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Low-cost adsorption materials for removal of metals from contaminated water 

SUMMARY 

Increased awareness of the pollution problems related to the discharge of toxic metals in the environment have, 
along with increasingly stringent regulatory standards, led to an increasing focus on treatment processes to remove or 
reduce the metal content in waste streams and run-off prior to discharge to the environment (An et al 2001).   
Many of the conventional processes and reagents currently used in metals-removal bear a significant cost.  It is in 
this context that the search for low-cost materials with metal-binding capacities has intensified. However, despite 
encouraging data from synthetic solutions, there has been sparse evidence related to field applications and no 
demonstrated success in industrial effluent. 

Study Aim 

The aim of this study was to compare the metal-removal capability of two natural, low-cost materials (dried, crushed 
brown seaweed, sp. Fucus vesiculosus and shrimp shells, sp. Pandalus borealis) with a commercially available strong acid 
cation exchange resin (type ResinexTM K-8).   
Batch and column studies were carried out to investigate the performance of each substance in the removal from 
solution of the following metals: 

• Lead (Pb) 

• Copper (Cu) 

• Cadmium (Cd)  

• Zinc (Zn) 
The results of the experiments were used to predict the effectiveness of the materials in reducing impacts of metals-
contaminated drainage water at a case study site. 

Batch experiment 

Values of maximum adsorption capacities produced by the batch experiment were largely comparable with those 
reported in previous studies.   
Dried and crushed seaweed and shrimp shells demonstrated high adsorption capacities and affinities to Pb, Cu, Cd 
and Zn.  The materials were slightly outperformed by the cation exchange resin (CER), but produced results far 
superior to those reported for other types of low cost materials. 
The Freundlich and Langmuir models of adsorption were shown to reasonably approximate the adsorption 
behaviour of the tested media, provided experimental outliers and uncertainties in analyses were managed.   
Pre-treatment of shrimp shells and seaweed produced either minimal or deleterious effects on their adsorption 
performance. 

Column experiments 

All media maintained structural and hydraulic integrity over the duration of the column experiments.  No material 
was mobilised and lost under high or low flow rates and there were no signs of physical disintegration.  Head loss did 
not appear to drop over the course of either experiment, indicating a minimal amount of clogging. 
Under high and low-flow conditions, fresh samples of CER, seaweed and shrimp shells reduced the concentrations 
of  all of the tested metals from a synthetic drainage water solution to below local reference values.   
The CER column sustained the longest service time without large-scale breakthrough of any metal. 
CER and seaweed appeared to remove metals from solution by means of cation exchange at acidic functional surface 
sites.   
The predominant adsorption mechanism of shrimp shells was likely to be chemisorption with CO3, whereby the Ca 
component of solid CaCO3 in the shells’ mineral fraction was substituted by cations in solution.   
Shrimp shells achieved the greatest total net cation removal per unit mass.  However, because of the lower density of 
this material, the net removal per unit volume was lower than seaweed and CER. 

Outcome and prospects 

The results of the experiments undertaken in this study suggest any of the materials tested (both low cost and 
conventional) have the potential to completely remove the impact on metals content in local runoff water by the 
previous land-use at the case study site. 
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Low-cost adsorption materials for removal of metals from contaminated water 

ABSTRACT 

Batch equilibrium and dynamic column studies were undertaken to compare the metal-removal capabilities of two 
natural, low-cost materials (dried, crushed brown seaweed and shrimp shells) with a commercially available strong 
acid cation exchange resin (CER).  All media maintained structural and hydraulic integrity over the duration of the 
column experiments.  The batch tests showed that the low-cost materials demonstrated high adsorption capacities 
and affinities to Pb, Cu, Cd and Zn, but were slightly outperformed by the CER.  Metal removal by each media was 
far superior to that reported for other types of low cost materials.  Fixed beds of each media reduced concentrations 
of the target metals in a synthetic drainage water solution to levels below reference values measured at a case study 
site. This result suggests that any of the materials tested have the potential to completely remove impacts of a point 
source of metal contamination on the local water regime at the site. The CER column sustained the longest service 
time without large-scale breakthrough of any metal.   

Key Words: Adsorption; Contaminated water; Low-cost material; Metal removal; Seaweed; Shrimp shell 

1  INTRODUCTION 

Symbols used in this paper are explained in Table 1.1. 

Table 1.1. Nomenclature 

Symbol Parameter Units 

[A] Concentration of A in solution  

b Langmuir affinity constant L mmol-1 

C0 Original metal concentration in solution mmol L-1 

Ce Equilibrium metal concentration mmol L-1 

CECeff   Effective cation exchange capacity cmolc kg-1 

Ci  Metal concentration in column effluent mmol L-1 

KF Freundlich extensive parameter (empirical constant related to adsorption capacity and 
affinity) 

 

M Media mass g 

mads Total metal uptake in a column mmol 

mads% Total metal uptake in a column as a % of mtotal % 

mtotal Total metal loading to a column mmol 

n Porosity - 

nF Freundlich exponent parameter (empirical constant related to affinity)  

Q Metal uptake  mmol g-1 

Qc Equivalent cation uptake meq g-1 

Qe Modelled metal uptake  mmol g-1 

Qm Langmuir maximum sorption capacity  mmol g-1 

Qmax Adsorption capacity (approximated by the maximum observed metal uptake) mmol g-1 

V Volume of solution L 

VBT Volume to initial breakthrough L, - 

Vbulk Dry bulk volume of media L 

Vbulk+water Volume of media-water mixture L 

Vex Column Exhaustion volume L, - 

Vi Added volume to column L 

Vwater Volume of added water (for porosity calculation) L 
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1.1 Background 

Increased awareness of the pollution problems related 
to the discharge of toxic metals in the environment 
have, along with increasingly stringent regulatory 
standards, led to an increasing focus on treatment 
processes to remove or reduce the metal content in 
waste streams and run-off prior to discharge to the 
environment (An et al 2001).   
A number of established techniques and materials 
have been successfully utilised in the treatment of run-
off and wastewater containing metals at 
concentrations higher than accepted background 
levels.  The techniques vary in degrees of complexity.  
The capital and operational costs of treatment 
materials can often be substantial.  Low-cost, simple 
solutions could therefore be of great value for 
treatment applications. 
Adsorption and ion exchange are processes that can be 
utilised to remove components from very dilute fluids 
economically.  The most common application for ion 
exchange is for inorganic wastes, most notably metals 
(Brown 1997, Watson 1999).   
A range of natural materials exists that have the 
capability to remove metal contaminants from 
aqueous streams through adsorption.  Use of such 
materials can be substantially less expensive than 
conventional media such as synthetic ion exchange 
resins and activated carbons (Watson 1999).   
However, despite encouraging data from synthetic 
solutions, there has been sparse evidence related to 
field applications and no demonstrated success in 
industrial effluent (Malik 2004). 
Published data relating to the performance of 
promising low cost adsorption media are usually 
drawn from controlled batch experiments with single 
metal synthetic solutions and with limited field data.  
There is little dispute over removal mechanisms of the 
materials in controlled situations – it is the quantitative 
extent to which they can perform in the field (as 
compared to conventional materials) that is unclear.   
A research opportunity therefore exists to test the 
performance of these materials in more realistic 
situations, investigating their removal capacity and rate 
with actual contaminated water samples, while 
observing the structural integrity of each material. 

1.2 Case study 

A case study site was used as a reference point for this 
investigation.  The site is located in the district of 
Mölndal, near the city of Gothenburg, Sweden.  A 
scrap metal recycling facility was formerly in operation 
at the site.  Investigations of the property have shown 
elevated levels of lead (Pb), copper (Cu), zinc (Zn) and 
cadmium (Cd) in local groundwater and surface 
runoff. 
Contaminated groundwater and surface run-off is 
treated by a newly constructed in situ passive treatment 
system.  A drain has been installed around the 
perimeter of the property, collecting local groundwater 

and surface run-off, which is channelled to a series of 
subsurface concrete wells.  The first is a collection 
chamber, in which flow is regulated and larger 
particles settle out from solution.  Water then flows to 
a well containing limestone pellets, which raises the 
pH high enough for hydroxide precipitation to occur.   
The next chamber contains a deep-bed sand filter, 
which removes remnant precipitate and other particles 
from solution.  The final well houses a bed of strong 
acid cation exchange resin, which is intended to 
remove remaining dissolved metals prior to discharge 
to a local stream via a drainage outlet (Bergman, pers. 
comm. 2006).  Figure 1.1 depicts the four wells while 
under construction.  A site plan and a drawing of the 
system layout are contained in Appendix I. 

Figure 1.1. Construction of passive treatment system at 
Mölndal. Contaminated water runs from bottom right 
to left of the photograph.  The recipient stream is 
located behind the embankment in the top left. 
 
The estimated treatment volume of water is 50 000 
m3/year (95 L/min) of surface run-off and 10 000 
m3/year (19 L/min) of groundwater.  The design peak 
flow of the system is 300 L/min (Bergman, pers. 
comm. 2006). 

1.3 Aim 

The aim of this study was to compare the metal-
removal capability of two natural, low-cost materials 
(dried, crushed brown seaweed and shrimp shells) with 
a commercially available strong acid cation exchange 
resin, manufactured for the same purpose.   
Batch and column studies were carried out to 
investigate the performance of each substance in the 
removal from solution of the following metals: 
• Lead (Pb) 
• Copper (Cu) 
• Cadmium (Cd)  
• Zinc (Zn) 
The objective of the batch study was to compare each 
adsorption media by producing equilibrium isotherms 

2 



Low-cost adsorption materials for removal of metals from contaminated water 

and estimating characteristic adsorption parameters for 
each material under controlled conditions.   
Improvements in metal uptake that can be gained 
from pre-treatment of the natural materials were also 
tested. 
The objective of the first column study was to predict 
the effectiveness of adsorption media in a simulation 
of day-to-day performance in a situation similar to that 
of the case-study site.   
A second column study was performed to produce 
breakthrough curves of each the four metals of 
interest, thus allowing comparison of the removal 
capacity and performance of each media over its 
useful lifespan.   

2  THEORY 

2.1 Adsorption and ion exchange 

Adsorption is the removal of a component from a fluid 
by physical or chemical attachment to a solid matrix.  
Ion exchange refers to the substitution of one ion in or 
on a solid for an electrically equivalent number of ions 
from a solution (Watson 1999).  Ion exchange can be 
considered a chemically different process to 
adsorption (Watson 1999) or as a particular type of 
adsorption (Alloway 1995, Voice 1997).  However, 
they are carried out in a similar operational manner 
and the terms are thus often used interchangeably 
(Watson 1999). 
Voice (1997) groups adsorption into three loose 
categories: 
• Physical: weak van der Waals interactions produced 

by electrons in the orbitals of the sorbent and 
sorbate materials 

• Chemical: electronic interactions between specific 
surface sites and adsorbate molecules.  Stronger 
than physical adsorption 

• Electrostatic: Coulombic attraction between ions 
and charged functional groups – equivalent to ion 
exchange 

In practice, adsorption or ion exchange commonly 
involves passing a fluid over a bed of adsorbent 
particles, onto which components (sorbate) are 
sorbed.  The process continues until the sorbent is 
saturated and the components can no longer be 
removed effectively (Watson 1999). 
The sorbent may be disposed of or regenerated.  
Regeneration is commonly carried out by passing a 
solvent (often strong acid) through the used 
adsorbent, releasing sorbed components into a 
regenerant solution which is collected.  The sorbent 
material may then be reused (Watson 1999). 
The cation exchange capacity (CEC) of an ion exchanging 
adsorbent refers to the number of equivalent iogenic 
groups where ion exchange can take place.  However, 
some sites are often inaccessible to sorbate molecules.  
Therefore, the maximum exchange capacity (MEC), an 

experimentally derived figure, is often used instead of 
CEC (Woinarski et al 2003). 

2.1.1 Applications 
Ion exchange can concentrate metals in dilute waste 
water streams into a concentrated solution that is 
more amenable to metal recovery than sludge, which is 
a bulky, hazardous by-product of precipitation (US 
EPA 1981).  Ion exchange has been shown to be 
capable of removing materials over a wider pH and to 
a lower concentration than precipitation (Lo et al 
1997). 
In effluent treatment, ion exchange may be used as 
direct treatment or as a back-up for other earlier 
processes, including post-hydroxide precipitation 
polishing (US EPA 1981, Watson 1999). 
Fixed beds of ion exchange media with high 
replacement intervals can be used to remove large 
fractions of undesirable cations (Watson 1999).  
The removal effectiveness of an adsorption bed 
depends more on the capacity of the bed than the 
solution concentration - an adsorption bed can 
therefore handle surges or changes in influent 
concentration (Voice 1997, Watson 1999). 
Unless certain conditions change, such as a sharp drop 
in influent pH, adsorption systems don’t usually 
release or add contaminants to the effluent scheme 
(Watson 1999). 
Adsorption reactors may be downflow or upflow.  Upflow 
reactors can’t handle heavy solids loading, but usually 
have fewer problems with channelling, fouling and 
excessive head loss.  Smaller grains can be used, which 
increases adsorption effectiveness.  Downflow 
reactors are more common. These reactors can also 
function as filters (Voice 1997). 
Initial breakthrough occurs when the effluent reaches a 
predetermined concentration, such as a discharge 
guideline value.  The adsorbent material is generally 
removed from service at this time (Voice 1997). 
Complete breakthrough occurs when the adsorption 
material becomes saturated with sorbate and 
contaminants pass through the reactor and remain in 
the effluent.  The volume of feed solution required to 
achieve complete breakthrough is known as the 
exhaustion volume. An operational problem when using 
adsorption reactors is the accurate prediction of when 
breakthrough occurs – it can be good practice to 
change out an adsorption bed when it reaches 75% of 
its calculated capacity (US EPA 1981). 
Strongly basic conditions should be avoided as metal 
anion complexes can be formed at high pHs.  Cation 
exchange resins are less effective at removing metals in 
this form (US EPA 1981). 

2.1.2 Factors affecting adsorption and ion exchange 
pH 
The pH of a solution has a strong effect on the 
speciation of metal components in solution.  In 
solutions with a pH value greater than 10, most of the 
metal content will be precipitated (Cho et al 2005).  At 

3 



Richard Somerville  TRITA LWR Masters Thesis 07-02 

high pH, the small amount of remaining metals in 
solution will mostly be present as neutral complexes or 
anionic hydroxide compounds.  This means that 
cation exchange will not occur (Vaca Mier et al 2001).  
For cation exchange to be an effective post-
precipitation mechanism, it is recommended to lower 
the pH to neutral or weakly acidic levels.  The 
speciation of metals in solution can be modelled using 
software such as Visual Minteq (Gustafsson 2006).  
Table 2.1 shows the modelled speciation of dissolved 
Zn, Cu, Pb and Cd in a quaternary solution containing 
a total concentration 1 mg/L of each metal at pH 7 
and 12.  The percentages apply only to the dissolved 
fraction of each component.  The majority of the 
dissolved fraction of each metal exists in cationic form 
(free or a univalent hydroxyl complex) at pH 7.  At pH 
12, each metal exists as either a neutral or anionic 
hydroxyl complex. 

Table 2.1. Modelled distribution of dissolved metal 
species at neutral and high pH 

% of dissolved 
fraction 

Component Species 

pH =7 pH=12 

Pb+2 80.3 0.0

PbOH+ 19.7 0.0

Pb(OH)2 (aq) 0.1 8.4

Pb+2 

Pb(OH)3- 0.0 91.6

Cu+2 72.0 0.0

Cu2(OH)2
+2 5.0 0.0

Cu3(OH)4
+2 0.4 0.0

CuOH+ 22.2 0.0

Cu(OH)2 (aq) 0.4 2.1

Cu(OH)4
-2 0.0 9.1

Cu+2 

Cu(OH)3- 0.0 88.7

Cd+2 99.9 0.0

CdOH+ 0.1 1.5

Cd(OH)2 (aq) 0.0 88.8

Cd(OH)3- 0.0 9.5

Cd+2 

Cd(OH)4
-2 0.0 0.1

Zn+2 98.9 0.0

ZnOH+ 1.0 0.0

Zn(OH)2 (aq) 0.1 19.4

Zn(OH)3- 0.0 67.0

Zn+2 

Zn(OH)4
-2 0.0 13.6

In highly acidic conditions, competition effects from 
the higher number of H+ ions reduce the ability for a 
material to adsorb cations from solution. 

Particulates 
Filtration of feed solution prior to entry into the 
adsorption reactor can reduce the load on the 
adsorption matrix through the removal of 
contaminant-laden particulates.  The hydraulic 
performance is also maintained through the reduction 
in clogging by particulates (Watson 1999). 
Competition effects 
The selectivities of sorbent media for certain solution 
components over others can inhibit the removal of 
components with a lower affinity in a mixed solution.  
However, competition effects may not be as 
significant for ion exchange or adsorption equilibria in 
dilute solutions (Watson 1999). 
Complexing agents 
Dilute solutes can complex with traces of ligands, 
particularly those derived from organic substances.  
Adsorption or cation exchange systems designed to 
remove free ions may not be effective for complexed 
ions.  In these cases, removal of ions requires the 
removal of the metal ligand complex (Watson 1999). 
Temperature 
The relationship of adsorption with temperature 
strongly depends on whether the process is endothermic 
or exothermic.  If adsorption is endothermic, metal 
removal will increase with temperature.  An 
endothermic reaction is an indicator of chemisorption.  
If the process is exothermic, adsorption will decrease 
with temperature.   This is an indicator of physical 
adsorption (Cao et al 2004). 
Woinarski et al (2004) compared the ion exchange 
capacity of zeolites at 2°C and 22°C.  They found that 
lowering the solution temperature led to slower 
sorption kinetics and a reduction in sorption capacity 
for copper of up to 50%.  Other general effects of 
lowering temperature to below freezing include: 
• Reduction of hydraulic conductivity due to 

clogging by ice 
• Highly variable contaminant fluxes during 

freezing and thawing 
• Interference from interactions between polar and 

non-polar contaminants  
(Woinarski et al 2004) 

Leyva-Ramos et al (1997) found that the exothermic 
nature of Granular Activated Carbon (GAC) 
adsorption reduced the adsorption of cadmium by a 
factor of three when solution temperature was 
increased from 10°C to 40°C. 
Pre-treatment of sorbent media 
Chemical or thermal modification can affect the 
adsorption properties of substances in various ways.  
In the case of activated carbons, the surface area is 
increased, increasing the number of available 
adsorption sites thus enhancing the sorptive capacity 
(Kurniawan et al 2006). 
Replacing exchangeable cations on ion-exchanging 
materials can increase the capacity of the media.  Cao 
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et al (2004) found that loading the functional groups of 
a studied zeolite with Na+ (from NaCl solution) 
slowed the reaction kinetics, but increased the capacity 
of the material by 30%. 

2.2 Conventional adsorption materials 

2.2.1 Synthetic ion exchange resins 
Synthetic ion exchange resins are commonly synthetic 
organic polymers that contain ionic groups along the 
polymer chain (Watson 1999).  They are solid, 
insoluble acids or bases that can perform the same 
chemical reactions as their liquid equivalents (Brown 
1997).  They operate by releasing ions when 
penetrated with water.  These ions are replaced by ions 
in the contaminated solution, which become bound to 
the resin. 
Resin capacity is commonly given in the units of 
equivalents (eq), where 1 eq = the molecular weight of an 
ion multiplied by its valence number. 
The common form is a polystyrene polymer with 
divinylbenzene cross-linking and functional groups 
containing exchangeable ions (Brown 1997, Watson 
1999).  The resins can be classified into four types, 
according to the type of functional group.  These are 
described below. 
Strong acid ion exchange resins 
A strong acid cation exchange resin (CER) contains 
functional groups that are readily-dissociating strong 
acids, commonly sulfonic acid, HSO3- (Brown 1997, 
Watson 1999).  Each group contains either an 
exchangeable proton or readily exchangeable alkali or 
alkali earth metal, such as Na+.  Exchanged ions will 
become attached to the negatively charged functional 
group (Watson 1999).  An example of the removal of 
copper (II) by a strong acid resin loaded with sodium 
is illustrated by the following reaction, where the 
functional surface group is designated as R (Brown 
1997): 

Cu2+ + 2RNa  R2Cu + 2Na+ 

The resins can be regenerated with a 10% strong acid 
and solution with excess of exchangeable ions (Brown 
1997): 

R2Cu + 2H+  Cu2+ + 2RH 
RH + NaCl  RNa + HCl 

Strong acid CERs have a higher affinity for ions with 
larger valences and smaller hydrated radii.  Brown 
(1997) listed an affinity series:  

Pb > Hg > Ca > Ni > Cd > Cu > Zn > Fe > Mg > Mn 

Resins loaded with H+ are used to completely deionise 
solutions.  Na+ resins are usually used for water 
softening, being the removal of Mg2+ and Ca2+ (US 
EPA 1981).  If strong acid CERs are only intended for 
removal of metals, DeSilva & Gottlieb (1996) 
recommend the removal of other ions (particularly 
Ca2+) beforehand.  Solutions with high concentrations 

of Ca2+ can prematurely saturate the resin’s functional 
groups (DeSilva & Gottlieb 1996). 
Strong base ion exchange resins 
Strong base resins contain functional groups in the 
form of a strong base (commonly quaternary amine 
groups) and are often used for the removal of anions 
in solution (Brown 1997, Watson 1999). 
The resins can be regenerated in an excess of strongly 
basic solution (Brown 1997). 
Weak acid ion exchange resins 
These exchangers contain weakly acidic functional 
groups that do not fully dissociate in solution.  These 
groups are commonly carboxylic acid (US EPA 1981) 
or carbolic acid, also known as phenol (Watson 1999).   
These groups are similar to those found in natural 
substances that bind metals through ion exchange (See 
Section 2.3). 
Chelating resins operate in a similar manner to weak 
acid resins.  They are typified by an organic functional 
group, such as EDTA (US EPA 1981).  These resins 
are highly selective to many types of toxic trace metals, 
but are slower to equilibrium, more expensive and 
more difficult to regenerate than strong acid 
exchangers (Brown 1997, US EPA 1981).   
The cation exchange capacity (CEC) of weakly acidic 
exchangers increases with pH (US EPA 1981). 
Weak base ion exchange resins 
Weakly basic exchangers commonly contain ternary 
and secondary amino groups (Watson 1999). 
At neutral pH, the amino groups are not protonated, 
creating a net negative surface charge.  Under these 
conditions, weak base exchangers can be used to 
adsorb cations through electrostatic/Lewis acid-base 
adsorption.  This process is distinct from ion exchange 
(Zhao et al 2002). 

2.2.2 Activated carbon 
Activated carbon is commonly used for the removal of 
non-polar organic chemicals from solution, but it can 
also be utilised for inorganic removal (Voice 1997, 
Watson 1999).  It is relatively non-specific towards 
particular metals and is therefore often used when the 
chemical composition of the influent stream is not 
well understood (Voice 1997).   
Activated carbon can be prepared by heating 
carbonaceous material (such as wood, coal or coconut 
shells) in the absence of oxygen, releasing volatile 
compounds and increasing the surface area and 
therefore the amount of available sorption sites 
(Watson 1999).  Activation with steam or carbon 
dioxide are other reported variations (Voice 1997).  
The product is commercially available in granulated 
(GAC) or powdered (PAC) form (Watson 1999). 
The mechanism of metal removal by activated carbon 
is a multi-step process.  Adsorbate molecules (eg metal 
ions) are transferred from the bulk fluid to the carbon 
surface film.  The molecules are then transported 
through pores to an adsorption site where molecular 
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adsorption occurs.  The adsorption capacity is 
proportional to the available surface area (Voice 1997). 
Ku & Peters (1987) reported that activated carbon can 
effectively remove metals from solution but can also 
be expensive to operate.  They found that PAC had 
potential for use in a polishing step after hydroxide 
precipitation, while the addition of GAC to a 
precipitation reactor could substantially increase metal 
removal for reactors with short residence times. 

2.3 Low-cost adsorption materials 

Many of the currently used conventional processes 
and reagents used in metals-removal bear a significant 
cost.  It is in this context that the search for low-cost 
materials with metal-binding capacities has intensified. 
Despite the significant amount of attention paid to 
these materials in research literature, full-scale 
applications and commercialisation have been limited 
(Kurniawan et al 2006). 
This review divides alternative/low-cost materials into 
three broad categories:  
• Industrial Waste 
• Natural minerals 
• Biomass 
Some selected examples will subsequently be discussed 
in detail.   

2.3.1 Industrial waste 
A key attraction in the use of industrial waste products 
for metal removal applications is that it adds value to 
the waste, employing the waste-as-a-resource concept to 
enhance the sustainability of the material’s life cycle. 
Fly ash from coal-fired power plants has been 
demonstrated to be effective in the removal of metals, 
with a considerable removal capacity and rapid kinetics 
(Apak et al 1998, Cho et al 2005, Panday et al 1985, 
Wantanaphong et al 2005).  The predominant 
mechanism was found in most cases to be hydroxide 
precipitation, owing to the high content of CaO and 
consequently alkaline pH levels in solution.  
Adsorption was found in most cases to be a secondary 
mechanism.  A drawback of the material is that its 
initial metal content poses a risk of leaching, 
particularly in acidic conditions (Babel & Kurniawan 
2003).  This is likely to be an even greater issue in the 
use of fly ash from waste incineration plants. 
Red mud and blast-furnace slag have also proven to be 
promising materials (Dimitrova 1996, Zouboulis & 
Kydro 1993).  The use of crushed concrete fines from 
building demolition waste has also been investigated 
(Coleman 2005).   

2.3.2 Natural minerals 
Natural zeolites are materials that can be abstracted 
directly from mineral deposits in various parts of the 
world.  Their removal capabilities have been studied 
extensively.  They are characterised by their 
aluminosilicate tetrahedron structure.  Isomorphic 
substitution of Si4+ by trivalent aluminium creates a 

net negative charge within the material.  This charge is 
countered by weakly bound exchangeable cations such 
as calcium (Watson 1999).  Clinoptilolite and chabazite 
are two types of zeolite that have been paid particular 
attention in the literature (Aplan et al 1995, Watson 
1999).  Zeolites have been found to be highly selective 
to certain toxic metals (Vaca Mier et al 2001) and, like 
synthetic ion exchangers, performance is optimised by  
pre-treatment with Na+ (Aplan et al 1995).  Zeolites 
have been found to have slower reaction rates and 
lower capacities than synthetic CERs, but are 
considerably less expensive and remain useful ion 
exchangers (Watson, 1999).  They often have poor 
hydraulics and therefore require artificial structural 
support (Babel & Kurniawan 2002). 
Clays, such as bentonite, kaolinite and 
montmorrillonite have been tested in adsorption 
studies (Babel & Kurniawan 2002, Wantanaphong et al 
2005).  They have been shown to display good 
adsorption capacities, but their hydraulic 
characteristics are often unfavourable, due mainly to 
swelling and low permeability. 
Testing of peat has shown promising removal 
capabilities, particularly in terms of fast reaction times 
and good regeneration properties (Brown et al 2000).  
Lignin and cellulose are major constituents of peat.  
These substances contain significant quantities of 
carboxylic, phenolic and hydroxyl functional groups 
(Babel & Kurniawan 2002) that facilitate metal 
removal through ion exchange and surface 
complexation (Brown et al 2000, D’Avila 1992).  Peat 
has poor physical characteristics and requires thermal 
and/or chemical treatment prior to use as a sorbent.  
Even when treated, it is unstable at pH levels greater 
than 8.5 (Brown et al 2000). 
Phosphate minerals and metal oxides are naturally 
occurring or synthesised minerals with high potential 
for metals removal.  They are discussed further in the 
following section. 
Kurniawan et al (2006) reported that in general, natural 
materials have demonstrated good removal 
capabilities, but are usually more expensive than other 
low-cost adsorbents. 

2.3.3 Biomass 
Biosorption refers to the removal of metals by passive 
binding to non-living biomass from an aqueous 
solution.  Biosorption differs from bioaccumulation, 
which is an active process in which metal removal 
requires the metabolic activity of a living organism 
(Davis et al 2003). 
Examples of biomass materials that have been tested 
for their adsorption capabilities include: 
• Wood products 
• Seaweed 
• Sewage sludge 
• Microbes (including fungi and bacteria) 
• Natural plant material 
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• Agricultural waste (such as rice husk, peanut 
shells, orange peels, tea leaves) 
(Chuah et al 2005, Davis et al 2003, Kurniawan et 
al 2006, Malik 2004, Schneider et al 1995, Verma et 
al 1990, Watson 1999) 

These authors and others have found that biomass 
(dead and alive) can effectively remove contaminants 
through ion exchange and adsorption.  These 
processes are commonly enabled by phenolic, 
hydroxyl, organic phosphate and carboxyl acid groups 
present on cell walls and in substances such as lignin 
and cellulose (Kurniawan et al 2006, Verma et al 1990, 
Watson 1999).  Living biomass can also remove metals 
through bioaccumulation.  This is generally a slower 
process with a lower capacity than surface processes 
(Malik 2004). 
Untreated biomass usually has light metal ions (such as 
K+, Na+, Ca2+ and Mg2+) bound to functional groups.  
Acid treatment replaces most of these with protons 
which can then be replaced by an easily exchangeable 
type of cation (commonly Na+) by means of treatment 
in excess solution, such as NaCl (Chuah et al 2005, 
Davis et al 2003).  Various agricultural wastes 
(including rice husk and peanut hulls) can be 
converted to activated carbon by conventional 
methods, significantly increasing adsorption capacities 
(Kurniawan et al 2006). 

2.3.4 Selected materials 
Some types of media that have shown particular 
promise as adsorbents of dissolved inorganics are 
discussed below.  Reported data from a selection of 
investigations of the materials are summarised in 
Appendix II.   
Seaweed 
Seaweed is a cheap and effective material that could be 
particularly suitable for dilute wastewater streams (Yu 
et al 1999). 
The polysaccharide content in the cell walls of brown 
algae (phylum Phaeophyta) enables effective adsorption 
(Davis et al 2003).  The orders of Fucales (including 
Fucus, Ascophyllum and Sargassum) and Laminariales 
(commonly known as Kelp) have shown particularly 
promising metal removal capacities, outperforming 
other biomass, activated carbon and zeolites, while 
showing comparable capabilities with synthetic CERs 
(Yu et al 1999).  Alginic acid (alginate) is a metal-
removing component of brown and red algae cells.  Its 
favourable characteristics have led to specialist-
manufactured alginate beads for use in ion exchange 
applications (Davis et al 2003, Hyman & Dupont 
2001). 
Other types of seaweed, including Ulva (green 
seaweed) and calcified seaweed have also been shown 
to deliver promising metal removal characteristics 
(Suzuki 2005, Wantanaphong et al 2005). 
Seafood waste 
Seafood waste, including crab, shrimp and crustacean 
shells contain large amounts of chitin, a substance with 

strong adsorption characteristics (An et al 2001).  
Chitin can be processed by means of deacetylation to 
produce chitosan, a substance with an even higher 
sorptive capacity.  Favourable characteristics of 
chitosan include large numbers of hydroxyl groups, 
primary chelating amino groups and a polymer chain 
with a flexible structure (Babel & Kurniawan 2003). 
Very high sorption capacities can be achieved with 
commercially available chitosan products, but this is 
accompanied by the drawback of higher costs than 
other natural adsorbers (Wantanaphong et al 2005).  
Raw chitin-containing materials such as untreated crab 
shells have demonstrated promising capacities for 
metal removal, outperforming synthetic ion exchange 
resins, zeolites and activated carbons (An et al 2001, 
Wantanaphong et al 2005). Tudor et al (2005) suggest 
that an important adsorption mechanism of raw 
crustacean shells materials is chemisorption of cations 
with carbonates brought about by substitution of Ca2+ 
in the mineral fraction of the shells, which consists 
largely of CaCO3.  
Crushed concrete fines 
The fine fraction (<5mm) of crushed concrete 
demolition waste has no useful structural properties 
that may be utilised for construction applications.  
However, crushed concrete fines (CCF) exhibit metal-
removal properties that may be useful in treatment of 
dilute contaminated waste streams (Coleman et al 
2005).  Batch experiments performed by Coleman et al 
(2005) demonstrated higher removal capacities than 
other waste-derived sorbents for zinc and copper and 
removal of lead that was comparable with chitosan 
and sawdust.  Reaction kinetics were slow, but 
leaching was minimal under all conditions which may 
make the material attractive for in situ environmental 
applications.   
Few other investigations of the metal uptake 
properties of this material exist in the literature. 
Paper processing waste 
The lignin content of waste products from paper 
pulping mills has led to research interest in the 
sorption capability of untreated fibrous pulp waste and 
treated black liquor (Srivastava et al 1994, Ulmanu et al 
2003, Verma et al 1990).  Phenolic groups on the 
surface of the lignin derived from black liquor act as 
effective ion exchangers (Srivastava et al 1994, Verma 
et al 1990).  Untreated fibrous waste has also been 
found to remove significant amounts of metals, 
although its high pH (9) may have caused much of this 
removal to be a result of hydroxide precipitation 
(Ulmanu et al 2003). 
Plant fibre 
Plant fibre is a relatively simple raw material that has 
been shown to possess metal-removal capabilities, 
probably through a combination of ion exchange and 
chemisorption.  Iqbal & Saeed (2002) tested untreated 
cut fibres taken from a palm tree trunk and found the 
material achieved rapid equilibrium with metals in 
solution and remained effective after acid 
regeneration. 
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2.4 Treatability studies Bark 
Batch and column studies are two commonly used 
techniques employed to assess the efficacy of 
adsorbent materials. 

Bark has potential for strong adsorption capacities due 
to its pectin and tannin content, which contain active 
carboxylic and phenolic groups (Martin-Dupont et al 
2002, Vazquez et al 1994).  It is available in large 
amounts from sawmills and paper plants (Martin-
Dupont et al, 2002). 

2.4.1 Batch studies 
Batch studies involve the placement of a measured 
amount of contaminant solution at a known 
concentration in containers with selected adsorption 
media and subsequent measurement of concentration 
changes at preselected time intervals until equilibrium 
is reached.  The procedure is repeated for different 
solution concentrations or amounts of adsorption 
media to construct a data series from which an 
adsorption isotherm can be fitted (Richardson & 
Nicklow 2002). 

Chandra Sekhar et al (2004) found that polymerising 
bark into beads improved the material’s structural 
characteristics and stability in solution.  Vasquez et al 
(1994) and Martin-Dupont et al (2002) recommend 
treatment with formaldehyde to stabilise tannins and 
pectins, thus preventing the leaching of phenols that 
discolour effluent. 
Sawdust 
Sawdust is a low-cost material with similar properties 
to the other wood-related waste products described 
above.  Yu et al (2000) considered that ion-exchanging 
phenolic groups in lignin and tannin are probably 
responsible for the bulk of metal removal by sawdust. 

Batch ion exchange studies are useful for investigating 
equilibrium partitioning relationships (Vaca Mier et al 
2001) and despite producing results that are not as 
informative as column studies, they are a relatively 
quick and easy method of establishing adsorption 
parameters and are useful for preliminary experiments 
or screening (Aplan et al 1995). 

Ajmal et al (1998) reported promising results for 
copper removal by sawdust. 
Phosphate minerals 2.4.2 Column studies 
Apatites are a type of mineral containing phosphate 
and other anions that usually are naturally bound with 
calcium.  They may be synthesised or found in varying 
quantities in mined phosphate rock and animal bones 
(Admassu & Breese 1999). Purer forms of apatite have 
been shown to possess high metal retention capacities 
(Chen et al 1997) 

Column studies are dynamic tests in which tubes are 
packed with sorption media through which spiked or 
contaminated water representative of a study site is 
passed at a scaled velocity relative to that measured 
during site characterisation.  (Richardson & Nicklow 
2002).   
Column studies simulate the dynamics of a fixed bed 
reactor employed in field-scale remediation 
applications.  Adsorption first takes place near the 
entrance to the bed of media.  When this region 
becomes saturated with partitioned contaminants 
(solid/liquid equilibrium is reached), no further 
adsorption takes place there.  The fluid carries 
contaminants deeper into the bed, further from the 
inlet, causing the saturated region to grow with time.  
The boundary is termed the leading front or adsorption 
front.  The concentration of effluent is typically close to 
zero until the leading front meets the end of the bed 
or column (breakthrough).  The effluent concentration 
then begins to approach the same levels as the inflow 
concentration until the column becomes exhausted.  
The breakthrough may be abrupt in theory, but in 
practice is almost always diffuse, as the leading front is 
usually not sharp (Watson 1999). 

Apatites form very stable precipitates with lead, while 
zinc and copper are thought to be bound by a 
combination of surface adsorption, complexation and 
co-precipitation with calcium (Admassu & Breese 
1999, Cao 2004, Chen et al 1997).  The metal-retention 
capacity of phosphate rock, fish bones and animal 
bones is largely dependent on the amount of apatite 
contained within them, along with their specific 
surface area (Admassu & Breese 1999, Mouflih et al 
2005, Sarioglu et al 2005). 
Metal Oxides 
Metal oxides, such as iron-, manganese-, and 
aluminium-oxides can bind metals at favourable pHs 
through co-precipitation. 
A novel approach to utilising this property has been 
investigated by Lo et al (1997). Quartz sand granules 
coated with iron oxides could be used in place of a 
conventional sand filter, augmenting the regular 
filtering properties of sand with additional binding of 
remnant metal ions by the metal oxide.  Lo et al (1997) 
reported that the wide operational pH range and low 
residual metal concentrations demonstrated that 
coated sand was more effective than conventional 
precipitation.  The sand could be regenerated at least 
fifty times without affecting effectiveness.  The use of 
iron oxide is supported by the results of Srivastava et al 
(1988) who found that goethite (an iron oxide) was 
superior to aluminium oxide in removing metal ions 
from solution. 

When comparing the removal of a range of 
contaminants by adsorption media, it is useful to note 
the relative position and shape of the breakthrough 
curves: if breakthrough for a given metal occurs 
before another, the column has a lower affinity for the 
metal and is clearly less effective in its removal.  The 
position and shape of the breakthrough curve (with 
respect to time or volume) is important, as it provides 
a guide for deciding when a bed of sorption media 
requires replacement or regeneration.   
Column studies are often undertaken subsequent to 
batch studies in order to produce the basic engineering 
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data that is necessary for scaling up an adsorption 
process to field-scale applications (Hyman & Dupont 
2001, Richardson & Nicklow 2002, Chandra Sekhar et 
al 2004).   

9 

Vaca Mier et al (2001) explain that batch testing cannot 
realistically simulate the shorter contact times and 
mass transfer limits of full-scale systems.  Column 
tests yield more reliable results than batch tests 
primarily because of their dynamic nature.  
Furthermore, reaction products and by-products are 
washed through the column rather than accumulating 
as they would in a batch reactor (Richardson & 
Nicklow 2002). 

2.4.3 Sorption isotherms 
The variation of the distribution coefficient with the 
equilibrium concentration of the contaminant in 
solution can be approached through sorption isotherms 
(Federoff 2002).  These are curves that show the 
amount of adsorbate adsorbed per unit mass of 
adsorbent as a function of the equilibrium 
concentration of the adsorbate in the fluid (Watson 
1999).   
Sorption parameters may be estimated by fitting 
experimental isotherms to mathematical functions.  
These have some theoretical basis, but are often used 
empirically (Federoff 2002).  A frequently used 
approach is the Langmuir model (Langmuir 1918).  The 
Langmuir equation was originally derived to model the 
sorption of gas molecules on a homogenous solid, but 
is frequently used for sorption of solutes on solids in 
aqueous solutions (Federoff 2002, Watson 1999).  A 
number of theoretical assumptions inherent in the 
Langmuir model do not apply to such situations, 
particularly when ion exchange is involved (Davis et al 
2003, Watson 1999), but the use of the Langmuir 
equations remains popular amongst researchers 
investigating sorption characteristics of low-cost-
materials (Davis et al 2003).  The likely reasons for this 
are that it is relatively simple to attain high correlations 
between a derived Langmuir equation and 
experimental data, provided the data produce an 
isotherm with a concave-downward shape.  Such a 
shape is the most common type of isotherm and 
reflects a situation where increases in equilibrium 
aqueous concentration are matched by relatively lower 
incremental increases in sorbed solid concentration 
(Watson 1999).   
The Langmuir equation takes the form: 

(1 )
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e
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Langmuir constants are calculated by equilibrating 
batches of solutions of varying solute concentrations 
with a known mass of adsorbent material and plotting 
the inverse of metal uptake (1/Q) of each mixture 
against the inverse of equilibrium solute 
concentrations (1/Ce), performing a linear regression 

and inserting the y-intercept (c) and gradient (m) values 
into the following relationships: 

c
Qm

1
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m
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Another equation that is frequently used to 
approximate non-linear sorption isotherms is the 
Freundlich model (Freundlich 1926).  The equation is of 
the form:  

n
eFe CKQ =  (4) 

Qe and Ce are the dependent and independent variables 
of each equation.  The other values are empirical 
constants.   
Freundlich constants are calculated by plotting log10Q 
against log10Ce, performing a linear regression and 
inserting c and m into the following relationships:  

c
FK 10=  (2) 

Fn m=  (3) 

Values of Qm and KF are particularly useful when 
comparing maximum sorption capacities of different 
materials and metals.  b and nF are useful for 
comparing affinities of media for certain metals. 

3  METHODS AND MATERIALS 

3.1 Materials 

The three types of adsorption media tested in this 
study were: 
• ResinexTM K-8 strong acid cation exchange resin 
• Dried and crushed brown seaweed (sp Fucus 

vesiculosus) 
• Dried and crushed shells of Northern shrimp (sp 

Pandalus borealis) 
Samples of each are depicted in Figure 3.1. 
The cation exchange resin (CER) is manufactured by 
Jacobi Carbons.  It is a cross-linked polystyrene 
divinylbenzene resin, supplied in the form of amber, 
gel-type spherical beads.  Functional groups are 
sulfonic acid groups loaded with Na cations.  The 
bead size is 16-40 US mesh (0.42-1.25 mm).  The 
published bulk density of the CER is 820 kg/m3, while 
its minimum cation exchange capacity (CEC) is 2.00 
meq/L.  The CER was tested as shipped. 
Samples of F. vesiculosus were collected from a 
shoreline area near Gothenburg.  The samples were 
rinsed in tap water and oven-dried overnight at 80°C.  
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Figure 3.1. Adsorption media (l-r): CER, seaweed, Ca2+ seaweed, shrimp shells, chitosan 

Column experiment 1 Frozen, pre-cooked P. borealis, fished from the North 
Sea, were purchased from a local supermarket.  The 
shells were removed, rinsed in tap water and oven-
dried (80°C, overnight).   

Analytical grade Pb(NO3)2, Cu(NO3)2.3H2O, 
Cd(NO3)2.4H2O and ZnSO4 salts were combined with 
Ca(NO3)2.4H2O, NaCl and FeSO4.7H2O salts in 
distilled water to produce synthetic contaminated 
drainage water for use in the column studies. 

The dried seaweed and shrimp shells were crushed to 
a particle size of 0.25 mm-0.841 mm (20-60 US mesh).  
The materials were rinsed in deionised water ten times 
at 20 g/L and oven-dried (overnight, 50°C).   

For the first column experiment, a solution containing 
Pb, Cu, Cd and Zn at concentrations similar to those 
in the dissolved fraction of drainage water at the case-
study site was prepared (Table 3.1).  The particulate 
fraction within the water to be “treated” was assumed 
to have been removed by detention and sand-filtration 
in preceding steps.   

3.1.1 Treated materials 
The functional groups of a portion of seaweed 
(prepared as above) were loaded with calcium cations 
in a similar procedure to that described by Yu et al 
(1999).  A rotary shaker was used to agitate the 
seaweed in 1 M CaCl2 solution (at a 20 g/L solid-liquid 
ratio) for two hours at 150 rpm.  The Ca-loaded 
seaweed was then rinsed in deionised water ten times 
at 20 g/L and oven dried overnight at 50°C. 

Concentrations of target metals in filtered and 
unfiltered samples taken from a drainage outlet at the 
case study site were used to calculate those to be used 
in the synthetic drainage water.  The ratios of 
concentrations in a filtered sample against an 
unfiltered sample taken on the same date were applied 
to the concentrations found in an unfiltered sample 
taken on an earlier occasion.  Results from the earlier 
unfiltered sample was utilised because of the higher 
metal concentrations contained in it. 

A quantity of dried, crushed shrimp shells were partly 
converted to chitosan using a method similar to that 
described by Coughlin et al (1990).  The sample was 
first decalcified in 10% HCl for one hour and 
subsequently deacetylated in a 50% NaOH solution.  
The NaOH solution was initially heated to 90°C and 
agitated with the decalcified shrimp shells in a rotary 
shaker for one hour.  The material was then allowed to 
soak in the NaOH solution for 18 hours before 
separation, rinsing in distilled water and oven drying 
(overnight, 50°C). 

Concentrations of non-contaminant cations iron (Fe), 
calcium (Ca) and sodium (Na) were set in the same 
manner.  These components were added to the 
solution in order to simulate possible interference 
effects they could cause in the removal of the 
contaminant metals. 

3.1.2 Metal solutions In order to restrict removal mechanisms to adsorption 
or ion exchange only, the solution pH was not 
adjusted to reflect ambient conditions (>7) or post-
lime bed conditions (>10), as this would lead to 
significant hydroxide precipitation. 

Batch experiment 
Known amounts of analytical grade Pb(NO3)2, 
Cu(NO3)2.3H2O, Cd(NO3)2.4H2O salts and 1000 
mg/L Zn(NO3)2 standard solution were dissolved and 
diluted in distilled water to produce stock single-metal 
solutions for use in the batch study. 
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Table 3.1 Metal concentrations used for Column Experiment 1 

Field sample 2                      
(Oct 2006) 

Field sample 1 
(May 2006) 

Synthetic solution 
(Column 1) 

Metal 

Filtered 
(mg/L) 

Unfiltered 
(mg/L) 

Ratio* Unfiltered (mg/L) mg/L mM meq/L 

Pb 0.0028 0.10 0.028 2.0 0.034 0.00016 0.00032 

Cu 0.095 0.47 0.20 6.1 1.1 0.017 0.035 

Cd 0.0012 0.0024 0.50 0.0071 0.0045 0.000040 0.000080 

Zn 1.200 1.7 0.71 7.8 7 0.11 0.21 

Ca 25 27 0.93 - 22 0.55 1.1 

Na 60 55 1.1 - 56 2.4 2.4 

Fe 0.077 23 0.0033 - 0.066 0.0012 0.0024 

Total  3.1 3.7 
* Filtered concentration/Unfiltered concentration 

Table 3.2. Metal concentrations used for Column Experiment 2 

Synthetic solution 
(Column 1) 

Synthetic solution 
(Column 2) 

Metal 

mg/L mM meq/L mg/L mM meq/L 

Pb 0.034 0.00016 0.00032 1.5 0.0072 0.014 

Cu 1.1 0.017 0.035 71 1.1 2.2 

Cd 0.0045 0.000040 0.000080 0.16 0.0014 0.0028 

Zn 7 0.11 0.21 461 7.0 14 

Ca 22 0.55 1.1 20 0.49 0.99 

Na 56 2.4 2.4 52 2.3 2.3 

Fe 0.066 0.0012 0.0024 0.067 0.0012 0.0024 

Total  3.1 3.7  10.9 19.6 
 
Column experiment 2 
In order to produce breakthrough curves, it was 
necessary to allow a sufficient mass of cations to load 
the adsorption media to levels approaching or 
exceeding their adsorption capacities, thereby inducing 
significant breakthrough. 
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An approximate target total concentration of cations 
of 20 meq/L was used for the synthetic drainage water 
solution prepared for Column experiment 2.  This 
figure is over five times higher than the total 
concentration of the solution used in the first column 
experiment (Table 3.2). 
The combined molar concentration of the four 
contaminant metals was increased by a factor of 64 to 
achieve this higher value.  Concentrations of non-
contaminant cations (Fe, Ca and Na) were maintained 
at their previous levels.  As the concentrations of Ca 
and Na are considerably higher than other cations 
under normal conditions, increasing them by the same 
factor may have created overly large interference 

effects that may have prevented meaningful 
assessment of the behaviour of the target metals. 

3.1.3 Media preparation and characterisation 
Porosity 
The porosities, n of each untreated material (CER, 
washed seaweed and shrimp shells) were estimated by 
adding known volumes of water to known volumes of 
dry media and dividing by the volume of the resulting 
mixture. 

( )bulk water

bulk water

V V
n

V +

+
=  (4) 

ph 
The pH of each untreated material was analysed by 
adding 6.0 g of each material to 15 mL of the 
following solutions: 
• Distilled water 
• 1 M KCl 
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• 0.01 M CaCl2 
The solutions were then shaken, left overnight, shaken 
again and allowed to stand for one hour.  The pH 
values of the overlying solutions were measured with 
an Orion TriodeTM 91-57BN pH electrode connected to 
an Orion 210A pH meter. 
Cation exchange capacity 
The effective cation exchange capacity (CECeff) of each 
of the three untreated materials was determined by 
adding 10.0 g of each material to 100 mL of 0.1 M 
BaCl2. 
The mixtures were agitated in a rotary shaker for two 
hours, centrifuged and filtered.   
A 50 mL sample was sent to an analytical laboratory 
for determination of base cation (Ca2+, Mg2+, K+ and 
Na+) concentrations by Inductively Coupled Plasma Atomic 
Emission Spectrometry (ICP-AES). 
The amounts of hydrogen ions released by each media 
were determined by titrating 15 mL of each solution 
against 0.01 M NaOH to pH 7.  The amounts of Al3+ 
ions were then determined by adding 3 mL of 1 M 
NaF to the solutions and titrating to pH 7 with 0.02 M 
HCl. 
The number of moles of OH- ions (and therefore 
NaOH) added in the first titration was assumed to be 
equivalent to the number of moles of exchangeable 
acid cations.  The amount of H+ ions (equal to the 
number of moles of HCl) added in the second titration 
was assumed to match the number of exchangeable 
Al3+ ions. 
Effective CEC (CECeff) was calculated as below: 

 
CECeff  = exchangeable acidity + exchangeable base cations 
 = ([H+] + [Al3+]) +  
  ([Ca2+] + [Mg2+] + [K+] + [Na+]) (5) 
 

3.2 Experimental set-up and operating 
conditions 

3.2.1 Batch experiment 
Five sets of six 50 mL aliquots of each single metal 
solution, in addition to distilled water blanks, were 
placed separately in 50 mL acid-washed sample 
containers.  The aliquots contained metals in the 
following concentrations: 
• 0.05 mM 
• 0.2 mM 
• 0.5 mM 
• 1 mM 
• 2 mM 
• 4 mM 
 
0.1 g of one of the following media was added to each 
metal solution: 
• CER 

• Seaweed 
• Calcium-loaded seaweed 
• Shrimp shells 
The fifth set of solutions was left as blanks.   
An additional set of copper nitrate solutions was 
prepared for the addition of partly deacetylated, 
decalcified shrimp shells (referred to a chitosan). 
The pH of each sample was measured and adjusted to 
5 (± 0.3) using 0.1 M HCl or 0.1 M NaOH solutions. 
The batches were then agitated in a rotary shaker at 
150 rpm for 24 hours.  pH was periodically monitored 
over the first six hours and adjusted to a level of 5 (± 
0.3). 
The pH adjustment was undertaken to: 
a) Prevent hydroxide precipitation due to high pH 
b) Reduce variations in sorption capacities due to 

different pHs 
After 24 hours, the final pH was recorded; the samples 
were centrifuged for twenty minutes at 3000 rpm, 
pressed through a 0.45 µm filter and acidified with 
0.25 mL of 65% ultrapure nitric acid. 
Samples were sent to an analytical laboratory for 
determination of metal concentration by (ICP-AES) or 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 
depending on concentrations. 

3.2.2 Column experiments 
Three plastic columns of diameter 4.3 cm and height 
11.7 cm were used for the column studies.  30 cm3 of 
dry media was added to each.  Each bed of media was 
underlain by coarse glass wool and 30 cm3 of 3 mm 
glass beads.  The beds were overlain by a layer of fine 
glass wool and a further 20 cm3 of glass beads.  The 
addition of glass wool and beads was made to improve 
flow distribution and ensure the adsorption media 
remained in place. 
The columns were configured in an upflow 
arrangement at atmospheric pressure.  A Cole-Palmer 
Masterflex® 7519-05 peristaltic pump with acid-washed 
0.015 inch Tygon® tubes were used to provide flow to 
the columns from a 5 L container containing synthetic 
contaminated drainage water.  When the contents of a 
container had been emptied by prolonged pumping 
over the course of the second column experiment, it 
was replaced with an identical vessel containing fresh 
solution. 
The configuration of the column experiments is 
illustrated in Figures 3.2 and 3.3. 
Prior to commencement of the column simulations, 
approximately 2 L of distilled water was passed 
through each column to saturate the media and to 
remove extraneous particulate and organic matter. 
Once the experiments were underway, effluent from 
the columns was collected in acid-washed containers, 
which were changed manually at predetermined 
intervals. 
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Adsorption columns

Treated solution 

Glass beads 

Sorption media 

Discharge outlet 

Peristaltic pump

Sample collection 

Solution entry 

Glass 
fibre 

Synthetic
drainage water

Figure 3.2. Column experiment set-up (schematic) 

The flow rate was manually adjusted using the speed 
adjustment dial on the pump unit.  Pressure clamps on 
the pump tubes were then adjusted to ensure flow-
rates in each column were approximately equivalent. 
The flow rate for a column at a given time was 
estimated by dividing the measured volume of each 
sample by its filling time.  
Column experiment 1 
In the first column experiment, the peristaltic pump 
was adjusted to simulate low-flow conditions producing 
a residence time of a single dry bed volume (30 cm3 
for each column) of approximately 40 minutes.  A 
blank sample of the solution was taken prior to the 
commencement of the experiment.  Once the flow 
had begun, samples were taken after approximately 
five dry bed volumes (150 mL) had been discharged 
from each column.  The flow-rate was then increased 
to allow a residence time of approximately 6-7 minutes 
to simulate high-flow conditions.  Samples were taken 
after a further five dry bed volumes of water had 
passed through the columns. 

Figure 3.3. Column experiment set-up (photograph) 
(l-r): Pump, “synthetic drainage water” storage vessel, columns.  
Collection vessels were later placed below the column outlets 

Dimensions of the well designed to house adsorption 
media at the case-study site were used to estimate the 
bed volume of the media on the field scale (2 m3).  
The estimated average through-flow (60 000 m3/yr) 
was then used to estimate the average residence time 
of a single bed-volume (17 min).  The maximum 
design flow rate of the field-scale treatment system is 
300 L/min, which would produce a residence time of 
6.6 min for a single bed volume.  These residence 
times were used to determine the flow-rate 
requirements of the column experiments. 

The pH of all samples was noted prior to filtration 
(0.45 µm) and preservation with 0.25 mL of 65% 
ultrapure nitric acid.  Samples were then sent to a 
commercial laboratory for analysis for all of the added 
cations by ICP-AES or ICP-MS (depending on 
concentration). 
Column experiment 2 
The second column experiment was run over a total 
period of 80 hours.  The longer period and increased 
concentrations of target metals (Section 3.1.2) were set 
in order to create conditions in which the adsorption 
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media could be loaded to levels approaching or 
exceeding their adsorption capacities.  The flow rate 
was maintained at a level that created a dry bed 
volume residence time of approximately twenty 
minutes (similar to average flow conditions at the case 
study site).   
Thirty-nine samples were taken periodically from the 
outflow of each column over the duration of the 
experiment.  Thirty-one samples were taken for 
assessment of the concentration of each of the metals 
contained in the solution.  The pH of these samples 
was noted prior to filtration (0.45 µm) and 
preservation with 0.25 mL of 65% ultrapure HNO3.  
Blank samples of the synthetic drainage water were 
taken after the solution container was changed, in 
order to accurately determine the initial concentrations 
of the synthetic drainage water. Each sample was then 
sent to a commercial laboratory for analysis.  Metal 
concentrations were determined by ICP-AES or ICP-
MS (depending on concentration). 
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3.3 Data analysis 

3.3.1 Batch experiment 
The amount of metal adsorbed by each of the media 
for each initial solution concentration was calculated 
by using the following equation: 

( )
M

CCV
Q e−
= 0  (6) 

Q was plotted against Ce for each sorption media and 
metal-type to produce adsorption isotherms. 
Langmuir and Freundlich-type functions were fitted to 
the experimental data.  

3.3.2 Column experiments 
Column experiment 1 
Metal concentrations in discharged water from each 
column were compared with results from previous 
tests of the CER with unfiltered water sampled from 
the study site, as well as operational data from the 
treatment system.  Metal removal for high and low 
flow conditions was assessed by calculating percentage 
removal at the time of sampling: 

Metal Removal (%) ( )
0

0100
C

CC i−
×=  (7) 

The effectiveness of the adsorption media in reducing 
metal concentrations was gauged by comparing 
effluent metal concentrations with reference values 
representing the concentrations that would be found 
at the site had it not contaminated by the point source. 
According to Swedish Environmental Protection 
Agency (2002), the best reference values are based on 
data from areas in the immediate vicinity of the 
contaminated site that have not been affected by the 
identified point sources of contamination.  For the 

purpose of this study, concentrations in samples taken 
from a drainage trench immediately upgradient of the 
case study site were used as reference values (Table 
3.3).  These are based on a single sample, coinciding 
with the commencement of the treatment system’s 
operation in November 2006.  The Swedish EPA 
(2002) state that a minimum of five samples are 
required for a reference point to be valid.  The 
concentrations determined in the single reference 
sample should therefore only be considered as 
indicative values.  

Table 3.3. Reference concentrations of metals at the 
case study site 

Metal Reference concentration 
(mg/L) 

Pb 0.0075 

Cu 0.14 

Cd 0.00039 

Zn 0.12 
 

Column experiment 2 
Breakthrough curves of each metal cation and 
adsorption medium were constructed by plotting the 
effluent concentration (normalised by the initial 
concentration) against cumulative volume.  Volume 
can be expressed by various means, including 
discharge volume (mL or L), pore volumes, bulk dry 
bed volumes or bulk saturated bed volumes. Plots 
were produced for each of these. 
The feed volume required to produce initial 
breakthrough to reference values (VBT) and the 
exhaustion volume (Vex) required to achieve complete 
breakthrough were calculated for each metal-media 
combination.  Analysis of these values allowed a 
comparison of useful service times for each material. 
The amounts of metals retained in each column were 
calculated by numerically integrating the area above a 
breakthrough curve of non-normalised effluent 
concentration against added volume and below the 
influent concentration: 

( )0
0

exV

ads i i
i

m C C
=

= − V⎡ ⎤⎣ ⎦∑  (8) 

Exhaustion volume, Vex is the cumulative volume at 
which Ci reaches 0.995C0. 
The integration is illustrated in Figure 3.4. 
The metal uptake, Q of each media was calculated by 
dividing mads by the mass of media, M in each 
adsorption bed.  This allowed for direct comparison 
with results obtained from the batch study. 
The total amount of metal, mtotal sent to the column 
was calculated thus: 
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0total exm C V=  (9) Table 4.3. Effective Cation Exchange Capacity (CECeff) 
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Finally, the total metal removal percentage for each 
column, mads (%), was calculated as below: 

100(%) ×=
total

ads
ads m

m
m  (10) 

Charge Density (meq/g) Component 

CER Seaweed Shrimp 
Shells 

Ca 0.001 0.269 0.190 

Na 1.435 0.478 0.033 

K 0.002 0.691 0.006 

Mg 0.001 0.379 0.051 

H+ 0.020 0.036 0 

Al3+ 0.0005 0 0 

CECeff 1.45 1.85 0.28 

Co 

Vex Discharged Volume, Vi (L)  

E
ffl

ue
nt

 C
on

ce
nt

ra
tio

n,
 C

i 
(m

m
ol

/L
) 

0.995Co 

Contaminant Breakthrough Curve 

Table 4.4. Metal concentrations in blank samples 

Figure 3.4. Contaminant breakthrough curve  
The area of the shaded region is equivalent to the contaminant 
uptake (mmol) by the column media 

4  RESULTS 

4.1 Media characterisation 

Physical attributes of each raw material determined by 
characterisation testing are summarised in Tables 4.1 – 
4.3. 
Analysis of blank samples taken as part of the batch 
and column studies (Table 4.4) gave an indication of 
the amount of metals with potential for leaching 
contained on the surfaces of each media.   

Table 4.1. Porosity and dry bulk density 

Media Dry bulk 
density (g/mL) 

Porosity 

CER 0.87 0.33 

Seaweed 0.72 0.55 

Shrimp shells 0.31 0.75 

Table 4.2. pH 

Solution Media 

Water KCl CaCl2 

CER 3.9 2.7 3.6 

Seaweed 6.0 5.7 5.9 

Shrimp Shells 9.6 9.6 9.4 

Blank 5.9 - - 

Metal Concentration 
(µmol/L) 

Metal Media 

Batch Column 

CER 0.00039 0.0012 

Seaweed 0.00048 0.0048 

Ca Seaweed 0.00038 - 

Shrimp Shells 0.00072 0.0013 

Pb 
  
  
  
  

Chitosan 0.0014 - 

CER <0.003 0.19 

Seaweed 0.033 0.25 

Ca Seaweed 0.020 - 

Shrimp Shells 0.087 0.17 

Cu 
  
  
  
  

Chitosan 0.0049 - 

CER <0.0002 0.00090 

Seaweed 0.00053 0.00070 

Ca Seaweed 0.00039 - 

Shrimp Shells 0.0002 0.0002 

Cd 
  
  
  
  

Chitosan 0.00044 - 

CER <0.02 0.75 

Seaweed 0.26 1.1 

Ca Seaweed 0.23 - 

Shrimp Shells 0.018 0.072 

Zn 
  
  
  
  

Chitosan 0.086 - 

4.2 Batch experiment 

4.2.1 pH 
Despite regular monitoring of the pH of each solution 
and adjustment to 5 (± 0.3) over the first six hours of 
the batch experiment, some variation had occurred by 
the time of equilibrium, which was assumed to be 
reached after 24 hours (Fig. 4.1).  Solutions containing 
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shrimp shells consistently had the highest pH followed 
by chitosan and both seaweed types.  CER batches 
had the lowest pH.   

4.2.2 Experimental isotherms 
Values of initial and equilibrium concentrations (C0 
and Ce) were used to plot isotherms of experimental 
data (Fig. 4.2).  These illustrated the relationships 
between metal uptake by each media, Q, and Ce for 
each metal and media tested.  
The adsorption capacity of each medium for each 
metal, Qmax was estimated by the maximum value of Q 
for each.  This assumption is most valid in cases where 
the isotherm appears to have reached an asymptote.  
Values of estimated Qmax are listed in Table 4.5. 
The series of magnitudes of Qmax for each metal 
generally followed (in descending order): 

CER > Seaweed > Ca Seaweed > Shrimp shells > Chitosan 

The exception was the case of Zn, where shrimp shells 
had the second highest Qmax after CER. 

Magnitudes of Qmax for each material tended to follow 
the descending series below: 

Pb > Cu > Cd > Zn 

An exception in was CER, which had a greater value 
for Cd than Cu. 

4.2.3 Modelled isotherms 
When all data points were used to calculate Langmuir 
and Freundlich parameters, the modelled outcomes 
were often unsuccessful.  
The parameters were re-calculated by omitting data 
points with the lowest two initial metal concentrations 
for each batch.  The modelled isotherms produced in 
this manner appeared to provide a considerably closer 
fit to experimental values (Fig. 4.3).  Langmuir and 
Freundlich parameters are listed in Table 4.5, 
alongside regression coefficients and observed Qmax.  
Modelled isotherms and parameters derived from the 
complete data sets (including the lowest-concentration 
data points) are reproduced in Appendix III for 
reference. 

Table 4.5. Observed and modelled adsorption parameters  

Langmuir Model Data Freundlich Model Data Metal Media Qmax 
(mmol/g) 

Qm 
(mmol/g) 

b 
(L/mmol) 

R KF nF R 

CER 1.95 1.23 5016 0.9560 2.12 0.17 0.9162 

Seaweed 1.52 1.19 122 0.9849 1.43 0.25 0.9761 

Ca Seaweed 1.42 1.22 94 0.9941 1.33 0.24 0.9711 

Pb 

Shrimp Shells 1.40 1.51 513 0.8719 1.31 0.08 0.7381 

CER 1.68 1.05 709 0.9608 1.86 0.23 0.9604 

Seaweed 1.02 0.95 29 0.9982 0.90 0.25 0.9593 

Ca Seaweed 1.02 0.84 20 0.9859 0.81 0.28 0.9897 

Shrimp Shells 0.94 1.06 40 0.8944 0.89 0.19 0.8725 

Cu 

Chitosan 0.39 0.30 2.1 0.7615 0.19 0.34 0.7216 

CER 1.80 0.97 511 0.9578 2.56 0.19 0.9667 

Seaweed 0.80 0.68 1441 0.9791 0.72 0.20 0.9831 

Ca Seaweed 0.76 0.65 625 0.9800 0.58 0.19 0.9964 

Cd 

Shrimp Shells 0.80 0.74 3123 0.9949 0.68 0.19 0.9768 

CER 0.69 0.63 83 0.9917 0.67 0.22 0.9583 

Seaweed 0.38 0.36 13 0.9865 0.32 0.24 0.9909 

Ca Seaweed 0.31 0.30 10 0.9872 0.26 0.34 0.9811 

Zn 

Shrimp Shells 0.61 0.56 66 0.9896 0.58 0.29 0.9691 
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Equilibrium pH of Cu batches
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Figure 4.1. Equilibrium pH of batch solutions 
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Figure 4.2. Combined isotherms (observed concentrations v calculated adsorbed mass) 
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Figure 4.3. Langmuir and Freundlich isotherms (calculated from a data set excluding lower-concentration samples) 
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4.3 Column experiments 

All media maintained structural and hydraulic integrity 
over the duration of both column experiments.  No 
material was mobilised or lost under high or low flow 
rates and there were no signs of physical 
disintegration.  Head loss was not observed to drop 
over the course of either experiment, indicating a 
minimal amount of clogging. 
Effluent from the seaweed column was highly 
discoloured in the early stages (symptomatic of 
leached organic carbon content), but improved over 
time. 
Upon saturation, the seaweed swelled to 3.5 times its 
dry volume.  The volumes of the shrimp shell and 
CER beds increased by less than 10% when saturated.  
The difference in saturated bed height due to swelling 
of the seaweed is depicted in Figure 4.4. 

Figure 4.4. Columns under operational conditions 
Note the swelled bed volume of seaweed (centre) 

The cumulative feed volume through each column is 
normalised by the saturated bed volume of each 
media.  The saturated bed volume reflects the volume 
of an adsorption bed when in service.  Plotting the 
performance of the columns according to this non-
dimensionalised unit therefore allows for comparison 
according to a common service bed-volume.  pH is 
plotted on the second vertical axis.  

4.3.1 Column experiment 1 
The concentrations of metals in treated effluent from 
the first column experiment are summarised in Table 
4.6.  Each media reduced metal concentrations in the 
synthetic drainage solution to levels below the 
reference values defined in Section 3.  Each media 
removed over 93% of metal content in all cases. 

Figure 4.5 shows that not all metals completely broke 
through to reach the point of exhaustion.  This is 
particularly evident for Pb, for which final effluent 
concentrations remained low in comparison to feed 
concentration throughout the experiment. 

4.3.2 Column experiment 2 
Breakthrough curves 
Breakthrough curves of Pb, Cu, Zn and Cd for each 
adsorption column are illustrated in Figure 4.5.  
Effluent concentration, Ci is normalised with respect 
to feed concentration, C0.   

The relative affinity for each metal was assessed by 
inspecting the relative position of the breakthrough 
curves.  

 

Table 4.6. Treated effluent concentrations (Column experiment 1) 

Low Flow Rate High Flow rate Metal Media C0 (mg/L) 

Ci (mg/L) % Removal Ci (mg/L) % Removal 

CER 0.034 0.00038 98.9 0.0012 96.5 

Seaweed 0.034 0.00087 97.4 0.00032 99.1 

Pb 

Shrimp shells 0.034 0.0012 96.5 0.00055 98.4 

CER 1.1 0.0035 99.7 0.013 98.8 

Seaweed 1.1 0.016 98.5 0.0027 99.8 

Cu 

Shrimp shells 1.1 0.025 97.7 0.040 96.4 

CER 0.0045 0.000038 99.2 0.000077 98.3 

Seaweed 0.0045 0.000094 97.9 <0.00002 100.0 

Cd 

Shrimp shells 0.0045 0.000050 98.9 0.00023 94.9 

CER 7.0 0.048 99.3 0.064 99.1 

Seaweed 7.0 0.087 98.8 0.013 99.8 

Zn 

Shrimp shells 7.0 0.065 99.1 0.43 93.9 
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Figure 4.5. Breakthrough curves of metal effluent concentrations (Column experiment 2) 
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Table 4.7. Adsorption and breakthrough statistics for Column experiment 2 

Metal Media Final Ci/C0 VBT Vex Mads 
(mmol) 

Mads (%) Q 
(mmol/g) 

CER 0.038 57 - 0.0381 ** ** 

Seaweed 0.000 - - 0.0385 ** ** 

Pb 

Shrimp shells 0.012 157 - 0.0400 ** ** 

CER 0.971 18 - 3.6552 61.1* 0.14* 

Seaweed 0.007 53 - 5.7993 ** ** 

Cu 

Shrimp shells 0.352 52 - 5.5685 92.0* 0.60* 

CER 1.000 18 171 0.0047 62.1 0.00018 

Seaweed 0.938 18 - 0.0055 74.8* 0.00026* 

Cd 

Shrimp shells 1.000 13 176 0.0020 26.6 0.00022 

CER 1.024 0 171 21.6648 57.5 0.83 

Seaweed 1.048 6 35 9.3697 30.2 0.43 

Zn 

Shrimp shells 0.935*** 6 58 4.6891 14.8 0.50 

  *  Estimate only (column not fully exhausted) 
 **  Not possible to estimate (insufficient breakthrough) 
*** Ci/C0 reached 1 earlier in the experiment, before dropping below 1 by the end 

The affinity order (strongest to weakest) for seaweed 
and shrimp shells followed this sequence: 

Pb > Cu > Cd > Zn 

CER exhibited a similar order, the only difference 
being a stronger affinity for Cd than Cu.   
The affinities of each media for a given metal did not 
follow a single common sequence. 
Breakthrough curves plotted against other measures of 
volume are contained in Appendix V. 
Performance statistics 
Performance statistics for each column and metal are 
summarised in Table 4.7.  The exhaustion and initial 
breakthrough volumes, Vex and VBT, are expressed in 
terms of saturated bed volumes.  Vex and VBT values in 
terms of mL, dry bed volumes and pore volumes are 
tabulated in Appendix V. 
The total removal percentage, Mads (%) and metal 
uptake by mass, Q can only be correctly estimated if 
the adsorption bed has been exhausted with respect to 
the particular cation (Ci/C0 has exceeded 0.995).  As 
such, these statistics could not be calculated for Pb, 
which barely broke through for any of the columns.  
Values marked with an asterisk are estimates, 
calculated for instances where the final effluent 
concentration was significant with respect to the feed 
concentration and columns were therefore nearing 
exhaustion. 
For each media, breakthrough to the reference 
concentrations occurred in the following order 
(earliest to latest): 

Zn > Cd > Cu > Pb 

No consistent trend for the order of initial 
breakthrough in the media across the suite of metals 
could be established. 
Charge balance 
Figure 4.6 shows the distribution of positive charge 
released in the effluent of each column over the 
course of the experiment, as calculated from the 
concentrations of cations in the effluent and their 
valence.  High concentration (expressed in meq/L) of 
a particular cation indicates:  
a) Previously adsorbed cations had been displaced 

from their binding sites by newly introduced 
cations with a higher affinity (such as Na+ in the 
CER and Seaweed breakthrough curves plotted in 
Figures 4.6). 

b) The mass transfer zone for the cation had reached 
the top of the column and cations were passing 
through as a result of unavailability of adsorption 
sites (breakthrough of the target metals) 

When the total incoming concentration (calculated by 
summing concentrations of cations in the feed 
solution and multiplying by their valencies) was equal 
to the total effluent concentration, bound cations were 
being directly substituted by incoming cations on the 
basis of charge.  
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Given the well-documented positive relationship 
between pH and adsorption strength and capacity 
(Alloway 1995, Seki & Suzuki 1998), the differences in 
equilibrium pH for each media may have served to 
underestimate adsorption capacity and affinity for 
CER, while overestimating values for the shrimp 
shells.    The elevated pH values for shrimp shells may 
have also caused a degree of hydroxide precipitation, 
further distorting the results. 

5  DISCUSSION 

5.1 Media characterisation 

The high pH values of shrimp shells were due to the 
high percentage of CaCO3 present in the material.  
This amount was not determined in this study, but dry 
weight values have been reported by other authors for 
other crustaceans.  Tudor et al (2005), for example 
determined that CaCO3 accounted for 57.4% of the 
dry weight Homarus americanus (American lobster) shell. 

The different pH values for each metal solution 
equilibrated with shrimp shells were consistent with 
the hypothesis of chemisorption of cations with 
carbonate in the shells’ mineral phase.  The lower 
equilibrium pH of lead and copper was probably 
caused by greater removal of dissolved carbonate from 
solution, brought about by the greater extent of 
chemisorption with introduced cations. 

The pH values of the CER and seaweed reflect the 
type of acid functional groups that predominate on the 
surface of each (strong and weak acids respectively). 
The effective cation exchange capacities (CECeff) of 
CER and seaweed were significantly greater than 
shrimp shells.  However, given that ion exchange is 
unlikely to be an important adsorption mechanism for 
the shrimp shells (An et al 2001, Tudor et al 2005), a 
lower CEC does not necessarily imply a similarly lower 
removal capacity for this material.   

Different pH values within a given batch may have 
adversely affected the fitting of Langmuir and 
Freundlich isotherms to the experimental data, as the 
models are only truly applicable for a constant pH 
across all concentrations (Seki & Suzuki 1998). 

The value for CER was significantly lower than that 
reported by the manufacturer (2.0 meq/mL = 2.4 
meq/g).   

5.2.2 Modelled isotherms using all data points 
When all data points were used to calculate Langmuir 
and Freundlich parameters, the modelled outcomes 
were often unsuccessful. 

Other authors have determined densities of acid 
functional exchange sites of particular seaweed types 
by protonating a sample and titrating with NaOH.  
One reported value for F. vesiculosus (2.42 meq/g) is 
significantly higher than the CECeff value obtained in 
this study.  Table 5.1 shows values determined for this 
and other types of brown algae.  The CECeff value in 
Table 4.3 falls within the range of published values in 
Table 5.1. 

The results for the following metal-media 
combinations produced Langmuir parameters with 
negative values, which in turn produced unstable plots 
of Langmuir isotherms:  
• Pb adsorption by CER and shrimp shells 
• Cu adsorption by shrimp shells 
• Cd adsorption by CER 

5.2 Batch experiment These problems were related to the presence of data 
outliers.  An example is given in the plot of 1/Q v 
1/Ce used to obtain Langmuir parameters (Fig. 5.1).  
Langmuir conditions are met when the data points 
form a straight line, which was not the case in this 
example - the presence of an outlier in the CER series 
in the upper right of the figure was readily apparent.  
The resulting Langmuir isotherm contained undefined 
discontinuities at low Ce (Fig. 5.2). 

5.2.1 pH 
Equilibrium pH values of the batches followed the 
same order as the natural pH of the adsorption 
materials.  However, the lower solid/solution ratio and 
pH adjustment undertaken in the early stages of the 
experiment resulted in the range of values narrowing 
somewhat (Fig. 4.1).  The final pH values of the CER 
batches were between 4.3 and 5.4 (compared to the 
range of 2.7 - 3.9 determined in the material 
characterisation).  The final pHs of the shrimp shell 
batches fell in the range of 5.5 - 7.9 (lower than 9.4 – 
9.6 determined earlier).  Seaweed and Ca-loaded 
seaweed pH values (4.4 - 6.2) were close to the target 
value of 5.  

With the exception of Zn, Langmuir parameters 
derived from data from other batches produced plots 
that were stable, but with a poor fit at higher solution 
concentrations and Q values (Appendix III). 

Table 5.1. Published values 
of the densities of acidic 
functional groups on brown 
seaweed 

Seaweed Species Acidic Exchange sites 
(meq/g) Reference 

Fucus vesiculosus 2.42 Herrero et al (2006) 

Sargassum 2.23 Figueira et al (2000) 

Ascophyllum nodusum 1.6 Zhang & Banks (2006) 

Macrocystis pyrifera 0.087 Seki & Suzuki (1998) 

Kjellmaniella crassiforia 1.16 Seki & Suzuki (1998) 

Undaria pinnatifida 1.21 Seki & Suzuki (1998) 
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Figure 5.1. Langmuir 
linear plot (including all 
sample results) 
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Figure 5.2. Pb isotherms 
(including all sample 
results)  
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Freundlich isotherms generated from Zn and Cd 
results appeared to fit the data well until the point with 
the largest Ce, where the isotherms diverged from the 
data, overestimating the corresponding Q values. 

The concentrations of metals found in blank solutions 
were insignificant when compared to those in the 
lower concentration batch solutions.  Trace amounts 
of these metals leaching into solution are unlikely to 
have created considerable noise in the final results. Other than the presence of apparent outliers (all of 

which appeared in the results for the samples with the 
lowest or second-lowest C0), other possible reasons for 
the poor fit of Langmuir and Freundlich isotherms 
include: 

Measurement error was a likely cause of curve-fitting 
problems.  The 95% confidence interval reported by 
the analytical laboratory used to process the samples 
stretches to a range of ± 25% of the reported result.  
A margin of error of this order would prove to be 
especially problematic for the calculation of Q, which 
relies on the subtraction of Ce from C0.  C0 values were 
commonly orders of magnitude greater than Ce, 
particularly at low concentrations where almost all 
metal content was removed from solution.  As analysis 
results are reported to between one and two significant 
figures, subtracting a Ce value that is approximately 
correct to six decimal places from a C0 value reported 
to three decimal places would produce an imprecise 
result.  The sensitivity of calculated Langmuir Qe 
values to changes in C0 (± 20%) for each batch was 

• The Langmuir and Freundlich models do not 
apply to the adsorption behaviour and 
mechanisms of the media 

• Leaching of metals previously attached to the 
material surface 

• Measurement error 
The first scenario is possible but unlikely, given the 
weight of literature in which both models provided an 
adequate or good fit to experimental data (An et al 
2001, Davis et al 2003, Volesky & Holan 1995). 
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tested to investigate the effects of analytical 
imprecision.  The analysis showed that the Langmuir 
Qe was most sensitive to error in C0 for the lower 
values (Appendix IV).  In their study of adsorption 
behaviour of crustacean shells, Tudor et al (2005) 
reported that analytical error increased for 
concentrations below 0.01 mmol/L. 
The use of a different analytical technique (mass 
spectrometry) for determination of the lowest Ce 
values may have produced some inconsistency with 
the majority of results determined by atomic emission 
spectrometry. 
Replication of the batch experiments would have 
served to improve understanding of error and improve 
the robustness and reliability of results. 

5.2.3 Modelled isotherms using limited data points 
Langmuir and Freundlich parameters were re-
calculated by omitting data points with the lowest two 
initial metal concentrations for each batch. The 
modelled isotherms produced in this manner (Fig. 4.3) 
provided a closer fit to experimental values, which 
may be attributed to the combined effect of 
eliminating outliers and less-accurate data points. 
Langmuir 
Values of Langmuir Adsorption Capacity, Qm were 
similar to the observed approximations of adsorption 
capacities, Qmax (Table 4.5).  Qm was particularly 
accurate for the seaweed and Ca seaweed batches and 
to a lesser extent for CER and shrimp shells.  Qm 
values for the CER batches underestimated the true 
adsorption capacity for all metals other than Zn.  
Without concentrations large enough to saturate the 
CER and produce an asymptote, the data set did not 
cover a sufficient range to generate Langmuir 
isotherms with high accuracy at the point of 
saturation.  This hypothesis is supported by the 
accuracy of Qm for the CER-Zn data set, in which the 
experimental isotherm approached an asymptote. 
Qm values obtained for shrimp shells overestimated the 
sorption capacity of Pb and Cu, while slightly 
underestimating the capacity of Cd and Zn.  The 
greater variation in pH of the Pb and Cu batches (Fig. 
4.3) may have caused some hydroxide precipitation at 
lower C0 and relatively less if any at the lower pHs 
observed for samples with higher C0.  The closer 
estimates of Cd and Zn may have been due to the 
more consistent pH across values.   
Seaweed and Ca seaweed batches tended to have 
relatively consistent pH at levels low enough to avoid 
significant hydroxide precipitation (Fig. 4.3), while 
their experimental isotherms appeared to approach 
asymptotes (Fig.4.2, 4.3).  These favourable conditions 
were enabled a good fit of seaweed and Ca seaweed 
data to Langmuir isotherms. 
Freundlich 
The Freundlich isotherms overestimated the values of 
Q at high Ce.  Unlike the Langmuir equation, there is 
no assumption of a maximum adsorption capacity 
built in to the Freundlich equation.  As the materials 

(both from a theoretical and experimental perspective) 
appeared to have limited capacities for adsorbing 
cations, the Langmuir approach was more appropriate 
in modelling results from this study. 

5.2.4 Adsorption Parameters 
Each media had comparable adsorption capacities.  
Whilst the low-cost materials returned lower values 
than the CER, their results compared favourably with 
other types of material investigated in the literature 
(Appendix II).  Pre-treatment of seaweed and shrimp 
shells had either a minimal or a deleterious effect on 
adsorption strength and capacity of the raw materials. 
A discussion of the individual parameters summarised 
in Table 4.5 follows. 
Qmax  
CER displayed the highest maximum observed 
adsorption for each metal.  Shrimp shells, seaweed and 
Ca seaweed returned similar values, with chitosan 
considerably lower for Cu.  Seaweed usually achieved 
the highest values of the low cost media.  The 
exception was Zn adsorption, for which shrimp shells 
achieved superior values to the other low-cost 
materials, almost matching removal by CER.  Aside 
from the case of Zn, the adsorption capacities of the 
media, as estimated by the Qmax parameter, were 
consistent with the following descending series: 

CER > Seaweed > Ca Seaweed > Shrimp Shells > Chitosan 

The relative capacity of CER and shrimp shells was 
the opposite to that found by An et al (2001) in their 
comparison of crab shells and strong acid CER.  The 
superior capacity of the raw shrimp shells as compared 
to the deacetylated derivative (“Chitosan”) is 
supported by the findings of Tudor et al (2005) in their 
comparative study of American lobster (H. americanus) 
and refined chitosan.  In that study, the faster reaction 
time and higher capacity of H. americanus was 
attributed to chemisorption reactions between 
carbonates and cations, with Pb and Cd forming 
substances such as cerrusite (PbCO3) and octavite 
(CdCO3) respectively.  This implies that decalcification 
of shrimp shells to produce chitosan is self-defeating 
in terms of adsorption efficacy. 
For each material, Qmax values for metals tended to fall 
in the following sequence: 

Pb > Cu > Cd > Zn 

This order is consistent with the hypothesis that 
adsorption strength is proportional to the ionic radius 
of a cation (Tobin et al 1984).  The exception in this 
case was CER, which had a greater capacity for Cd 
than Cu.  An et al (2001) reported the same result 
when comparing the adsorption of Pb, Cu and Cd by a 
strong acid CER with crushed shells of Chionoecetes 
opilio (Snow crab).   The CER series was also 
consistent with the generic affinity series for CERs 
reported by Brown (1997).  Despite the similarity in 
trend of Qmax across metals, values reported by An et al 
(2001) for CER were lower than those observed in this 
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experiment, as was Qmax for Cd by crab shells (Table 
5.2).  However, Qmax values for Pb and Cu adsorption 
by shrimp shells were very similar to the reported 
values for crab shells by An et al (2001). 
The ranges of Qmax values of metals were relatively 
large for each of the media. 
Qm 

The Langmuir Qm parameter represents the maximum 
theoretical adsorption of a certain metal by a given 
mass of material.  Whereas the experimentally derived 
Qmax describes Q at a high equilibrium concentration, 
Qm applies to Q at an infinitely large equilibrium 
concentration.  Unlike Qmax, there was no consistent 
series describing the relative size of Qm when 
comparing media.  Aside from CER (see above), Qm 
values were similar to their Qmax equivalents in most 
cases.    
The Qm values for metals followed a common order 
for each material (including CER) that was consistent 
with the corresponding Qmax trend: 

Pb > Cu > Cd > Zn 

This order of adsorption capacity was consistent with 
results reported by Holan et al (1993) and Holan & 
Volesky (1994) for Fucus vesiculosus and Yu et al (1998) 
who investigated a range of other types of brown 
seaweeds. Other authors have found different trends 

for F. vesiculosus and other brown seaweeds (Aderhold 
et al 1996, Rincón et al 2005). 
The actual values of Qm for F. vesiculosus were 
consistent with findings for Pb, Cu and Cd reported 
by other authors (Table 5.2).  The adsorption capacity 
of chitosan for Cu was similar to that reported by Chu 
(2001).  
Qm values for each of the media compare favourably to 
other low-cost media (Table 5.2). 
b 
With the exception of chitosan, the Pb, Cu and Cd 
isotherms of all media had steep gradients at low 
equilibrium concentrations, indicating a high affinity 
(analogous to binding strength) for each of these 
metals.  This was reflected in high values of the 
Langmuir affinity parameter b, as compared to other 
low-cost adsorption materials (Appendix II).  
Comparison of b values calculated for each media gave 
the following general trend: 

CER > Shrimp shells > Seaweed > Ca Seaweed > Chitosan 

The Cd series was slightly different insofar as seaweed 
had a higher b value than shrimp shells. 
While CER had the highest capacity and affinity for all 
metals, it is interesting to note that although seaweed 
and Ca seaweed had higher capacities than shrimp 
shells for most metals, the opposite was the case for 

Table 5.2. Adsorption parameters reported by other authors 

Adsorbent pH Metal 
Maximum 

Adsorption, 
Qmax 

(mmol/g) 

Langmuir 
Adsorption 

Capacity, Qm 
(mmol/g) 

Langmuir 
Affinity 

Constant, b 
(L/mmol) 

Article ref. 

F. vesiculosus 3.5 Pb  1.11  Holan & Volesky (1994) 

F. vesiculosus 3.5 Cd  0.65  Holan et al (1993) 

Pb  1.04 15.5 

Cu  0.97 10.0 

F. vesiculosus  

Cd  1.12 7.5 

Rincón et al (2005) 

Pb  1.25 20.2 

Cu  1.34 5.1 

Ca2+ F. vesiculosus   

Cd  0.76 10.8 

Rincón et al (2005) 

F. vesiculosus 4.5 Cd  0.79 4.1 Herrero et al (2006) 

Shrimp shell  Cu  0.159 2.2 Chu (2002) 

Chitosan  Cu  0.266 5.3 Chu (2002) 

Pb 1.23   

Cu 1.18   

Strong Acid CER  

Cd 1.20   

An et al (1998) 

 Pb 1.29   

 Cu 0.98   

Crab shell (C. opilio) 

 Cd 1.77   

An et al (1998) 
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affinity.  This may be a sign of different adsorption 
mechanisms utilised by the media, along with the 
possible influence of hydroxide precipitation in the 
case of shrimp shells. 
The results did not produce a consistent trend of 
affinities across the suite of metals.  However, some 
observations may be made:  
• Pb usually had the highest b value for each 

material, except for CER, for which Cd had the 
highest estimated affinity.   

• Zn usually had the lowest b values for each media, 
with the exception of shrimp shells, for which it 
had the second-highest value after Pb. 

The b values produced in this experiment for seaweed 
and Ca seaweed were considerably higher than values 
reported by other authors (Table 5.2). 
KF 

Freundlich KF values followed a similar order to Qmax 
for each material.   CER had the highest values for all 
metals, while the values obtained for seaweed, Ca 
seaweed and shrimp shells were all similar. 
The trend for metals followed that obtained for Qmax 
and Qm, with the exception of CER, for which KF  for 
Cd was greater than Pb – the same sequential order as 
b. 

Based on this analysis, KF is an indicator of both 
affinity and capacity. 
nF 

No consistent trends across media or metals were 
observed for the Freundlich nF parameter. 

5.3 Column experiment 1 

Under a simulation of normal operating conditions, 
each adsorption media reduced metal concentrations 
below local reference values (as measured upgradient 
of the case study site).  The significance of this result is 
that, if the adsorption media perform as well in the 
field as the laboratory, their use (in concert with 
particle filtration and diligent monitoring) would 
completely remove the impact on metals content in 
local runoff water by the previous land-use at the case 
study site. 
Effluent concentrations and removal percentages 
compared favourably to those measured in a previous 
column study and to samples taken from the outlet of 
the treatment system in its early stages of operation 
(Table 5.3). The treatment system is less successful in 
the removal of Pb and Cu than Zn and Cd (Table 5.3).  
It is possible some Pb and Cu had formed complexes 
with organic matter, which could not be removed 
through precipitation of ion exchange.   

Table 5.3. Column experiment 1 effluent concentrations, compared with a previous study and field sampling 

Test Flow rate Metal Treatment Type C0 Ci % Removal

Pb OH- Prec + CER 2.0 <0.0005 100.0 

Cu OH- Prec + CER 6.1 0.0052 99.9 

Cd OH- Prec + CER 0.0071 <0.0001 100.0 

Previous Column 
Test 
(May 2006) 

Unknown 

Zn OH- Prec + CER 7.8 <0.005 100.0 

Pb OH- Prec + CER 0.038 0.011 71.1 

Cu OH- Prec + CER 0.17 0.042 75.3 

Cd OH- Prec + CER 0.0016 <0.0001 100.0 

 Field Sampling 
(Jan 2007) 

Unknown 

Zn OH- Prec + CER 1.2 0.039 96.7 

CER 0.034 0.0012 96.5 

Seaweed 0.034 0.00032 99.1 

Pb 

Shrimp shells 0.034 0.00055 98.4 

CER 1.1 0.013 98.8 

Seaweed 1.1 0.0027 99.8 

Cu 

Shrimp shells 1.1 0.040 96.4 

CER 0.0045 0.000077 98.3 

Seaweed 0.0045 <0.0001 100.0 

Cd 

Shrimp shells 0.0045 0.000230 94.9 

CER 7.0 0.064 99.1 

Seaweed 7.0 0.013 99.8 

Column 
Experiment 1 
(Jan 2007) 

High 

Zn 

Shrimp shells 7.0 0.43 93.9 
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The effects of dissolved organic carbon were not 
incorporated into the column simulation. 

5.4 Column experiment 2 

In order to sufficiently load the media to produce 
breakthrough concentrations high enough to allow the 
study of adsorption capacity and affinity within a 
reasonable period, it was necessary to elevate initial 
concentrations of metals in the feed solution of 
Column experiment 2 to levels considerably higher 
than those observed in the field. 
The initial effect of the elevated concentrations was 
that initial effluent concentrations were also greater; 
indicating the tip of the mass transfer zone (MTZ) 
reached the top of each column from the 
commencement of column discharge.  Nonetheless, 
most metals did not breakthrough to reference values 
until at least six saturated bed volumes had passed.   
The exception was CER, which was unable to remove 
Zn below reference values for the duration of the 
experiment.  This was probably not an indication of 
low affinity for Zn in comparison to the other media, 
but rather a result of the lower porosity of the CER 
(Table 4.1), which reduced solution contact time in the 
adsorption bed.  The greater height of an adsorption 
bed in a field-scale application would be expected to 
allow sufficient contact to remove Zn to below 
reference levels.   
Other authors have reported that total uptake in 
adsorption columns is largely independent of flow rate 
(Vijayaraghavan et al 2005) which implies that 
subsequent breakthrough to higher concentrations was 
likely due to be more dependent on the capacities and 
affinities of the media than on contact times.  This was 
borne out by comparing exhaustion volumes (Vex) of 
the three media: the value of Vex of Cd was 
comparable across all three, while Vex for Zn was 
between three and five times larger for CER than 
seaweed and shrimp shells (Table 4.7). 

5.4.1 Removal mechanisms and charge balance 
CER 
Figure 4.6 shows the evolution of Na+ release from 
the CER column.  In total, 1.82 mmol/g of Na+ was 
released, not including the amount introduced by the 
feed solution.  This amount falls between the 1.4 
meq/g (equivalent to 1.4 mmol/g for Na+) indicated 
by the CEC determination (Table 4.3) and the 2.4 
meq/g exchange capacity reported by the 
manufacturer.  It is possible that all acid exchange sites 
were not loaded by Na+, as some sites may have been 
taken by protons during rinsing of the media with 
distilled water. 
By the end of pumping time, CER had removed a 
total of 2.12 meq/g of cations introduced by the feed 
solution – relatively close to the capacity quoted by the 
manufacturer.  Figure 4.6 shows that, aside from the 
later breakthrough of adsorbed metals, Na+ appeared 
to constitute the majority of total exchanged cations.  
The direct exchange of Na+ cations for Zn2+ and later 

Cu2+ is evident in Figure 4.6 from the “mirror image” 
of the curves.  That ion exchange was the major 
removal mechanism by CER is unsurprising, however 
the lack of balance between the total net charge in, C0 
(2.12 meq/g) from total net charge out, Ci (1.82 
meq/g) was symptomatic of the presence of a process 
or mechanism other than Na+ ion exchange.  The lack 
of balance was mainly evident in the early stages of the 
experiment, prior to the breakthrough of Zn2+ (Fig. 
4.6).  When Zn2+ had almost completely broken 
through to its feed concentration (C0) Na+ 
concentration in effluent dropped, indicating that the 
resources of exchangeable Na+ attached to CER were 
becoming spent.  It was at this point that the total 
positive charge out began to converge with the total 
charge in.  The apparent shortfall in released cations in 
the earlier stages could be attributed to exchangeable 
acidity, as indicated by the sharp drop in pH to below 
4 in the earlier phase of the column operation. 
The position of the Ca2+ breakthrough curve (Fig. 4.6) 
distinguished the adsorption behaviour of CER from 
the other materials.  Ca2+ was not readily released by 
the CER column and in fact did not completely 
breakthrough for the duration of the experiment.  The 
position of the Ca2+ breakthrough curve (to the right 
of Zn2+, Cu2+ and Cd2+) showed that CER has a 
stronger affinity for Ca2+ than all but Pb2+.  This was 
consistent with the generic affinity series for CER 
reported by Brown (1997).  The presence of Ca2+ in 
the feed solution and its strong adsorption within the 
column almost certainly caused Zn2+, Cu2+ and Cd2+ 
to breakthrough earlier than they would have in the 
absence of Ca2+.   
Seaweed 
Figure 4.6 indicates that cations introduced to the 
seaweed column were initially exchanged for Na+ and 
then Ca2+.  Ca2+ broke through at a similar time to 
Zn2+, but continued to do so until Ci was six times 
greater than C0 – indicating that seaweed had a 
moderate affinity for Ca2+, but eventually existing Ca2+ 
content in the seaweed was readily exchanged for 
other cations.  Exchange of Na+ concluded after 19 
saturated bed volumes had passed through the 
column.  After this time, the effluent concentration 
was equal to C0.  Ca2+ continued to be exchanged until 
the end of the experiment, at which time its 
concentration in effluent was still twice the 
concentration in the feed solution.   
A total of 0.25 meq/g of Na+ was released by the 
seaweed column - considerably less than the 0.478 
meq/g exchangeable charge density shown in Table 
4.3.  0.392 meq/g Ca2+ was released, which was 
greater than the exchangeable amount of 0.269 meq/g 
estimated in the CECeff determination (Table 4.3).   
The sum of adsorbed cations (removed from solution) 
was 1.57 meq/g, while the sum of analysed exchanged 
cations (released into the effluent) was 0.64 meq/g.  
The difference may be resolved by the release of 
exchangeable K+ and Mg2+.  The column effluent 
samples were not analysed for these cations, but their 
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estimated combined concentration on seaweed 
amounted to 1.1 meq/g (Table 4.3).  This amount 
would account for the 0.92 meq/g deficit between 
adsorbed cations and exchanged Ca2+ and Na+. 
The relationships between adsorbed and released 
cations over the operational period of the seaweed 
column supported the theory that ion exchange is 
considered the main biosorption mechanism in brown 
algae (Figueira et al 2000).  The wide spacing in 
breakthrough (or lack thereof) of Pb and Cu from Zn 
and Cd, indicates the possibility of an additional 
adsorption mechanism related to Pb and Cu – possibly 
complexation with organic surface groups. 
Shrimp shells 
Shrimp shells removed 2.42 meq/g of introduced 
cations, but only appeared to release 2.16 meq/g (Fig. 
4.6).  The 0.26 meq/g deficit may be explained in part 
by the release of exchangeable Mg2+ cations that were 
not analysed for in effluent samples.  According to the 
determination of CECeff, shrimp shells contained 0.051 
meq/g of exchangeable Mg2+ (Table 4.3).  Adsorption 
by chitin within the shrimp shells may have been 
driven by coordination of cations with negatively 
charged surface amino groups, which would not 
require an accompanying release of exchangeable 
cations to effluent. 
The amount of Ca2+ released by the shrimp shell 
column (2.07 meq/g) was far greater than the 
exchangeable amount estimated in the CECeff 
determination (Table 4.3).  The large-scale release of 
Ca2+ was therefore unlikely to be due to ion exchange.  
The primary removal mechanism was therefore 
substitution reactions with CaCO3, whereby the 
cations chemisorbed with CO32- and released Ca2+ 
ions into solution.  Adsorption by functional groups 
on the chitin surface, hydroxide precipitation and 
possibly ion exchange would therefore play a 
secondary role.  Some hydroxide precipitation of 
incoming cations would have occurred early in the 
operation of the column.  However, pH dropped to 
below 7 for most of the experiment, which would 
indicate diminished importance of this type of reaction 
beyond the initial stages. 
The slopes of the Cd2+ and Cu2+ breakthrough curves 
for the shrimp shells columns lost steepness at a 
similar time to a drop in released Ca2+ concentration 
(Fig. 4.6).  This indicated the presence of a different 
removal mechanism with a slower reaction rate than 
the predominant chemisorption reaction.  It may also 
mean that the kinetics of the CO32 reaction were 
slower for Cd2+ and Cu2+ than for Zn2+. 

5.4.2 Affinity 
Metals 
The strength of adsorption for a particular metal 
(affinity) can be assessed through study of 
breakthrough curves.  Metals with weaker adsorption, 
to which a material has lower affinity, will be released 
in significant quantities before those with stronger 

affinity, giving rise to a breakthrough curve at a lower 
through-flow volume. 
The behaviour of each column was typical of multi-
component dynamic adsorption systems in which 
metal ions of all species attach to binding sites in the 
initial stages of column operation but then metals of 
lower affinity are progressively displaced, giving early 
breakthrough (Zhang & Banks, 2006). The relative 
affinities for metals by each media (Fig. 4.5) followed 
the same sequence as Qmax values observed in the batch 
study: 

Pb > Cu > Cd > Zn (Seaweed and shrimp shells) 

Pb > Cd > Cu > Zn (CER) 

These series are also similar to those obtained for 
Freundlich KF and the Langmuir Qm and b parameters. 
The relative differences in Qmax were reflected in the 
relative positions of breakthrough curves for shrimp 
shells and seaweed, exemplified by the wide space 
between the Zn and Cd curves (more so for seaweed) 
and the concomitant differences in Qmax for the 
equivalent adsorbent-metal combinations. 
This relationship did not hold for CER.  Despite 
falling in the same order, the breakthrough curves of 
Zn, Cd and Cu were closer than Qmax values would 
indicate.  There is a strong likelihood that the 
competition effect of Ca in the CER column reduced 
the affinity to Cd, Cu and, to a lesser extent, Zn.   
Media 
Comparison of the performance of the different media 
is heavily dependent on the definition of through-flow 
volume used.  Defining cumulative feed volume as 
litres produced equivalent results to those obtained by 
defining volume in terms of dry bed volumes.  The 
reason for this was that the dry bed volumes of each 
adsorption bed were equal to each other (30 cm3).  
The different pore volumes and saturated volumes of 
each adsorption bed altered the positions of the 
breakthrough curves when feed volume was 
normalised by these measures (Appendix V). 
Expressing flow in terms of saturated bed volumes 
was the most appropriate means to analyse results 
from this experiment, as it presented them in a 
manner that assumed a consistent service volume 
across all media and therefore accounting for the 
disparity in actual heights and volumes brought about 
by the swelling of the seaweed.  The validity of this 
approach is supported by the evidence of 
Vijayaraghavan et al (2005) who found that the 
breakthrough time of Sargassum wightii (a type of brown 
seaweed) in an adsorption column verified the 
assumptions of the BDST model, which states that 
bed height (and therefore volume for a constant 
diameter) bears a linear relationship with service time 
(Hutchins 1973).   
The affinities of the individual materials are discussed 
below. 



Low-cost adsorption materials for removal of metals from contaminated water 

31 

CER 
Regardless of the definition of through-flow volume, 
CER had the strongest affinity for the metal that was 
most weakly bound (Zn).  This result has important 
practical ramifications because the operation of an 
adsorption bed generally needs to be stopped before 
any target metal consistently exceeds effluent 
concentration limits.  Under these circumstances, the 
useful service time of an adsorption bed will be 
dictated by the breakthrough of the metal with the 
lowest affinity (Zhang & Banks 2006).   
Unlike most batch parameters, CER did not prove to 
be superior in the removal of Pb and Cu.  The earlier 
than expected breakthrough of Cu was likely to be due 
to the competitive effect of Ca.  The concentration of 
Ca in the feed solution was not scaled up in Column 
experiment 1, while the molar concentration of 
contaminant metals was increased by a factor of 64.  
The relative amount of Ca in actual drainage water to 
be treated at the case study site is therefore far larger 
when compared to concentrations of the contaminant 
metals.  On this basis, it is possible that Ca would have 
an even greater adverse effect on the CER’s 
performance in the field.  
Seaweed 
The seaweed column appeared to have the strongest 
affinity for Cu and Pb.  However, the lack of 
breakthrough from either of the other two columns at 
through-flow volumes equivalent to the completed 
amount for seaweed made the result inconclusive.   
The order of affinity for the seaweed column (Pb > 
Cu > Cd > Zn) was consistent with that reported by 
Zhang & Banks (2006) in their study of the brown 
seaweed Ascophyllym nodusum and Figueira et al (2000) in 

their study of the brown seaweed Sargassum 
(unspecified species). 
Shrimp shells 
Shrimp shells appeared to have a stronger for affinity 
than the CER for Pb and Cu.  The affinity for these 
two metals was probably slightly inferior to seaweed, 
but this was difficult to ascertain because of the lack of 
significant breakthrough. 

5.4.3 Q 
Metal removal per unit adsorbent mass, Q, can only be 
correctly calculated by mass balance calculations under 
equilibrium conditions.  In the case of column 
experiment 2, this occurred when an adsorption bed 
was exhausted (Vex was reached), whereupon the 
effluent concentration of a given metal was considered 
equivalent to the feed concentration.  When the 
effluent concentration approached that of the feed 
concentration without actually reaching it, the column 
was near exhaustion with respect to that metal and a 
reasonable estimate of Q was possible.  For the second 
column experiment, determinations or estimates of Q 
could be made for all metals except Pb, which barely 
broke through any of the adsorption beds. 
The validity of the adsorption isotherms established 
from the batch experiment was tested for columns at 
or close to exhaustion by using the effluent 
concentration at exhaustion (equal to the feed 
concentration, C0) as the Ce variable in both the 
Freundlich and Langmuir equations.  The values of 
Qm, b, KF and nF were taken from Table 4.5.  Observed 
Q values calculated from mass balances in Table 4.7 
are compared to the results of Langmuir and 
Freundlich Qe in Table 5.4. 

Table 5.4. A comparison of modelled and observed adsorption 

Metal uptake, Q (mmol/g) 
Metal Media C0 (mmol/g) Final Ci/C0 

Mass Balance Langmuir Freundlich 

CER 0.0073 0.038 ** - - 

Seaweed 0.0073 0.000 ** - - 

Pb 

Shrimp shells 0.0073 0.012 ** - - 

CER 1.12 0.97 0.14* 1.04 1.91 

Seaweed 1.12 0.0074 ** - - 

Cu 

Shrimp shells 1.12 0.352 ** - - 

CER 0.0014 1.000 0.00018 0.89 0.74 

Seaweed 0.0014 0.94 0.00026* 0.035 0.19 

Cd 

Shrimp shells 0.0014 1.000 0.00022 0.014 0.20 

CER 7.0481 1.02 0.83 0.63 1.03 

Seaweed 7.0481 1.05 0.43 0.36 0.52 

Zn 

Shrimp shells 7.0481 0.94*** 0.50 0.56 1.02 

    *  Estimate only (column not fully exhausted) 
  **  Insufficient breakthrough for comparable estimate 
***  Ci/C0 reached 1 earlier in the experiment, before dropping below 1 by the end 
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Langmuir and Freundlich equations overestimated Cd 
removal (as expressed by Q) by 2-3 orders of 
magnitude and Cu (which could only be calculated for 
CER) by one order of magnitude (Table 5.4).  Both 
models produced better estimates for Zn, with 
Langmuir slightly underestimating and Freundlich 
slightly overestimating the calculated removal for CER 
and seaweed.  Zn removal by shrimp shells was well 
modelled by the Langmuir model but overestimated 
significantly by the Freundlich equation.  Insufficient 
loading of the columns by Pb and Cu (in the shrimp 
shells and seaweed beds) precluded a realistic 
calculation of Q in these cases.   
Based on the outcomes for Cd and Zn: 
• Both the Langmuir and Freundlich models 

produced isotherms that lacked sensitivity at low 
equilibrium concentrations (a problem 
experienced when producing them) 

• Each provided reasonable approximations of 
adsorption behaviour of metals at high 
concentrations 

The accuracy of the Cu estimation for CER was 
adversely affected by competition effects from Ca, 
which reduced the capacity of CER to adsorb Cu due 
to its higher affinity.  This serves to illustrate the 
limitations of applying the behaviour of single 
component systems (as was the case in the batch 
experiment) to a multi-component system with 
competitive adsorption. 
Total metal removal 
Shrimp shells achieved the greatest total net cation 
removal per unit mass (Table 5.5).  However, because 
of their lower density of this material (Table 4.1), the 
net removal per unit volume was lower than seaweed 
and CER. 

Table 5.5. Total metal removal, compared with CECeff 

Media Total QC 
(meq/g) 

CECeff 

(meq/g) 

CER 2.12 1.45 

Seaweed 1.57 1.85 

Shrimp shells 2.42 0.28 

5.5 Use of the tested materials on the field 
scale 

5.5.1 Opportunities 
The results of the experiments undertaken in this 
study suggest that any of the materials tested (both 
low-cost and conventional) could be used to 
effectively remove dissolved metals from 
contaminated run-off to below local reference values. 
If the useful service time of a material is dictated by 
the release of Zn (the most weakly bound metal), CER 
is likely to maintain removal efficacy more than three 
times longer than the other two materials.  However, 
the effectiveness of Zn removal on a field scale would 

be reduced by the relatively higher amount of Ca in 
the actual raw water than that used in the experiment’s 
synthetic solution.  The presence of Ca would also 
inhibit the adsorption of Cu and Cd by CER. 
Because of their lower affinity to Zn, the low-cost 
materials would need to be changed out at shorter 
intervals than CER.  However, should seaweed and 
shrimp shells be less expensive, the disadvantage of 
shorter changeover time may be negated by savings in 
material costs. 
If any of the media were to be used over multiple 
adsorption cycles, it may be efficient to only elute Zn 
under every regeneration treatment.  Zn would be the 
first metal to be released in large quantities under 
regeneration because of its weaker attachment.  It 
would only be necessary to elute Cu and Cd during 
every second or third regeneration, because any of the 
media would remain under-saturated with respect to 
these metals when Zn first breaks through.  Pb would 
probably only need to be eluted on infrequent 
occasions because of the comparatively large amount 
of loading required to produce breakthrough.  Ca 
would have to eluted from the CER bed due to its 
strong adsorption to this type of media. 

5.5.2 Limitations 
The successful outcomes of the experiments were 
achieved in conditions of neutral to slightly acidic pH.  
However, the configuration of the treatment system at 
the case-study site is such that the solution fed into 
adsorption bed has a pH of approximately 12.  At a 
highly alkaline pH such as this, the primary removal 
mechanisms of all of the adsorption media will be 
greatly inhibited.  Table 2.1 shows that any remnant 
metals in solution will exist as neutral or negatively 
charged complexes at this pH, thus reducing the 
effectiveness of removal by cation exchange at 
functional sites on the surfaces of seaweed and CER.  
Furthermore, the high pH conditions would be less 
favourable for the chemisorption reactions of metals 
with CaCO3 on the surface of the shrimp shells.  
Adjustment of the pH of incoming water to neutral or 
acidic levels prior to entry into the final adsorption 
bed would be likely to enhance the effectiveness of the 
media as a “polishing” treatment step, in a similar way 
to current applications in treatment of metal-laden 
process wastewater (Brown 1997). 
Alternatively, a treatment strategy comprising only 
filtration and adsorption without prior hydroxide 
precipitation could be considered as a contingency 
modus operandi in the possible event of operational 
problems related to the lime bed.  Should such 
problems eventuate, they would most likely be related 
to the precipitate sludge, such as: 
• Excessive sludge production 
• Lack of settling 
• Clogging of the sand filter 
• Handling problems 
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6  CONCLUSION 

6.1 Physical characteristics 

All media maintained structural and hydraulic integrity 
over the duration of both column experiments.  No 
material was mobilised and lost under high or low flow 
rates and there were no signs of physical 
disintegration.  Head loss was not observed to drop 
over the course of either experiment, indicating a 
minimal amount of clogging. 
Effluent from the seaweed column was highly 
discoloured in the early stages (symptomatic of 
leached organic carbon content), but improved over 
time. 
Upon saturation, the seaweed swelled to 3.5 times its 
dry volume.  The volumes of the shrimp shell and 
CER beds increased by less than 10% when saturated.   
The results of testing of effective Cation Exchange 
Capacity indicated that seaweed had a higher 
adsorption capacity than CER.  Both values were 
lower than previously reported values.  The CEC of 
shrimp shells was considerably lower.  However, as the 
predominant adsorption mechanism of that material is 
not ion exchange, this did not necessary signify a 
similarly inferior adsorption capacity. 

6.2 Batch experiment 

Values of maximum adsorption capacities produced by 
the batch experiment were largely comparable with 
those reported in previous studies.   
Dried and crushed seaweed and shrimp shells 
demonstrated high adsorption capacities and affinities 
to Pb, Cu, Cd and Zn.  The materials were 
outperformed by strong acid cation exchange resin, 
but produced superior results to those reported for 
other types of low cost materials. 
The strength of affinity and adsorption capacity for 
each of the metals usually followed the following 
descending series: 

Pb > Cu > Cd > Zn 

The Freundlich and Langmuir models of adsorption 
were shown to reasonably approximate the adsorption 
behaviour of the tested media, provided experimental 
outliers and uncertainties in analyses are managed.  
Modelling the results of the batch experiment with the 
Langmuir and Freundlich approaches aided in the 
assessment of the adsorption media through the 
generation of isotherms and the following 
characteristic parameters: 

• Qm, which usually gave a good model of capacity 
(as an absolute and relative measure) 

• b, which usually gave a good model of affinity (as 
a relative value) 

• KF, which usually gave a good model of capacity 
and a fair model of affinity (in relative terms) 

6.3 Column experiments 

Under high and low-flow conditions, fresh samples of 
CER, seaweed and shrimp shells removed all of the 
tested metals from a synthetic drainage water solution 
to levels below local reference values.  Removal 
percentages achieved in the column experiments 
compared favourably to those observed in a previous 
column study and in effluent from the treatment 
system at the case study site. 
The affinity series for metals were identical to those 
produced by the batch experiment. 
The performance of each media differed according 
each metal.  By virtue of its stronger affinity and 
higher capacity for Zn (the most weakly bound metal), 
the CER column sustained the longest service time 
without large-scale breakthrough of any metal. 

6.4 Mechanisms and operating conditions 

CER and seaweed appeared to remove metals from 
solution by means of cation exchange at acidic 
functional surface sites.   
The predominant adsorption mechanism of shrimp 
shells was likely to be chemisorption with CO3, 
whereby the Ca component of solid CaCO3 in the 
shells’ mineral fraction was substituted by cations in 
solution.  Coordination of metal cations with amino 
functional groups in the chitin component of the 
shrimp shells, along with hydroxide precipitation 
brought about by dissolution of CaCO3 augmented 
the transition of dissolved cations to the solid phase. 
Pre-treatment of shrimp shells and seaweed produced 
either minimal or deleterious effects on their 
adsorption performance. 

6.5 Use of the tested materials on the field 
scale 

The results of the experiments undertaken in this 
study suggest any of the materials tested (both low 
cost and conventional) have the potential to 
completely remove the impact on metals content in 
local runoff water by the previous land-use at the case 
study site. 
CER would be likely to maintain removal efficacy 
longer than the other materials.  However, should 
seaweed and shrimp shells be significantly less 
expensive, the disadvantage of shorter changeover 
time may be negated by savings in material costs. 
As the metal removal mechanisms characteristic of 
each of the adsorption materials tested in this study 
are less effective in conditions of high pH, their 
removal capabilities would be less than optimal within 
the current treatment scheme at the case study site, in 
which the pH of the feed water is often in excess of 
12. 
The removal efficacy of each of the media would 
improve if it were possible to neutralise the pH of feed 
water to the adsorption bed prior to entry.  
Alternatively, any of the adsorption media tested in 
this study could conceivably be employed as a direct 
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substitute (rather than a complement) to hydroxide 
precipitation 

6.6 Recommendations for further study 

1. Repeating the Batch study in triplicate. 
Replicating the batch study could improve the 
reliability and robustness of results, while 
increasing confidence in the identification of 
outliers. 

2. Repeating Column experiment 2, but extending the 
operational time of the columns so that complete 
breakthrough is achieved for all target metals 

3. Column testing with actual water sampled from the case 
study site, including: 
• Raw, unfiltered water 
• Raw, filtered water 
• Post-precipitation water 

Whilst it could be practical to repeat Column 
experiment 1 in this manner, performing a study 
in which breakthrough curves are produced (in 
the manner of Column experiment 2) with 
sampled water would be logistically difficult, due 
the large volumes and long period of time 
required for column operation. 

4. Field scale testing of each adsorption material 
5. A feasibility study of shrimp shells and seaweed.   

A cost-benefit study encompassing the challenges 
and expense of procuring large quantities of the 
materials in dried and crushed form is as 
important as a study of adsorption behaviour in 
establishing the viability of their use. 
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Figure A 1. Case study site plan 



Richard Somerville  TRITA LWR Masters Thesis 07-02 

ii 

Figure A 2. Case study site treatment system layout 
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Table A1 lists data reported from a selection of 
investigations of the low-cost materials discussed 
above.  Important parameters to note for each metal 
cation are: 

• Observed sorption capacity, Qmax 

• Calculated sorption capacity, Qm (estimated from 
Langmuir isotherms) 

• The Langmuir selectivity parameter, b 

• Time to equilibrium 
The majority of the studies referred to in Table A1 
were undertaken under controlled pH conditions 
(usually neutral or slightly acidic) and with synthetic, 
single ion solutions. 
Table A1 is not a comprehensive list. As such, the 
figures reported in it should be treated only as 
indications of the potential of a particular sorbent.  
Chuah et al (2005) and Federoff (2002) recommend 
that caution should be used when comparing reported 
capacities, as the numbers depend on individual 
experimental conditions.   
Further comparative listings of sorption capacities can 
be found in the literature, including: Babel & 
Kurniawan (2003), Kurniawan et al (2006), Volesky & 
Holan (1995) and Bailey et al (1999).   
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Table A 1. Summary of Reported Adsorption Data  

Sorbent Adsorption Capacity 
(mmol/g) 

Type General 
Description 

Detailed 
Description 

Pre-treatment Test 
type 

pH Metal Mechanism 

Qmax 
(observed) 

Qm 
(Langmuir) 

Langmuir 
Affinity 

Constant, b 
(L/mmol) 

Reference 

Pb Ion Exchange 1.15  61.9 

Cu Ion Exchange 1.11  6.93 

Zn Ion Exchange 0.71  2.32 

Brown 
Seaweed 

Sargassum hemiphyllum Ca2+ Batch 5 

Cd Ion Exchange 0.69  5.08 

Tsui et al 
(2006) 

Pb  1.60 1.55 496 

Cu  1.20 1.31 16.7 

Brown 
Seaweed 

Durvillaea potatorum Ca Batch 5 

Cd  1.20 1.18 5.60 

Yu et al 
(1998) 

Brown 
Seaweed 

Fucus  vesiculosus  Batch 3.5 Pb   1.11  Holan & 
Volesky 
(1994) 

Brown 
Seaweed 

Fucus  vesiculosus  Batch 3.5 Cd   0.65  Holan et al 
(1994) 

Pb   1.04 15.5 

Cu   0,97 10.0 

 Batch  

Cd   1.12 7.5 

Pb   1.25 20.2 

Cu   1.34 5.1 

Brown 
Seaweed 

Fucus  vesiculosus 

Ca2+ Batch  

Cd   0.76 10.8 

Rincón et al 
(2005) 

Brown 
Seaweed 

Fucus  vesiculosus  Batch 4.5 Cd   0.79 4.1 Herrero et al 
(2006) 

Pb  0.14  14.9 

Cu  0.09  4.83 

Zn  0.04  4.39 

Green 
Seaweed 

Caulerpa lentiillifera - Batch 5 

Cd  0.04  8.35 

Pavasant et 
al (2006) 
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Sorbent Adsorption Capacity 
(mmol/g) 

Type General 
Description 

Detailed 
Description 

Pre-treatment Test 
type 

pH Metal Mechanism 

Qmax 
(observed) 

Qm 
(Langmuir) 

Langmuir 
Affinity 

Constant, b 
(L/mmol) 

Reference 

- Cd   0.55 0.02 

HCl Cd   0.38 0.05 

NaOH Cu   0.90 0.039 

- Zn   1.14 0.038 

Green 
Seaweed 

Ulva onoi 

- 

Batch 7.8 

Cd   0.81 0.028 

Suzuki et al 
(2005) 

- Batch  Cu   0.159 2.2 Shrimp Shell   

Decalcified, 
deacetylated 

Batch  Cu   0.266 5.3 

Chu (2002) 

Cu  0.33   Batch 5 

Cd  0.14   

Cu  0.42   

Seafood 
waste 

Cuttlefish  Alum and 
lime 
coagulated 
sludge 

- 

Column 5 

Cd  0.36   

Lee & Davis 
(2001) 

6 Pb Adsorption with 
Chelation 

 0.06 138 

6 Cu Adsorption with 
Chelation 

 0.33 33.7 

7 Zn Adsorption with 
Chelation 

 0.18 63.4 

Chitosan 
Flakes 

Synthesised 
Chitosan 

 - Batch 

6 Cd Adsorption with 
Chelation 

 0.09 88.8 

Prasher et al 
(2000) 

Batch 5 Pb  1.29   

Batch 5 Cu  0.98   

Crab shell Chinonecetes opilio - 

Batch 5 Cd  1.77   

An et al 
(2001) 

CCF 1-2 mm 
fraction 

 - Batch up to 
11 

Pb Precipitation 0.18   Coleman et 
al (2005) 
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Sorbent Adsorption Capacity 
(mmol/g) 

Type General 
Description 

Detailed 
Description 

Pre-treatment Test 
type 

pH Metal Mechanism 

Qmax 
(observed) 

Qm 
(Langmuir) 

Langmuir 
Affinity 

Constant, b 
(L/mmol) 

Reference 

6 Cu adsorption  0.08  Cellulosic 
Pulp Waste 

Paper waste 90% 
cellulose 

- Batch 

6 Cd adsorption  0.05  

Ulmanu et al 
(2003) 

Pb ion exchange + 
chemisorption 

0.06   

Cu ion exchange + 
chemisorption 

0.13   

Zn ion exchange + 
chemisorption 

0.09   

Tree fibre 
(palm) 

Livistona chinesis - Batch 5 

Cd ion exchange + 
chemisorption 

0.10   

Iqbal & 
Saeed 
(2002) 

Cu Ion exchange + 
Other adsorption 

 0.04 14.4 Poplar 
(deciduous 
softwood) 

 - Batch  

Zn Ion exchange + 
Other adsorption 

 0.01 2.60 

Cu Ion exchange + 
Other adsorption 

 0.04 13.9 Fir 
(coniferous 
softwood) 

 - Batch  

Zn Ion exchange + 
Other adsorption 

 0.01 3.66 

Cu Ion exchange + 
Other adsorption 

 0.11 6.54 Poplar 
(deciduous 
softwood) 

 NaOH Batch  

Zn Ion exchange + 
Other adsorption 

 0.24 1.67 

Cu Ion exchange + 
Other adsorption 

 0.20 9.09 

Sawdust 

Fir 
(coniferous 
softwood) 

 NaOH Batch  

Zn Ion exchange + 
Other adsorption 

 0.20 6.87 

Sciban et al 
(2006) 

            



Low-cost adsorption materials for removal of metals from contaminated water – Appendix II 

v 

Sorbent Adsorption Capacity 
(mmol/g) 

Type General 
Description 

Detailed 
Description 

Pre-treatment Test 
type 

pH Metal Mechanism 

Qmax 
(observed) 

Qm 
(Langmuir) 

Langmuir 
Affinity 

Constant, b 
(L/mmol) 

Reference 

Pb Surface adsorption 
+ ion exchange 

0.05 0.11 10.8 Sawdust Pinus sylvestris - Batch 5 

Cd Surface adsorption 
+ ion exchange 

0.08 0.11 6.41 

Taty-
Costodes et 
al (2003) 

polymerised 
into beads 

Pb  0.12   Bark Hemidesmus indicus 

- 

Column <5 

Pb  0.09   

Chandra 
Sekhar et al 
(2004) 

Pb   0.10  

Cu   0.11  

Bark Coniferous Douglas Fir Formaldehyde 
+ H2SO4 

Batch  

Zn   0.12  

Martin-
Dupont et al 
(2002) 

Cu   0.31 45.1 

Zn   0.08 163 

Batch  

Cd   0.09 112 

Cu  0.22   

Zn  0.06   

Hydroxyapatite Animal 
Bones 

 Oxidation 

Column  

Cd  0.04   

Tillman et al 
(2004) 

Pb Precipitation 0.41 0.43 0.0589 

Cu  0.47 0.51 0.0236 

Apatite Phosphate 
Rock 

 Calcined at 
900deg 

Batch 5 

Zn  0.32 0.36 0.00968 

Aklil et al 
(2004) 

6.66 Pb Precipitation 0.73   

5.83 Zn mixed 0.63   

Apatite mined 
natural  

mainly 
Carbonate 
fluorapatite 

- Batch 

5.79 Cd mixed 0.65   

Chen et al 
(1997) 

Phosphate 
Rock 

 Mainly CaO 
and P2O5 

- Batch 5 Cu Surface Adsorption  0.17  Sarioglu et al 
(2005) 
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Sorbent Adsorption Capacity 
(mmol/g) 

Type General 
Description 

Detailed 
Description 

Pre-treatment Test 
type 

pH Metal Mechanism 

Qmax 
(observed) 

Qm 
(Langmuir) 

Langmuir 
Affinity 

Constant, b 
(L/mmol) 

Reference 

- Pb possibly 
chemisorption 

 0.56  Phosphate 
Rock 

  

HNO3 

Batch 5 

Pb possibly 
chemisorption 

 0.75  

Mouflih et al 
(2005) 

5.4-6.8 Pb Precipitation 0.13 0.14  

5.4-6.8 Cu Surface adsorption 
or complexation 

0.10 0.11  

Phosphate 
Rock 

 Fluoroapatite 
(Ca10(PO4)6F2) 
active 
ingredient 

- Batch 

5.4-6.8 Zn Surface adsorption 
or complexation 

0.08 0.08  

Cao et al 
(2004) 

Pb Precipitation 0.09   

Cu Precipitation 0.26   

Rock 
Phosphate 

   Batch  

Zn Precipitation 0.23   

Saxena & 
D’Souza 
(2006) 

Pb ion exchange 1.23   

Cu  1.18   

Strong acid 
ion exchange 
resin 

Dowex 50W CEC= 1.8 
meq/mL 

- Batch 5 

Cd  1.20   

An et al 
(2001) 

Cu adsorption  0.10  Activated 
Carbon 

  -  6 

Cd adsorption  0.10  

Ulmanu et al 
(2003) 
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Table A 2. Observed and Modelled Sorption Parameters (calculated from all sample points) 

Langmuir Model Data Freundlich Model Data Metal Media Qmax 
(mmol/g) 

Qm 
(mmol/g)

b 
(L/mmol)

R KF nF R 

CER 1.95 -2.57 -603 0.7506 2.71 0.29 0.8336 

Seaweed 1.52 0.90 231 0.9996 1.70 0.38 0.9482 

Ca Seaweed 1.42 0.77 243 0.9989 1.57 0.38 0.9465 

Pb 

Shrimp Shells 1.40 -0.60 -130 0.7150 1.37 0.29 0.6920 

CER 1.68 1.00 833 0.9991 2.42 0.33 0.9319 

Seaweed 1.02 1.62 11 0.9974 1.01 0.41 0.9120 

Ca Seaweed 1.02 1.20 9 0.9978 0.89 0.44 0.9384 

Shrimp Shells 0.94 -0.52 -18 0.8831 0.93 0.36 0.7852 

Cu 

Chitosan 0.39 0.16 48 0.9404 0.19 0.31 0.9216 

CER 1.80 0.09 -81949 -0.1209 1.48 0.35 0.5320 

Seaweed 0.80 0.69 56 0.9983 0.83 0.41 0.9513 

Ca Seaweed 0.76 0.36 46 0.9955 0.63 0.47 0.9858 

Cd 

Shrimp Shells 0.80 0.27 321 0.9785 0.74 0.38 0.9858 

CER 0.69 0.72 158 0.9910 0.81 0.24 0.9424 

Seaweed 0.38 0.25 39 0.9929 0.34 0.40 0.9667 

Ca Seaweed 0.31 0.27 10 0.9970 0.27 0.46 0.9500 

Zn 

Shrimp Shells 0.61 1.90 14 0.9697 0.68 0.40 0.9177 
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Figure A 3. Langmuir and Freundlich Isotherms (calculated from all sample points)
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APPENDIX IV:  SENSITIVITY ANALYSIS OF ANALYTICAL ERROR FOR BATCH 

SAMPLES 
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Table A 3. Sensitivity analysis of the effect of changes in C0 on Langmuir Qm (calculated from all sample points) 

CER Seaweed Ca Seaweed Shrimp shells Chitosan Metal C0 
(mmol/L) 

+20% -20% +20% -20% +20% -20% +20% -20% +20% -20% 

0.05 122 -45 -19 57 -16 40 23 -22 

0.21 19 -19 24 -23 -21 -21 9 -11 

0.53 -13 28 10 -13 9 -11 0 0 

1.06 -16 39 6 -7 5 -6 -3 5 

2.32 -8 16 3 -4 2 -4 -2 3 

4.20 -7 13 3 -5 2 -4 -4 9 

Pb 
  
  
  
  
  

4.83 -6 12 3 -5 3 -5 -4 9 

0.09 -19 57 -36 625 -29 159 60 -37 -1 2 

0.36 18 -19 37 -29 27 -24 -5 9 9 -15 

0.54 -14 -16 24 24 17 -18 -4 6 10 -22 

1.07 -8 -10 15 -16 12 -14 -3 5 5 -11 

2.36 -4 -5 11 -14 10 -14 -4 8 15 185 

Cu 
  
  
  
  
  

4.72 3 -5 14 -26 10 -20 -7 28 5 109 

0.05 -20 20 20 -61 8 -15 2 -3 

0.20 1 -1 -22 21 -14 16 -11 13 

0.48 0 0 -12 14 -7 9 -5 6 

0.98 -1 1 -7 9 -5 7 -2 4 

2.05 0 1 -5 8 -4 7 -2 4 

Cd 
  
  
  
  
  

4.00 0 0 -7 17 -4 10 -2 7 

0.05 -23 81 -7 13 -13 32 -50 -303 

0.15 24 -23 13 -16 19 -22 58 -36 

0.46 14 -16 6 -8 8 -11 47 -33 

0.96 7 -9 5 -9 8 -15 25 -24 

1.83 6 -10 6 -16 9 -26 26 -28 

Zn 
  
  

3.52 9 -21 7 -62 12 -288 41 -52 
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APPENDIX V:   ADDITIONAL PERFORMANCE STATISTICS AND BREAKTHROUGH 

CURVES 
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i 

Table A 4. Initial breakthrough and exhaustion volume expressed in alternative additional units 

VBT Vex Metal Media Final 
Ci/C0 mL Pore 

Volumes 
Dry Bed 
Volumes 

mL Pore 
Volumes 

Dry Bed 
Volumes 

CER 0.038 1876 190 63 - - - 

Seaweed 0.000 - - - - - - 

Pb 

Shrimp shells 0.012 4938 219 165 - - - 

CER 0.971 601 61 20 - - - 

Seaweed 0.007 5560 337 185 - - - 

Cu 

Shrimp shells 0.352 1648 73 55 - - - 

CER 1.000 601 61 20 5640 573 188 

Seaweed 0.938 1871 113 62 - - - 

Cd 

Shrimp shells 1.000 401 18 13 5552 246 185 

CER 1.024 0 0 0 5640 573 188 

Seaweed 1.048 636 39 21 3687 223 123 

Zn 

Shrimp shells 0.935*** 186 8 6 1819 81 61 

 *** Ci/C0 reached 1 earlier in the experiment, before dropping below 1 by the end 
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Figure A 4. Column 
Experiment 2 breakthrough 
curves (volume expressed 
as mL) 

Seaweed Breakthrough Curves
Volume unit: mL
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Shrimp Shell Breakthrough Curves
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CER Breakthrough Curves
Volume unit: Pore Volumes
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Figure A 5. Column 
Experiment 2 breakthrough 
curves (volume expressed 
as pore volumes) 

Seaweed Breakthrough Curves
Volume unit: Pore Volumes
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Shrimp Shell Breakthrough Curves

Volume unit: Pore Volumes
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CER Breakthrough Curves
Volume unit: Dry Bed Volumes
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Figure A 6. Column 
Experiment 2 breakthrough 
curves (volume expressed 
as dry bed volumes) 

Seaweed Breakthrough Curves
Volume unit: Dry Bed Volumes
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Shrimp Shell Breakthrough Curves
Volume unit: Dry Bed Volumes
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