 
9500 100 100 98.21429 92.85714 
10000 100 100 100 98.21429 
12000 100 100 100 100 
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Table II- 8 pH values of effluents from shell and peat columns 

Time 
(min) 

0/ CC (%) 
Column #1 
10cm Shell 
3.4mL/min 

0/ CC (%) 
Column #2 
15cm Shell 
3.4mL/min 

0/ CC (%) 
Column #3 
10cm Peat 
3.4mL/min 

0/ CC (%) 
Column #4 
15cm Peat 
3.4mL/min 

0/ CC (%) 
Column #5 
10cm Shell 
1.5mL/min 

0/ CC (%) 
Column #6 
15cm Shell 
1.5mL/min 

0/ CC (%) 
Column #7 
10cm Peat 
1.5mL/min 

0/ CC (%) 
Column #8 
15cm Peat 
1.5mL/min 

50 7.6 7.7 3.4 3.6 7.3 7.5 3.7 3.5 
110 7.3 7.8 3.3 3.3 7.7 7.9 3.3 3.1 
170 7.4 7.7 3.3 3.2 7.7 7.9 3.4 3.1 
230 7.4 7.8 3.3 3.2 7.7 7.8 3.3 3.1 
290 7.2 7.7 3.3 3.1 7.9 8.0 3.3 3.1 
440 7.1 7.7 3.3 3.0 7.7 8.0 3.1 3.0 
560 7.4 7.7 3.2 3.0 7.5 7.9 3.1 3.0 
660 7.2 7.6 3.2 3.1 7.8 8.1 3.1 3.0 
890 7.1 7.5 3.2 3.1 7.6 8.0 3.1 3.0 

1310 7.0 7.2 3.2 3.1 7.4 7.9 3.1 3.0 
1550 6.8 7.3 3.2 3.1 7.3 7.9 3.1 3.0 
2000 7.3 7.6 3.2 3.1 7.7 7.7 3.0 3.0 
2840 7.2 7.5 3.0 3.0 7.6 7.9 3.0 3.0 
3140 7.0 7.1 3.0 3.0 7.6 7.9 3.0 3.0 
3320 7.3 7.1 3.0 3.0 7.5 7.8 3.1 3.0 
4220 6.8 6.9 3.1 3.0 7.3 7.9 3.1 3.0 
4630 7.1 7.1 3.1 3.1 7.3 8.0 3.1 3.0 
4750 6.9 7.1 3.1 3.1 7.6 8.0 3.1 3.0 
4860 7.0 7.0 3.1 3.0 7.4 7.9 3.1 2.9 
4920 7.0 6.9 3.1 3.1 7.2 7.8 3.1 2.9 
5700 6.9 7.0 3.2 3.1 7.1 7.7 3.1 2.9 
5930 6.9 7.0 3.2 3.1 7.1 7.7 3.1 2.9 
6235 6.9 7.2 3.2 3.1 7.0 7.7 3.1 2.9 
7225 6.7 6.9 3.3 3.2 6.7 7.3 3.1 3.0 
7675 6.7 7.1 3.5 3.2 6.6 7.3 3.1 3.0 
8705 6.7 6.9 3.4 3.3 6.5 7.1 3.2 3.0 
8830 6.6 6.7 3.4 3.3 6.5 7.1 3.2 3.0 
8910 6.6 6.7 3.3 3.3 6.5 7.1 3.2 3.0 
SUM 197.1 203.5 90.1 87.8 204.8 216.8 88.3 84.4 
Mean 7.0 7.3 3.2 3.1 7.3 7.7 3.2 3.0 

SD 0.26 0.35 0.13 0.13 0.41 0.29 0.14 0.11 
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Table II- 9 Time integration of adsorption capacity for cadmium removal in columns C1, C2, C3, and 
C4. 

Integration 

∫−
e

b

t

t
e dttft ))((  

Column #1 
10cm Shell 
Flow rate 
3.4mL/min 

∫−
e

b

t

t
e dttft ))(( ) 

Column #2 
15cm Shell 
Flow rate 
3.4mL/min 

∫−
e

b

t

t
e dttft ))(( ) 

Column #3 
10cm Peat 
Flow rate 

 3.4mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #4 
15cm Peat 
Flow rate  
3.4mL/min 

1 0 0 0 0 
2 424.4211 574.7368 371.3684 344.8421 
3 154.7368 192.6316 145.2632 138.9474 
4 89.05263 115.5789 60.63158 70.10526 
5 255.7895 378.9474 198.9474 227.3684 
6 112.2105 103.5789 47.47368 38.84211 
7 41.68421 30.31579 11.36842 12.63158 
8 22 26.63158 10.42105 15.05263 
9 12 9.473684 1.894737 5.684211 

10 65.68421 123.1579 24.63158 65.68421 
11 14.52632 19.36842 2.421053 12.10526 
12 12.84211 48.15789 3.210526 12.84211 
13 31.26316 145.8947 10.42105 41.68421 
14 14.21053 52.10526 4.736842 18.94737 
15 32.52632 140.9474 10.84211 32.52632 
16 3.947368 10.52632 1.315789 5.263158 
17 0.842105 4.210526 0.842105 1.684211 
18 6.210526 18.63158 6.210526 6.210526 
19 5.263158 5.263158 5.263158 5.263158 
20 21.05263 21.05263 21.05263 21.05263 
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Table II- 10 Cadmium removal parameters of the columns C1, C2, C3, and C4. 

 Column #1 
10cm Shell 
Flow rate 

3.4mL/min 

Column #2 
15cm Shell 
Flow rate 

3.4mL/min 

Column #3 
10cm Peat 
Flow rate 

3.4mL/min 

Column #4 
15cm Peat 
Flow rate 

3.4mL/min 
Sum of integration(min) 1320.263 2021.211 938.3158 1076.737 

Adsorbent mass(g) 586.36 888.09 105.5 143.56 

Flow rate (mL/min) 3.4 3.4 3.4 3.4 
Influent concentration(mg/mL) 0.209 0.209 0.209 0.209 
Amount of metal ions adsorbed 

per unit weight of adsorbent (mg/g) 
1.600005 1.61726 6.320068 5.329682 

Amount of metal ions through the column(g) 7106 7106 7106 7106 
Amount of metal ions removed by column(g) 938.179 1436.272 666.7672 765.1292 

Treatment efficiency (%) 13.20263 20.21211 9.383158 10.76737 

Adsorbent Volume (mL) 785 1177.5 785 1177.5 
Amount of metal ions adsorbed 

Per unit volume of adsorbent (mg/mL) 
1.195132 1.219764 0.849385 0.649791 

 



 
Table II- 11 Time integration of adsorption capacity for cadmium removal in columns C5, C6, C7, 
and C8. 

Integration 

∫−
e

b

t

t
e dttft ))((  

Column #5 
10cm Shell 
Flow rate 
1.5mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #6 
15cm Shell 
Flow rate 
1.5mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #7 
10cm Peat 
Flow rate 
1.5mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #8 
15cm Peat 
Flow rate 
1.5mL/min 

1 0 0 0 0 
2 786.9474 804.6316 548.2105 645.4737 
3 277.8947 284.2105 180 211.5789 
4 166.7368 168.6316 108 126.9474 
5 729.4737 824.2105 492.6316 492.6316 
6 319.3684 358.2105 176.9474 194.2105 
7 89.68421 102.3158 39.15789 54.31579 
8 72.94737 90.31579 27.78947 40.52632 
9 36 46.73684 17.05263 21.47368 

10 229.8947 484.4211 188.8421 238.1053 
11 50.84211 140.4211 48.42105 67.78947 
12 57.78947 186.2105 57.78947 93.10526 
13 145.8947 500.2105 187.5789 270.9474 
14 52.10526 213.1579 85.26316 113.6842 
15 75.89474 401.1579 173.4737 206 
16 5.263158 43.42105 15.78947 21.05263 
17 2.526316 27.78947 10.10526 13.47368 
18 6.210526 49.68421 74.52632 93.15789 
19 5.263158 21.05263 63.15789 73.68421 
20 21.05263 42.10526 252.6316 252.6316 
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Table II- 12 Cadmium removal parameters of the columns C5, C6, C7, and C8. 

 Column #5 
10cm Shell 
Flow rate 

1.5mL/min 

Column #6 
15cm Shell 
Flow rate 

1.5mL/min 

Column #7 
10cm 
Peat 

Flow rate 
1.5mL/min 

Column 
#8 

15cm 
Peat 

Flow rate 
1.5mL/min 

Sum of integration(min) 3131.789 4788.895 2747.368 3230.789 
Adsorbent mass(g) 512.97 885.88 105.7 160.3 

Flow rate (mL/min) 1.5 1.5 1.5 1.5 
Influent concentration(mg/L) 0.209 0.209 0.209 0.209 

Amount of metal ions adsorbed 
per unit weight of adsorbent (mg/g) 

1.913983 1.69472 8.148534 6.318481 

Amount of metal ions through the column(g) 3135 3135 3135 3135 
Amount of metal ions removed by column(g) 981.816 1501.319 861.3 1012.853 

Treatment efficiency (%) 31.31789 47.88895 27.47368 32.30789 
Adsorbent Volume (mL) 785 1177.5 785 1177.5 

Amount of metal ions adsorbed 
Per unit volume of adsorbent (mg/mL) 

1.250721 1.275005 1.097197 0.860172 

 



 
Table II- 13 Time integration of adsorption capacity for nickel removal in columns C1, C2, C3, and 
C4. 

Integration 

∫−
e

b

t

t
e dttft ))((  

Column #1 
10cm Shell 
Flow rate 
3.4mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #2 
15cm Shell 
Flow rate 
3.4mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #3 
10cm Peat 
Flow rate  
3.4mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #4 
15cm Peat 
Flow rate  
3.4mL/min 

1 0 0 0 0 
2 270 180 300 435 
3 91.07143 64.28571 53.57143 75 
4 28.92857 19.28571 35.35714 86.78571 
5 208.9286 80.35714 225 337.5 
6 21.96429 43.92857 73.21429 153.75 
7 25.71429 8.571429 23.57143 45 
8 13.75 7.857143 25.53571 31.42857 
9 10.71429 5.357143 13.92857 16.07143 
10 139.2857 69.64286 125.3571 208.9286 
11 36.96429 20.53571 36.96429 61.60714 
12 21.78571 27.23214 87.14286 81.69643 
13 35.35714 88.39286 229.8214 265.1786 
14 0 24.10714 48.21429 64.28571 
15 0 0 18.39286 36.78571 
16 0 2.232143 0 2.232143 
17 0 0 1.428571 0 
18 0 10.53571 0 0 
19 0 0 35.71429 0 
20 0 0 0 0 

 

 290



 291

 
Table II- 14 Nickel removal parameters of the columns C1, C2, C3, and C4. 

 Column #1 
10cm Shell 
Flow rate 

3.4mL/min 

Column #2 
15cm Shell 
Flow rate 

3.4mL/min 

Column #3 
10cm Peat 
Flow rate 

3.4mL/min 

Column #4 
15cm Peat 
Flow rate 

3.4mL/min 
Sum of integration(min) 904.4643 652.3214 1333.214 1901.25 

Adsorbent mass(g) 586.36 888.09 105.5 143.56 

Flow rate (mL/min) 3.4 3.4 3.4 3.4 
Influent concentration(mg/L) 0.105 0.105 0.105 0.105 

Amount of metal ions adsorbed 
per unit weight of adsorbent (mg/g) 

0.550675 0.262224 4.511445 4.727962 

Amount of metal ions through the column(g) 3570 3570 3570 3570 
Amount of metal ions removed by column(g) 322.8938 232.8788 475.9575 678.7463 

Treatment efficiency (%) 9.044643 6.523214 13.33214 19.0125 

Adsorbent Volume (mL) 785 1177.5 785 1177.5 
Amount of metal ions adsorbed 

Per unit volume of adsorbent (mg/mL) 
0.41133 0.197774 0.606315 0.57643 

 



 
Table II- 15 Time integration of adsorption capacity for nickel removal in columns C5, C6, C7, and 
C8. 

Integration 

∫−
e

b

t

t
e dttft ))((  

Column #5 
10cm Shell 
Flow rate 
1.5mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #6 
15cm Shell 
Flow rate 
1.5mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #7 
10cm Peat 
Flow rate 
1.5mL/min 

∫−
e

b

t

t
e dttft ))((  

Column #8 
15cm Peat 
Flow rate 
1.5mL/min 

1 0 0 0 0 
2 240 150 570 690 
3 107.1429 91.07143 214.2857 225 
4 51.42857 70.71429 106.0714 135 
5 305.3571 208.9286 514.2857 610.7143 
6 102.5 117.1429 153.75 256.25 
7 25.71429 21.42857 60 75 
8 33.39286 25.53571 58.92857 68.75 
9 18.21429 16.07143 27.85714 28.92857 

10 139.2857 139.2857 306.4286 362.1429 
11 32.85714 41.07143 131.4286 106.7857 
12 10.89286 21.78571 147.0536 141.6071 
13 17.67857 70.71429 548.0357 477.3214 
14 0 24.10714 160.7143 216.9643 
15 0 36.78571 367.8571 404.6429 
16 0 4.464286 37.94643 51.33929 
17 0 2.857143 8.571429 35.71429 
18 0 0 42.14286 179.1071 
19 0 0 35.71429 62.5 
20 0 0 142.8571 142.8571 
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Table II- 16 Nickel removal parameters of the columns C5, C6, C7, and C8. 

 Column#5 
10cmShell 
Flow rate 

1.5mL/min 

Column #6 
15cm Shell 
Flow rate 

1.5mL/min 

Column #7 
10cmPeat 
Flow rate 

1.5mL/min 

Column#8 
15cmPeat 
Flow rate 

1.5mL/min 
Sum of integration(min) 1084.464 1041.964 3633.929 4270.625 

Adsorbent mass(g) 512.97 885.88 105.7 160.3 

Flow rate (mL/min) 1.5 1.5 1.5 1.5 
Influent concentration(mg/L) 0.105 0.105 0.105 0.105 

Amount of metal ions adsorbed 
per unit weight of adsorbent (mg/g) 

0.332969 0.18525 5.414794 4.196029 

Amount of metal ions through the column(g) 1575 1575 1575 1575 
Amount of metal ions removed by column(g) 170.8031 164.1094 572.3438 672.6234 

Treatment efficiency (%) 10.84464 10.41964 36.33929 42.70625 

Adsorbent Volume (mL) 785 1177.5 785 1177.5 
Amount of metal ions adsorbed 

Per unit volume of adsorbent (mg/mL) 
0.217584 0.139371 0.7291 0.57123 

 



 
Table II- 17 Estimation of column exhaustion for cadmium adsorption 

 C1 C2 C3 C4 C5 C6 C7 C8 

CdluentC ,inf  
(mg/L) 

209.00 209.00 209.00 209.00 209.00 209.00 209 209 

CdeffluentC ,  
(mg/L) 

52.00 52.00 96.00 96.00 52.00 52.00 96 96 

gleCdeq sin , −  
(mg/g) 

3.34 3.34 3.07 3.07 3.34 3.34 3.07 3.07 

Cdb  0.09 0.09 0.05 0.05 0.09 0.09 0.05 0.05 

Nib  0.02 0.02 0.39 0.39 0.02 0.02 0.39 0.39 

CdeffluentC ,  
(mg/L) 

52.00 52.00 96.00 96.00 52.00 52.00 96 96 

NieffluentC ,  
(mg/L) 

82.80 82.80 51.00 51.00 82.80 82.80 51 51 

Cdb × (A) CdeffluentC , 4.68 4.68 4.80 4.80 4.68 4.68 4.8 4.8 

Nib × (B) NieffluentC , 1.66 1.66 19.89 19.89 1.66 1.66 19.89 19.89 

SUM=1+(A)+(B) 7.34 7.34 25.69 25.69 7.34 7.34 25.69 25.69 

)(  , estimatedmultiCdeq −  
(mg/g) 

2.13 2.13 0.57 0.57 2.13 2.13 0.57 0.57 

  , multiCdeq − (mg/g) 2.60 2.60 1.87 1.87 2.60 2.60 1.87 1.87 

Column Adsorbents (g) 586.36 888.09 105.50 143.56 512.97 885.88 105.7 160.3 

columnCdmq −,  (mg/g) 1.60 1.62 6.32 5.33 1.91 1.69 8.15 6.32 

Observed treated volume  
at time of exhaustion (L) 

14.40 23.50 9.93 9.35 10.30 12.00 15 15 

CdtU  , (g/L) 76.37 76.37 106.18 106.18 76.37 76.37 106.18  106.18 

Estimated volume(L) using 
CdtU ,  

7.68 11.63 0.99 1.35 6.72 11.60 1.00  1.51 

CdeU  , (g/L) 93.18 93.18 346.14 346.14 93.18 93.18 346.14  346.14 

Estimated volume(L) using 
CdtU ,  

6.29 9.53 0.30 0.41 5.50 9.51 0.31  0.46 
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Table II- 18 Estimation of column exhaustion for nickel adsorption 

 C1 C2 C3 C4 C5 C6 C7 C8 

NiluentC ,inf  
(mg/L) 

105.00 105.00 105.00 105.00 105.00 105.00 105.00  105.00 

NieffluentC ,  
(mg/L) 

82.80 82.80 51.00 51.00 82.80 82.80 51.00  51.00 

gleNieq sin , −  
(mg/g) 

0.63 0.63 1.33 1.33 0.63 0.63 1.33  1.33 

Cdb  0.09 0.09 0.05 0.05 0.09 0.09 0.05  0.05 

Nib  0.02 0.02 0.39 0.39 0.02 0.02 0.39  0.39 

CdeffluentC ,  
(mg/L) 

52.00 52.00 96.00 96.00 52.00 52.00 96.00  96.00 

NieffluentC ,  
(mg/L) 

82.80 82.80 51.00 51.00 82.80 82.80 51.00  51.00 

Cdb × (A) CdeffluentC , 4.68 4.68 4.80 4.80 4.68 4.68 4.80  4.80 

Nib × (B) NieffluentC , 1.66 1.66 19.89 19.89 1.66 1.66 19.89  19.89 

SUM=1+(A)+(B) 7.34 7.34 25.69 25.69 7.34 7.34 25.69  25.69 

)(  , estimatedmultiNieq −  
(mg/g) 

0.14 0.14 1.03 1.03 0.14 0.14 1.03  1.03 

  , multiNieq − (mg/g) 0.37 0.37 0.90 0.90 0.37 0.37 0.90  0.90 

Column Adsorbents (g) 586.36 888.09 105.50 143.56 512.97 885.88 105.70  160.30 

columnNimq −,  (mg/g) 0.55  0.26  4.51  4.73  0.33  0.19  5.41  4.20  

Observed treated volume  
at time of exhaustion (L) 

17.80  19.30 18.20 18.20 6.35  10.10 12.90  13.70 

NitU  , (g/L) 269.59 269.59 110.83 110.83 269.59 269.59 110.83  110.83 

Estimated volume(L) using 
NitU ,  

2.17 3.29 0.95 1.30 1.90 3.29 0.95  1.45 

NieU  , (g/L) 701.41 701.41 96.87 96.87 701.41 701.41 96.87  96.87 

Estimated volume(L) using 
NiU ,  

0.84 1.27 1.09 1.48 0.73 1.26 1.09  1.65 
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Appendix III 

Data and Calculations for Chapter 5  

PAPER III:  

Biosorption of Cd(II) and Ni(II) from synthetic landfill 

leachate by peat and mollusk  shell mixtures in fixed-bed 

columns 
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III-1. Data for time intervals and throughput volumes 
 
 
 
Table III- 1 time intervals and throughput volumes 

Throughput Volume (L) Time(h) 
0.090 1.00 
0.180 2.00 
1.260 14.00 
1.620 18.00 
1.800 20.00 
2.295 25.50 
3.465 38.50 
3.690 41.00 
3.915 43.50 
4.320 48.00 
5.445 60.50 
5.850 65.00 
6.390 71.00 
8.055 89.50 
8.595 95.50 
9.968 110.75 

10.740 119.33 
12.060 134.00 
12.600 140.00 
14.603 162.25 
14.985 166.50 
16.650 185.00 
18.450 205.00 
20.610 229.00 
23.085 256.50 
25.200 280.00 
29.520 328.00 
35.640 396.00 
44.685 496.50 
51.030 567.00 
55.260 614.00 
61.830 687.00 
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III-2. Data for pH values 
 
 
 
Table III- 2  pH of raw leachate and aerated leachate 

Throughput Volume (L) pH of Aerated Leachate pH of synthetic leachate 
0.090 7.6 5.8 
0.180 7.8 6.0 
1.260 7.8 6.1 
2.295 7.8 5.9 
3.915 8.0 6.0 
4.320 7.8 6.0 
5.850 7.5 6.2 
6.390 7.8 6.3 
8.595 8.0 6.2 
9.968 7.9 6.4 

10.740 8.0 6.3 
14.985 8.0 6.0 
16.650 7.8 6.0 
18.450 7.7 6.0 
20.610 7.0 6.2 
25.200 7.8 6.2 
29.520 7.8 6.5 
35.640 7.8 6.4 
51.030 8.0 6.2 
61.830 8.2 6.0 
Mean 7.8 6.1 

Standard Deviation 0.05 0.04 
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Table III- 3 Eflluent pH of each column system 
Throughput Volume (L) Time(h) C1 C2 C3 C4 C5 C6 

0.090 1.00 6.7 7.5 5.7 6 8 6.4 
0.180 2.00 5.7 7.5 5.6 5.9 7.5 5.5 
1.260 14.00 5.6 7.3 6.9 5.8 6.8 7 
1.620 18.00 5.4 7 7.1 5.9 6.8 7.1 
1.800 20.00 5.6 7.1 7.4 6.1 6.9 7.2 
2.295 25.50 6.1 7.1 7.4 6.3 6.9 7.3 
3.465 38.50 7 7.4 7.5 7.3 7.3 7.4 
3.690 41.00 7.1 7.4 7.6 7.3 7.3 7.3 
3.915 43.50 7.1 7.4 7.6 7.3 7.3 7.4 
4.320 48.00 7.4 7.4 7.6 7.3 7.5 7.5 
5.445 60.50 7.3 7.5 7.6 7.4 7.5 7.4 
5.850 65.00 7.5 7.6 7.4 7.4 7.4 7.4 
6.390 71.00 7.3 7.5 7.6 7.5 7.4 7.4 
8.055 89.50 7.4 7.5 7.6 7.5 7.6 7.6 
8.595 95.50 7.5 7.5 7.7 7.5 7.7 7.6 
9.968 110.75 7.6 7.6 7.9 7.4 7.5 7.6 

10.740 119.33 7.5 7.6 7.7 7.2 7.5 7.5 
12.060 134.00 7.5 7.6 7.7 7.4 7.5 7.6 
12.600 140.00 7.5 7.6 7.7 7.3 7.5 7.7 
14.603 162.25 7.9 7.8 8.2 7.1 7.3 8 
14.985 166.50 7.6 7.9 8.3 7.3 7.5 7.7 
16.650 185.00 7.6 7.8 8 7.1 7.1 7.7 
18.450 205.00 8 8.2 8.1 7.2 7.5 7.8 
20.610 229.00 8.3 8.4 8.1 7.3 7.5 7.6 
23.085 256.50 8.2 8.3 8.2 7.3 7.4 7.7 
25.200 280.00 8.4 8.4 8.3 7.3 7.7 7.9 
29.520 328.00 8.7 8.7 8.6 7.3 7.5 7.9 
35.640 396.00 8.7 8.5 8.7 7.3 7.5 7.9 
44.685 496.50 8.5 8.4 8.5 7.3 7.5 7.9 
51.030 567.00 8.4 8.2 8.3    
55.260 614.00 8.5 8.4 8.6          
61.830 687.00 8.4 8.5 8.4    

 



 
III-3. Data for chemical oxygen demand (COD) analysis 
 

Sample 3.465L-20.610L

y = 2354.9x
R2 = 0.9817
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Figure III- 1 COD estimation equation for samples from 3.465L to 20.610L 
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Figure III- 2 COD estimation equation for sample 29.520L 
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Figure III- 3 COD estimation equation for sample 35.640L 
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Sample 44.685L-55.260L
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Figure III- 4 COD estimation equation for samples from 44.685L to 55.260L 
 

Sample 61.830L
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Figure III- 5 COD estimation equation for sample 61.830L 

 
Table III- 4 COD concentrations of raw leachate and aerated leachate 

Throughput Volume(L) Aerated Leachate COD (mg/L) Synthetic Leachate COD (mg/L) 
3.465 8350.476 8435.252 
5.445 8350.476 8435.252 
8.055 8350.476 8435.252 

12.126 8350.475 8435.252 
14.603 8350.476 8435.252 
20.610 9049.881 8604.805 
29.520 10204.14 9357.944 
35.640 9371.702 9028.236 
44.685 8945.654 8451.419 
51.030 8846.807 8401.995 
55.260 8130.166 8624.401 
61.830 8239.392 9247.795 

Mean Concentration (mg/L) 8711.677 8657.738 
Standard Deviation (mg/L) 581.951 333.556 
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Table III- 5 COD concentrations of effluents from column systems C1, C2 and C3 
Throughput Volume (L) C1 COD (mg/L) C2 COD (mg/L) C3 COD (mg/L) 

3.465 8329.281 8371.670 8541.222 
5.445 8668.387 8562.416 8371.670 
8.055 8668.387 8350.475 8392.864 
12.126 8350.475 8244.505 8329.281 
14.603 8159.729 8159.729 8350.475 
20.610 8555.352 8505.899 8209.181 
29.520 9457.497 9507.273 9109.063 
35.640 9052.769 8513.038 8537.571 
44.685 8846.807 9291.618 8401.995 
51.030 8698.536 9983.547 8105.454 
55.260 8080.742 7685.354 8031.319 
61.830 7526.131 7230.989 7870.464 

 

Table III- 6 COD concentrations of effluents from column systems C4, C5 and C6 
Throughput Volume (L) C4 COD (mg/L) C5 COD (mg/L) C6 COD (mg/L) 

3.465 8350.475 8477.64 8647.193 
5.445 8689.581 8604.805 8647.193 
8.055 8625.999 8562.416 8308.087 

12.126 8350.475 8202.117 8668.387 
14.603 7990.176 8286.893 8308.087 
20.610 8308.087 8604.805 8555.352 
29.520 9805.931 9756.155 10204.140 
35.640 9371.702 9298.102 9641.567 
44.685 9489.312 8624.401 9192.771 
51.030 
55.260 
61.830 

Clogging 
 

 

Table III- 7 COD breakthrough data for all column systems  
Throughput 
Volume (L) 

C1(C/C0) C2(C/C0) C3(C/C0) C4(C/C0) C5(C/C0) C6(C/C0) 

3.465 99.746 100.254 102.284 98.995 100.503 102.513 
5.445 103.807 102.538 100.254 103.015 102.010 102.513 
8.055 103.807 100.000 100.508 102.261 101.508 98.492 

12.126 100.000 98.731 99.746 98.995 97.236 102.764 
14.603 97.716 97.716 100.000 94.724 98.241 98.492 
20.610 94.536 93.989 90.710 96.552 100.000 99.425 
29.520 92.683 93.171 89.268 104.787 104.255 109.043 
35.640 96.597 90.838 91.099 103.804 102.989 106.793 
44.685 98.895 103.867 93.923 112.281 102.047 108.772 
51.030 98.324 112.849 91.620 
55.260 99.392 94.529 98.784 
61.830 91.343 87.761 95.522 

Clogging Clogging Clogging 
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III-4. Data for Total Nitrogen analysis 

Table III- 8 Total nitrogen concentrations of raw leachate and aerated leachate 

Throughput Volume(L) Aerated Leachate Total Nitrogen
(mg/L)  

Synthetic Leachate Total Nitrogen
 (mg/L) 

35.640 546.000 764.8 
44.685 556.500 764.8 
51.030 525.000 764.8 
55.260 525.000 764.8 
61.830 588.000 764.8 

Mean Concentration (mg/L) 548.100 0 
Standard Deviation (mg/L) 23.385 0 

 

Table III- 9 Effluent total nitrogen concentrations of column systems C1, C2 and C3 

Throughput Volume (L) C1 
Total Nitrogen (mg/L) 

C2  
Total Nitrogen (mg/L) 

C3  
Total Nitrogen (mg/L) 

35.640 871.500 640.500 672.000 
44.685 798.000 399.000 420.000 
51.030 766.500 357.000 493.500 
55.260 535.500 399.000 462.000 
61.830 798.000 588.000 798.000 

 

Table III- 10 Effluent total nitrogen concentrations of column systems C4, C5 and C6 

Throughput Volume (L) C4 
Total Nitrogen (mg/L) 

C5 
Total Nitrogen (mg/L) 

C6 
Total Nitrogen (mg/L) 

35.640 640.500 714.000 819.000 
44.685 651.000 714.000 840.000 
51.030 
55.260 
61.830 

 
Clogging 

 
 

Table III- 11 Total nitrogen breakthrough data for all column systems 
Throughput 
Volume (L) 

C1(C/C0) C2(C/C0) C3(C/C0) C4(C/C0) C5(C/C0) C6(C/C0) 

35.640 159.6154 117.3077 123.0769 83.74519 93.3553 107.084
44.685 143.3962 71.69811 75.4717 85.11807 93.3553 109.8298
51.030 146 68 94
55.260 102 76 88
61.830 135.7143 100 135.7143

Clogging Clogging Clogging 
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III-5. Data for Heavy Metal Analysis 

III-5-1. Cadmium Analysis for Column Systems 

Table III- 12 Cadmium concentrations in raw leachate and aerated leachate 

Time(h) Throughput Volume (L) Aerated Leachate  
Cd (mg/L)  

Synthetic Leachate 
 Cd (mg/L) 

1.00 0.090 33.15 35.7 
20.00 1.800 32.13 36.72 
48.00 4.320 32.64 36.21 
95.50 8.595 33.66 34.17 
162.25 14.603 34.68 35.19 
256.50 23.085 31.62 37.23 
567.00 51.030 34.17 38.25 
687.00 61.830 31.11 36.21 

Mean Concentration (mg/L) 32.895 36.210 
Standard Deviation (mg/L) 1.169 1.169 
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Table III- 13 Cadmium breakthrough data in each column system 
Throughput 
Volume (L) 

C1(C/C0) C2(C/C0) C3(C/C0) C4(C/C0) C5(C/C0) C6(C/C0) 

0.090 1.367 1.276 0.820 0.500 1.167 2.667 
0.180 0.729 1.094 1.550 0.500 1.083 0.833 
1.260 1.732 1.914 10.848 1.417 5.500 3.000 
1.620 1.276 1.641 10.635 1.083 5.500 6.667 
1.800 1.276 1.641 10.149 1.083 6.833 6.500 
2.295 1.276 1.003 8.478 1.583 6.250 7.167 
3.465 0.820 0.820 7.840 0.667 2.833 7.139 
3.690 1.276 0.729 6.472 1.583 3.833 7.778 
3.915 1.276 0.912 6.746 1.583 2.250 6.000 
4.320 1.276 0.820 5.469 0.667 1.583 4.333 
5.445 1.276 0.820 3.191 0.833 1.750 4.333 
5.850 1.519 3.039 13.674 2.778 15.278 25.000 
6.390 1.519 3.039 15.193 1.389 14.583 25.000 
8.055 3.039 6.077 12.154 2.778 15.278 13.889 
8.595 3.039 6.077 10.635 2.778 15.278 12.500 
9.968 3.039 9.116 10.635 2.778 26.389 12.500 

10.740 3.039 7.596 8.356 4.167 31.250 11.806 
12.060 4.558 7.596 7.596 5.556 25.000 11.806 
12.600 4.558 18.232 19.903 23.611 38.889 19.444 
14.603 6.077 21.270 18.232 37.500 45.833 40.278 
14.985 6.077 10.635 21.270 27.778 19.444 6.944 
16.650 6.077 12.154 19.751 37.500 38.889 6.944 
18.450 5.318 10.635 19.903 48.611 47.222 6.944 
20.610 8.356 21.270 21.270 50.000 77.778 58.333 
23.085 15.193 24.309 51.656 50.694 30.556 22.222 
25.200 31.905 62.291 22.789 38.194 47.222 20.833 
29.520 10.635 25.828 31.146 77.778 55.556 58.333 
35.640 11.395 56.214 65.330 75.000 67.500 46.528 
44.685 14.433 65.000 75.965 66.667 60.417 45.833 
51.030 25.000 70.122 38.872 
55.260 43.300 21.270 50.896 
61.830 36.463 40.261 33.424 

Clogging Clogging Clogging 
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III-5-2 Nickel Analysis for Column Systems 

Table III- 14 Nickel concentrations of raw leachate and aerated leachate 

Time(h) Throughput Volume (L) Aerated Leachate  
Cd (mg/L)  

Synthetic Leachate
 Cd (mg/L) 

1.00 0.090 18.87 19.89 
20.00 1.800 17.85 19.38 
48.00 4.320 16.83 18.87 
95.50 8.595 18.36 18.87 

162.25 14.603 17.85 18.87 
256.50 23.085 17.34 19.89 
567.00 51.030 16.32 19.38 
687.00 61.830 19.38 19.89 

Mean Concentration (mg/L) 17.850 19.380 
Standard Deviation (mg/L) 0.954 0.442 

 

Table III- 15 Nickel breakthrough data for each column system 
Throughput 
Volume (L) 

C1(C/C0) C2(C/C0) C3(C/C0) C4(C/C0) C5(C/C0) C6(C/C0) 

0.090 0.686 0.343 4.457 0.000 1.579 2.211 
0.180 1.714 1.714 1.200 2.526 2.211 2.842 
1.260 3.600 2.400 4.114 2.684 8.053 3.000 
1.620 0.343 3.086 3.257 1.579 7.895 3.158 
1.800 3.429 0.171 3.771 3.000 5.053 3.474 
2.295 4.629 0.343 4.971 2.211 1.895 2.211 
3.465 3.086 0.343 5.143 2.368 7.263 6.947 
3.690 3.600 3.771 8.057 2.211 12.632 5.368 
3.915 1.886 1.029 6.000 2.368 7.263 5.368 
4.320 1.371 1.029 6.343 2.368 7.263 11.684 
5.445 1.371 1.029 5.829 1.579 1.737 6.632 
8.055 5.714      
8.595   4.286    
10.740 5.714 5.714 10.000    
12.060  5.714 11.429    
12.600    2.632 13.158  
14.603  5.714   18.421  
14.985  5.714 15.714  6.579  
16.650 5.714  22.857  19.737 21.053 
18.450 5.714  17.143  19.737 21.053 
20.610 5.714 40.000 51.429 31.579 78.947 90.789 
23.085 5.714 24.286 44.286 7.895 25.000 31.579 
25.200 5.714 30.000 50.000 17.105 22.368 36.842 
29.520 5.714 22.857 62.857 42.105 61.842 98.684 
35.640 15.714 48.571 60.000 47.368 68.421 81.579 
44.685 14.286 54.286 62.857 59.211 76.316 78.947 
51.030 15.714 75.714 62.857 
55.260 15.714 41.429 77.143 
61.830 22.857 51.429 45.714 

Clogging Clogging Clogging 



 

III-6. Estimated Metal Removal Efficiency of Each Column (not column system) 

  In this section, the estimated metal removal efficiencies were evaluated based on from 

Figure III-1 to Figure III-4 using the Equations 5.1 and 5.3: 
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III-6-1. Cadmium removal efficiency of each column 
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Figure III-1 Experimental cadmium concentration breakthrough as a function of throughput 
volume by different adsorbents in fixed-bed columns receiving aerated synthetic leachate, C0 is 
the average cadmium concentration in the aerated leachate and equal to 32.90 mg/L (SD= 1.17 
mg/L) 
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Figure III-2 Experimental cadmium concentration breakthrough as a function of throughput 
volume by different adsorbents in fixed-bed columns receiving non-aerated synthetic leachate.  
C0 is the average cadmium concentration in the non-aerated leachate and equal to 36.3 mg/L 
(SD= 1.17 mg/L) 
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Table III- 16 Cadmium removal efficiency estimations of columns   
Time Integration 

∫−
e

b

t

t
e dttft ))((  

C1 C2 C3 C4 C5 C6 

1 0.936 0.937 0.942 0.945 0.938 0.923 
2 0.943 0.939 0.935 0.945 0.939 0.942 
3 11.192 11.170 10.098 11.230 10.740 11.040 
4 3.749 3.734 3.375 3.757 3.580 3.533 
5 1.874 1.867 1.697 1.878 1.763 1.770 
6 5.155 5.170 4.759 5.138 4.881 4.831 
7 12.243 12.243 11.331 12.263 11.982 11.422 
8 2.343 2.357 2.213 2.335 2.279 2.181 
9 2.343 2.352 2.206 2.335 2.319 2.225 

10 4.218 4.238 4.029 4.245 4.204 4.080 
11 11.715 11.772 11.476 11.771 11.656 11.333 
12 4.207 4.138 3.660 4.150 3.588 3.150 
13 5.609 5.518 4.788 5.617 4.825 4.200 
14 17.013 16.451 15.326 17.061 14.749 15.006 
15 5.518 5.335 5.062 5.533 4.783 4.950 
16 14.024 13.097 12.866 14.064 10.463 12.581 
17 7.893 7.502 7.437 7.797 5.472 7.141 
18 13.265 12.819 12.819 13.119 10.267 12.202 
19 5.427 4.606 4.506 4.283 3.367 4.533 
20 19.785 16.405 17.081 12.794 10.940 12.176 
21 3.779 3.586 3.134 2.857 3.211 3.742 
22 16.451 15.326 13.921 10.638 10.381 16.290 
23 17.936 16.873 15.019 9.278 9.556 17.611 
24 20.795 17.695 17.695 10.800 4.133 8.800 
25 21.947 19.440 11.920 12.184 17.722 20.014 
26 14.827 7.687 16.969 13.349 11.228 17.429 
27 40.495 33.203 30.650 8.267 18.933 17.600 
28 56.852 26.375 20.176 13.600 18.700 32.961 
29 80.970 30.150 19.130 28.475 34.756 49.413 
30 49.350 17.704 39.662    
31 24.299 34.653 20.729    
32 42.732 39.959 44.950    

SUM Integration 539.885 405.303 390.561 250.707 252.354 314.079 
Estimated Efficiency (%)= 
Sum Integration/Total Time 

78.586 58.996 56.850 50.495 50.827 63.259 
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III-6-2 Nickel removal efficiency of each column 
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Figure III-3 Experimental nickel concentration breakthrough as a function of throughput volume by 
different adsorbents in fixed-bed columns receiving aerated synthetic leachate. C0 is the average 
nickel concentration in the aerated leachate and equal to 17.85 mg/L (SD= 0.95 mg/L) 
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Figure III-4 Experimental nickel concentration breakthrough as a function of throughput volume by 
different adsorbents in fixed-bed columns receiving non-aerated synthetic leachate. C0 is the 
average cadmium concentration in the non-aerated leachate and equal to 19.4 mg/L (SD= 0.44 
mg/L) 



 
Table III- 17 Nickel removal efficiency estimations for columns 

Time Integration 

∫−
e

b

t

t
e dttft ))((  C1 C2 C3 C4 C5 C6 

1 0.943 0.947 0.905 0.950 0.934 0.928 
2 0.933 0.933 0.938 0.925 0.928 0.922 
3 10.968 11.112 10.906 11.078 10.434 11.040 
4 3.786 3.677 3.670 3.737 3.484 3.674 
5 1.831 1.897 1.825 1.840 1.799 1.831 
6 4.970 5.206 4.952 5.103 5.121 5.103 
7 11.949 12.305 11.681 12.042 11.406 11.447 
8 2.285 2.281 2.174 2.320 2.059 2.241 
9 2.328 2.349 2.225 2.316 2.193 2.241 

10 4.213 4.229 3.990 4.168 3.948 3.749 
11 11.704 11.746 11.146 11.678 11.658 11.046 
12       
13       
14 25.893      
15   31.750    
16       
17 26.637 52.530 20.258    
18  13.095 12.257    
19    73.433 65.064  
20  25.223   17.039  
21  3.795 25.768  3.758  
22 58.631  13.346  13.924 92.064 
23 17.857  15.571  15.053 14.789 
24 21.429 34.375 10.457 56.445 3.853 1.011 
25 24.554 19.446 13.946 23.954 19.250 17.441 
26 20.982 15.275 10.575 18.305 17.068 13.667 
27 42.857 34.629 15.429 25.389 15.916 -1.768 
28 53.914 31.571 23.800 32.389 18.074 9.126 
29 81.118 40.918 32.304 35.968 18.778 16.133 
30 55.896 13.596 22.661    
31 37.264 25.179 8.393    
32 52.664 31.807 35.979    

SUM Integration 575.607 398.121 346.906 322.041 261.740 216.684 
Estimated Efficiency (%)= 
Sum Integration/Total Time 83.786 57.951 50.496 64.862 52.717 43.642 
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Appendix IV 
Digital Pictures 



 

 
Figure IV. 1  Fixed-bed column set-up for binary metal aqueous solutions treatment (Chapter 4) 

 

 
Figure IV. 2  Medium depth in the columns for binary heavy aqueous solution investigations 

(Chapter 4) 
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Figure IV. 3  Fixed-bed column set-up for synthetic landfill leachate adsorption (Chapter 5) 

 

 
Figure IV. 4  Media in the columns for synthetic landfill leachate investigations (Chapter 5) 
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Figure IV. 5  Clogging of columns C1, C2 and C3 receiving aerated landfill leachate appeared 

(Chapter 5) 
 
 

 
Figure IV. 6  Clogging of columns C4, C5 and C6 receiving un-aerated landfill leachate appeared 

earlier than column C1, C2 and C3 (Chapter 5) 
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Figure IV. 7  Clogging of columns receiving aerated landfill leachate appeared (Chapter 5) 

 

 
Figure IV. 8  Clogging of columns receiving un-aerated landfill leachate (Chapter 5) 
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